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ABSTRACT

Correl ations between mapping units of costal sedimentary basin andinterpretation of piezoconetest resultsare presented
and discussed based on examplesfrom Caravel as strandplain, (State of Bahia), Paranagua (State of Parand) and Guaruja
bays (State of Sao Paulo), Brazil. Recognizing that the sedimentary environment was mainly controlled by sea level
fluctuationsled to theinterpretation of transgressive and regressive sedimentary sequences, whichisinagood agreement
with the sea level fluctuation curves currently accepted for these regions. The interpretation of piezocone test results
shows that the sedimentary sequences of Caravelas and Guarujésites are similar and they have agood correlation to the
sea level fluctuation curve accepted for Salvador region, State of Bahia. On the other hand, the piezocone test results
from Paranaguasiteindicate adifferent sedimentary sequencefrom the previousones, relating to the sealevel fluctuation
curve accepted for Paranagua region. The results show the high applicability of piezocone testing for stratigraphical
logging and suggest that it is possible to integrate it with other current techniques used for paleo-environmental studies
in Brazil, in accordance with recent approaches used in international research on the subject.
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INTRODUCTION

Quaternary sediment sequences have been studied to un-
derstand past environmental changesand to support anal-
ysis of the impact of environmental conditions on the
future of mankind. Quaternary sediment sequences are
mainly developed on marine transitional areas, lagoons
and some restricted floodplain environments. Sediment
distribution and composition are strongly influenced by
climatic and tectonic conditions, and can contain adiver-
sity of fossils and prehistoric records which can support
palynological, paleontological, paleoenvironmental and
archeological studies.

The understanding that the Earth is a limited envi-
ronment, with restricted and finite resources, has led re-

Correspondence to: Giuliano De Mio
E-mail: gdemio@golder.com.br

searchersworldwideto try to understand natural changes
and the influence of mankind on the environment. This
kind of research uses a variety of methods, and a de-
tailed stratigraphy of sediments could represent an im-
portant contribution to the understanding of al other
studies. Amorosi and Marchi (1999), based on adetailed
comparison of piezocone test data and boreholes, show
that piezocone testing can be used for sedimentologi-
cal purposes, including detailed facies characterization,
subsurface stratigraphic correlations, and identification
of the key surfaces for sequence-stratigraphic interpre-
tation. Traditional techniques, like vibracore, produce
good quality samples, but can reach only limited depths
and are expensive requiring detailed description by ex-
pert technicians. Recently a new in situ testing tech-
nique used for characterization of unconsolidated sedi-
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ments, the piezocone test (CPTU), has been developed
for geotechnical studies (Robertson et al. 1986). It has
an automated process whereby an electronically instru-
mented steel probe is quasi-statically inserted into the
soil, using specific machines. Piezocone test produces
a continuous profile quickly visualized on a computer
screen. It doesnot produce samples, but allowstheinter-
pretation of adetailed profiling of sediments, which can
be easily interpreted for classification, identification of
strata transition, and variability studies, and when com-
bined with geological interpretation gives high resolu-
tion stratigraphy very rapidly. This technique has been
tested by a variety of researchers (Amorosi and Marchi
1999, Hegazy etal. 1991, Colaset al. 2005) andthemain
conclusion isthat piezocone can be extensively used for
stratigraphic studies. It is just necessary to locally cali-
brate the results with acontinuous profile from vibracore
or another sampling technique.

In this paper, piezocone test results are compared
with published paleo-stratigraphic mapping from the
Caravelasregion, in the state of Bahiain northern Brazil,
on acoastal sedimentary sequence. Two additional pie-
zocone test results from Paranagua and Guaruja baysare
also presented and discussed, indicating that the Para-
nagua area has a particular layer sequence that differs
significantly from the Guarujaand Caravelas areas (Fig-
ure 1). The sedimentary environments and layer se-
guences are mainly controlled by sea level fluctuations
during the late Quaternary, and indicate that each area
has specific characteristics, probably related to differ-
ent tectonic behavior or to different sediment delivery
rates. This fits well with the assumptions of Martin et
a. (2003) that the general pattern of sea level on the
Brazilian coast issimilar among all sectors, and indicates
that this coast was subjected to a submergence phase un-
til about 5,100 “C yr. BP, followed until recently by
adrop in sealevel. This drop was interrupted by high-
frequency oscillationsthat areclearly reflected in the sed-
iment sequences from the Caravelas and Guaruja sites.
Lessa and Angulo (1995) have argued that these high-
frequency oscillations did not existed for the Paranagua
Bay region, and the sediment sequencesinterpreted from
piezocone test results, confirm that thisregion has adis-
tinct Quaternary evolutionary history. The results pre-
sented indicate a good correlation between superficial
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mapping units and the general characteristics identified
through the interpretation of sediment sequence profiles
from piezocone tests. A relationship between the sed-
iment sequences and the sea level changes during the
Quaternary period is proposed. Test datafrom Caravelas
and Guarujafit well with the Salvador’s curve (Martin et
a. 2003), show a similar pattern of layer intercalation,
and represent three transgressive/regressive cycles. Test
data from Paranagua Bay indicate that the sedimentary
sequence has adifferent transgressive/regressive pattern,
and they are compared to the curve suggested by Angulo
and Lessa (1997).

BOLIVIA

20 °~

Fig. 1 - Location of the sites from where piezocone test results have
been collected along the eastern Brazilian coast.

The main objectives of this paper are to show the
usefulness of the piezocone for this application in the
late Quaternary sediments from Brazil and to contribute
to the discussion on the different sea level fluctuation
patterns for the Brazilian coast. The results presented
are preliminary, and future combinations of piezocone
test with radiocarbon dating and bioturbation studies,
currently used techniques in paleoenvironmental map-
ping, are recommended to extend and make more under-
standable the findings presented in this paper.

PIEZOCONE TESTS

Piezocone is a standard site investigation tool, currently
used for geotechnical site characterization. The piezo-
meter cone penetration test (CPTU) is a standard instru-
mented probe (ASTM D-3441. 1986 and ABNT MB-
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3406. 1994) with a 60° apex and typicaly 35.7 mm
diameter (10 cm? area) on the end of a series of rods
(Figure 2). The piezocone is pushed into the ground at
aconstant rate of 2 cm/sec by hydraulic pushing source,
such as a standard drill rig or outfitted cone pushing ve-
hicle. Asthe cone is advanced, the forces measured by
the tip and friction sleeve will vary with the material
properties of the soil being penetrated. Tip resistance
(gc), friction sleeve stress (f), and pore pressure (u)
response are measured by calibrated strain gauges and
pressure transducers. Temperature (t) and inclination (i)
can also be measured simultaneously as the piezocone
is advanced. All channels are continuously monitored
and typically digitized at 10, 25 mm or 50 mm intervals.
Datais acquired in a computer which allows the user to
carry out straightforward post-investigation analyses.

— Slope Sensor

Strain Gauges for
Friction Load Cell

Friction Sleeve
(150 cm?)

Temperature
Sensor Strain Gages
Pore-Pressure Bering Load
Transducer
Porous Plastic 60°Cone
35.68mm O.D.

Filter Material

Fig. 2 — Schematic piezocone probe representation (Davies and
Campanella 1995).

The standard piezocone measurements can be used
as atool for logging soils. Empirical and semi-theoret-
ical correlations are availablein theliteratureto estimate
mechanical properties of the soils. The measurements of
excess pore pressure, which are generated during pene-
tration and their subsequent dissipation provided insight
into the soil type and its hydraulics parameters. Re-
cently, specific sensorsfor seismic, resistivity, pH, laser-
induced fluorescence, ground penetration radar, among
others have been attached to the piezocone for a bet-

ter site characterization especially for geoenvironmen-
tal applications (Lunne et al. 1997). Gravel layers and
boulders, heavily cemented zones, many dense tills and
very thick, dense sand layers can restrict the penetra-
tion severely and deflect or damage probes and rods, es-
peciadly if overlying soils are very soft and allow rod
buckling. However, in soft to medium dense soils, cone
penetration to depthsin excess of 100m may be achieved
when there is enough pushing force and verticality is
maintained (Davies and Campanella 1995).

Sediment classification can be done using specific
charts (Robertson et al. 1986, Fellenius and Eslami
2000), produced by correlation among ¢., f; and u re-
sponse and borehole samples. Most of the charts have
the same structure and the classifications vary depend-
ing on different database or specific corrections like test
depth or material genesis. The classification based on
piezocone test results considers two basic principles.
Thefirst oneisthat sands have high point resistance and
low lateral friction, and clays have low point resistance
and high lateral friction. Considering this basic prin-
ciple it was proposed the friction ratio (F,) that is the
percentile relation between lateral friction and point re-
sistance, asfollow:

Fy = (f/4c) * 100

Low friction ratios indicate sand materials and high
friction ratios indicate clay materials. The second ba-
sic principle, that guides piezocone interpretation, uses
the pore-pressure response during the penetration. The
application of loads on saturated sediments, through the
penetration of the probe, makes the pressure instant-
aneously be transmitted to the soil pore water. Fine
grained soils, with low permeability, do not permit a
quick dissipation of this pressure and the piezocone
pore-pressure values (u) increase. Coarse-grained sed-
iments, with high permeability, permit the quick dissi-
pation of excess pore pressure, and the piezocone pore-
pressure values («) do not increase. The pore-pressure
sensor measures the excesses of pressure generated by
the probe penetration and the pressure produced by the
water column above the investigated depth. Water pres-
sures can act on the exposed surfaces behind the cone
tip. These water forces result in measured tip resistance
(g.) values that do not represent true total stress resis-

An Acad Bras Cienc (2007)79 (1)



156 GIULIANO DE MIO and HERALDO L. GIACHETI

100 & 100 — E
Eo, E
F10. i ]
N T — B
D“_s for 1 g .
S <
O-_—- 10;' Ci: 10_. 'E
3 F 3 7
c c i
] i I
» ot 2 3 )
@ ®
® 4 2 3
£ o =
2 2
[} s =}
(@] - (]
0.1 0.1

02 0 02 04
Pore pressure parameter B,

06 08 10 12 14

0 1 2 3 4 5 6 7 8
Friction ratio (%)

Zone: Soil Behaviour Type:
1. Sensitive fine grained 5.  Clayey silt to silty clay 9. Sand
2. Organic material 6.  Sandy silt to clayey silt 10.  Gravelly sand to sand
3. Clay 7.  Silty sand to sandy silt 11.  Very stiff fine grained*
4. Silty clay to clay 8. Sand to silty sand 12. Sand to clayey sand*

* Overconsolidated or cemented.

Fig. 3 —Proposed soil classification chart from piezocone data by Robertson et al. 1986.

tance of the soil. It is hecessary to correct the measured
q. for unequal area effects using the following relation-
ship, asindicated by Lunne et a. (1997):

g =qc+ul—a)

q; = corrected total tip resistance;

u = pore-pressure generated immediately behind the
conetip;

a = unequal area ratio, which depends on probe design
characteristics.

The best interpretation methods combine both the
tip and sleeve measurements with some type of pore
pressure interpretation. It alows a very comprehen-
sive logging with layer identification in the order of a
few centimeters. Figure 3 shows an example of a chart
for soil classification based on cone bearing and friction
ratio (ratio of sleeve friction to cone bearing) as well
as Pore-Pressure Parameter (ratio of excess pore pres-
sure and net cone resistance) proposed by Robertson et
al. (1986).

Considering thebasic principlespreviously exposed
the piezoconetest interpretation show high capability for
identifying thin layers of clays in sand strata and thin
layers of sand in clay strata.
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CARAVELAS SITE

SITE DESCRIPTION

Piezocone tests were performed to support the design
of a pier for mineral transport, at the city of Caravelas,
on the southern coast of the State of Bahia, Brazil. One
of the piezocone tests was selected to compare with de-
tailed paleogeological mapping produced with an inte-
grated eval uation of geological mapping, vibrocore sam-
pling, and radiocarbon studies (Andrade et al. 2003).

GEOLOGICAL MAPPING

The Caravelas region was mapped in detail. Paleoge-
ologica distribution was defined and an evolutionary
model was proposed explaining the factors that contrib-
uted to the strandplain formation. Andrade et al. (2003)
concluded that the historic evolution and sediment dis-
tribution was controlled by sea level fluctuations dur-
ing the Quaternary, with influence of seawater currents
and coral barriers. The previously accepted theory of
deltaic genesis for the strandplain was not confirmed by
these authors.

Andrade et al. (2003) identified five mgjor geolo-
gic-geomorphologic mapping units: Pleistocene beach-
ridge terraces, lagoonal deposits, Holocene beach-ridge
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Fig. 4 — Geological setting of Caravelas region, indicating facies distribution and the piezocone test

location (Modified from Andrade et al. 2003).

terraces, freshwater marshes, and tidal flats'/mangroves.
The last four units have been investigated in this study
and they areindicated in Figure 4. Their main character-
istics are described as follows.

The Lagoonal Terraces constitute gray to brown
muddy sediments, with mollusk shells in life position.
14C dating provided ages around 7,000-5,000 cal. years
B.P. The Holocene Beach-Ridge Terraces are narrow
and very well delineated, separated by low zones and
commonly occupied by freshwater wetlands. They are
made up of fine to medium yellowish sands, with plane-
parallel lamination dipping gently seaward, as the dom-
inant sedimentary structure. Locally it rests directly on
the top of a plastic gray mud of shoreface origin, and
14C dating provide ages around 5,000-3,000 cal. years

B.P, with somevariations. The Tidal Flats/ Mangroves
are identified in the southern portion of the Caravelas
plain. Mangrove swamps are comprised of vegetation
like Rhizophora, Laguncularia, Avicenniaand Termina
liaon the upper intertidal areas. *4C dating indicatesages
of 300-800 cal. years B.P. The Freshwater Marshes OC-
cupy mainly the low-lying areas that separate the Pleis-
tocene from the Holocene Beach-Ridge Terraces, the
swales between beach-ridges, and riverine areas of
tablelands. Sediments are mainly plastic muddy, rich
in organic matter. A peat layer with variable thickness
iS sometimes present on top.

Nine facies associations were detected based on
vibracore samples and outcrop information. They are
grouped in two main zones: Littoral Zones Facies As-
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sociations (A1l to A4) and Lagoon/freshwater wetlands
zone associations (B1 to B5) with the main characteris-
tics presented in Table .

PIEZOCONE TEST RESULTS

The piezocone test results for the Caravelas site are pre-
sented in Figure 5, where each graph represents the con-
tinuous register of each sensor, including corrected point
resistance (¢;), local lateral friction ( f;), pore-pressure
(u), and friction ratio (F,). The test reached 35.0 m
in depth, and the test interpretation indicates that there
exist seven main layers, from A to F.

Piezocone test results are interpreted using a con-
ventional soil classification chart proposed by Robertson
et al. (1986) and the distribution of each layer is indi-
cated in Figure 6. The test started at 2.0 m depth with
the zero (0) of thetest equal to the zero (0) of the present-
day sea level. Layer A, from 2.0 to 4.3 m, has high
point resistance (12—15 M Pa), completely drained pene-
tration, and very low friction ratios (0.2-0.3%); it is ho-
mogeneous, and is classified as a very compact medium
to coarse sand. Layer B, from 4.3t0 8.4 m, haslow point
resistance (0.7-0.8 M Pa) with somehigh values (4 MPa),
aheterogeneous pore-pressure response, which indicates
lenses with drained penetration intercalated with lenses
with undrained penetration, and friction ratios varying
from 0.5 to 2.0%, which indicate the presence of silt clay
layers intercalated with centimetric fine sand lenses.

Layer C, from 8.4 to 11.4 m, has high point res-
istance (12—-15 MPa) intercalated with lesser resistance
levels (2-6 MPa), pore-pressure response indicating a
completely drained penetration, and low friction ratios
(0.5-0.7%) with some higher values (1-4%), which
indicate the presence of sand materials, probably with
fine intercalations of peat, where it is observed a high
friction ratio and drained penetration. Layer D, from
11.4 to 13.4 m, has low point resistance, high pore-
pressure values (600 kPa), with three abrupt reductions
at 11.9, 12.1, and 12.9 m, which probably indicate the
presence of organic matter, and a homogeneous friction
ratio around 2%, with a higher value equal to 7% on
the top of the layer. This response is typically a silt-
clay (mud) material with aprobable 0.1-0.2 m thick pest
layer on the top.

Layer E, from 13.4t0 17.0 m, hasahigh point resis-
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tance (6-8 MPa), negative pore-pressure indicating soil
dilatancy, and alow friction ratio (0.8-0.9%), which in-
dicates a fine very compact sand. Layer F, from 17.0 to
32.4 m, has low poaint resistance (1.0-1.7 MPa), high
pore-pressure values, with abrupt reductions at 19.0,
21.5, 25.0, and 27.0 m, which probably indicate shell
lenses. The sediment homogeneity and the great thick-
ness are probably the result of a continuous sedimenta-
tion process. Layer G, from 32.4to 34.5 mhasavariable
response of all sensors, with point resistance from 2 to
10 MPa, pore-pressure from 0 to 1700 kPa, and friction
ratios from 1 to 6%, which indicate the intercalations
of sand and silt-clay (mud) sediments.

The geological setting is defined as marine to tran-
sitional sediments formed by at least two Transgressive-
Regressive cycles (Massad 1988) with thickness of about
60 m. The piezocone test reached 34 m depth; the one
presented in Figure 5 is similar to the other one carried
out at the site and is representative of the stratigraphical
model of the site.

PARANAGUA BAY SITE

SITE DESCRIPTION

The siteislocated at the city of Paranagua, on the coast
of the State of Parand, Brazil. High chloride concen-
tration contaminated shallow water wellsare used to sup-
ply water for local industries. The site-investigation pro-
gram included fieldwork, dipole-dipole electrical profil-
ing, resistivity piezocone tests, physical-chemical anal-
ysis of water, and interpretation of borehole logs. The
integration of all test data allowed identification of the
contaminated areas, and also guided the [ocation of new
water wellsto beinstalled in the area.

GEOLOGICAL MAPPING

The geological setting indicates a sedimentary sequence
formed in a marine transitional environment, on the
coastal plain of the State of Parana. The site ison a
strandplain with about 1500 km? in plain topography
limited by Paranagua Bay and an Atlantic Ocean beach.
The predominant map unit is the ancient beach ridges
(Figure 7) formed by the successive positions of shore-
line in a dynamic environment dominated by sea level
fluctuation and lateral currents, in a partially protected
environment, with possible interferences of various sub-
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TABLE I
Facies association detected on Caravelas region (Andrade et al. 2003).

Rests on top of facies A2 and is characterized by fineto
medium yellowish quartz sands, locally with heavy minerals
and shells, and was interpreted as aresult of deposition in

a beach-face environment.

FaciesAl

Constituted by gray to orange medium sands, with interbedded
fine to coarse sands and mud, and local layers of detrital
Facies A2 organic matter, situated immediately below facies A1.

It isinterpreted as deposited on a shoreface environment,
mainly surf zones and shallower portions of shoreface.

Made up of interbedded layers of light to dark gray muds
(thickness 5 to 8 cm) and fine gray sands (thickness varying
Facies A3 from afew millimitersto over 4 cm), below facies A2.
Itisinterpreted to be aresult of deposition in a muddy
shoreface environment.

Characterized by medium to coarse sands, and is interpreted

FaciesA4
aies as having been deposited in an ebb-tidal delta environment.

Characterized by gray-yellowish to dark gray muds.

A pest layer, with thickness varying from afew centimeters
FaciesB1 to half meter, is frequently identified on the top of the facies.
It isinterpreted as aresult of deposition in afreshwater
wetland environment.

Characterized by yellowish-brownish to dark gray muds,
Facies B2 without visible structures, and interpreted as having been
deposited in a supratidal environment.

Characterized by plastic muds of yellowish-brown and gray color,
with intense bioturbation. It isinterpreted as having

been deposited in an intertidal environment colonized by
mangroves plants.

FaciesB3

Subdivided in two sub-facies and interpreted as the result

Facies B4
aies of infilling of tidal creek,

Correspond to the lower subfacies of facies B4, constituted

Sub-facies B4
aesaa mainly of sands with cross bedding and flaser bedding.

Correspond to the upper portion of facies B4, and is
predominantly muddy, with typical linsen bedding,

with increase bioturbation toward the top which causes a
mixture of sand and mud lenses.

Sub-facies B4b

Thisfaciesis made up of massive gray clay, with varying
concentration of organic matter. It isinterpreted as aresult
of clay deposition in a subtidal environment with calm water,
probably inside a lagoon.

Facies B5
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Fig. 6 —Robertson et al. (1986) classification chart and Caravelas site sediment distribution.

sequent morphological, edaphical, and geological fac-
tors (Angulo and Suguio 1994). This beach ridges unit
has acomplex evolution and frequently limit ancient pa-
leolagoon and mangrove deposits. Angulo and Lessa
(1997) suggested that only two transgressive and regres-
sive periods may have occurred in the late Quaternary
on this sector of the Brazilian coast, related respectively
to the interglacial maximums of 120,000 and 5,100 BP.
The Pleistocene sand barriers and the top of this layer

An Acad Bras Cienc (2007)79 (1)

are about 20 m in depth, which is related to the older
interglacial maximum.

PIEZOCONE TEST RESULTS

The result of one resistivity piezocone test is presented
in Figure 8. This test provided two simultaneous kinds
of information: the stratigraphycal profile at a very de-
tailed level and a quasi-continuous resistivity profile.
Thelevel of the start of the piezocone test was 2 m above
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the present-day sealevel.

Piezocone test results are interpreted using a con-
ventional soil classification chart proposed by Robert-
son et al. (1986) and the distribution of each layer is
indicated in Figure 9. The stratigraphycal profile shows
three main units: A —sandy sediment, from O to 13.0 m;
B — muddy silt clay sediment, from 13.0 to 23.0 m; and
C —sandy sediment, from 23.0t0 34.0 m. Thelayer Cis
made up of sand with point resistance varying between
5 and 25 MPa, low friction ratio (0.5 to 1%) and a com-
pletely drained penetration (excess pore-pressure = 0).
Between 23.0 and 25.0 mthereexistsasilt clay thin layer
that probably represents lagoonal environments formed
by seawater ingression pulses (storms) during a trans-
gressive cycle. At 26.0 and 30.0 m depth there are indi-
cationsof sealevel fluctuations, in asimilar environment
but with distinct energy intensity. The friction ratio is
practicaly constant; variations in the point resistance
and local friction were registered, with differences be-
tweenthelayersat 30.0-34.0 mand at 26.0-30.0 m depth.
Probably the differences are related to grain size distri-

bution or to shell concentrations, which can change com-
pressibility, which issensibleto the piezocone. Thetran-
sition to the upper layer (B) ismarked by fining upward,
and istransitional, because thereis a zone, between 23.0
and 26.0 m, where the properties of each main layer are
mixed in aternate sublayers, indicating rapid variations
in the depositional environments. This characteristic is
indicated in the classification chart (Figure 8) where the
layer C1 shows amixture of soils from sand to silt clay.
The piezocone test result, with a more detailed inter-
pretation, allowsthe subdivision of thisinterval into sub-
layers of sand and silt-clay sediments with thickness
varying from0.2t0 0.6 m.

The intermediate layer (B) is made up of silt clay
mud, with point resistance varying from 1 to 3 MPa,
friction ratio varying from 1 to 2.5% and high excess
pore-water pressure during piezocone penetration. Pore-
pressure and friction ratio growing-up downward can
indicate higher clay content on the layer's base, with
some contribution of the effective vertical stress compo-
nent. The high homogeneity and the grain size distribu-
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tion indicate a calm depositional environment, probably
on aprotected and closed bay, without storm influences.
At 17.0, 18.0 and 20.0 m depth, quick pore-pressure re-
ductions, with short or no register on point resistance
or friction ratio, are similar to the ones described by
Amorosi and Marchi (1999), and have been interpreted
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as thin shell layers. The transition to the upper layer
(A) is effectively marked by ¢;, fs and u records and
it is abrupt, representing an erosive contact on a regres-
sive phase seawater fluctuation. Friction ratios from 3
to 6% can represent clay layers deposited on transitional
lagoonal environments.
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The layer A, from 0 to 13.0 m, is predominantly
sand, fining upward. Between 1.0 and 3.0 m, there is
low point resistance sediment with a very low friction
ratio, probably loose sand from dune fields. The inter-
val between 9.0 and 13.0 m depth is made up of sand
sediments with point resistance around 20 MPg, friction
ratio about 0.5% and low pore-pressure varying from
0 to 250 kPa. The variation in point resistance and the
irregular pore-pressure response probably indicate the
presence of sand beacheswith some occasional silty clay
lenses, similar to the superficial map unit defined by
beach ridges and the lagoons on a present beach sedi-
ment or eolian sand depositional environment. Thelayer
between 3.0 and 9.0 m depth has point resistance values
varying from 5 to 12 MPa, cone penetration completely
drained, and afriction ratio of about 0.5%. The drained
penetrationisrelated to low fine content, which indicates
thepresenceof clean sand, different fromthelayer above.
Probably it represents an eolian environment deposition
with some influence of pedogenetic processes.

GUARUJA BAY SITE

SITE DESCRIPTION

The site is located at the city of Guaruja on the cen-
tral coast of the state of S8o Paulo, Brazil. An inves-
tigation program for harbor infrastructure devel opment
was conducted at the site. One piezocone test result and
one borehole were selected for stratigraphical analysis,
considering the geological setting and the previous re-
searches developed by Martin et a. (1993) and Massad
et al. (1996).

GEOLOGICAL MAPPING

Following the conception of Martin et al. (1993), the
Pleistocene sediments were formed during the Cananéia
Transgression (123,000 years). They are denominated
informally as Transitional Clays or Transgressive Sands
(ATs), normally deeper than 20-25 m with high homo-
geneity and uniformity when compared to other sedi-
ments. The upper sediments are related to the San-
tos Transgression (7,000 years), and they areinformally
denominated as Bay and Fluvial-Lagoona Sediments
(SFL). They are made up of clay and sand, with high
shell concentrations, on lagoonal, bays and estuarine
environments. The geological setting of Guarujé region

isindicated in Figure 10. The stratigraphical profile is
presented in Figure 11 and it is divided into six main
units based on interpretation of piezocone test results.

PIEZOCONE TEST RESULTS

Piezocone test results are presented and interpreted.
The CPTU test reached 41 m depth and the level of the
start of the test was 1 m above present-day sea level.
Piezocone test results are interpreted using a conven-
tional soil classification chart proposed by Robertson et
al. (1986) and the distribution of each layer is indicated
in Figure 12. The test interpretation indicates that there
exist six main layers, from A to F, and subdivisionswith-
inlayer B: B1, B2 and B3.

Layer F, from 31.0t0 40.0 m, ismade up of silt clay
sediments, point resistancevarying from2to 3MPa, con-
stant friction ratio about 2% and a homogeneous pore-
pressure response around 1200 kPa. Quick reductionson
the pore-pressure values at 32.5, 33.0, 35.0 and 38.0 m
indicate thin layers of sand or mollusk shells; probably
at the 35.0 m depth this response is due to a sand layer,
whilethe others are due to shell layers. Thetransition to
the upper layer (E) is abruptly marked by ¢;, F, and u
records, indicating an erosional contact.

Layer E, from 28.0 to 31.0 m depth, represents a
sand layer, with point resistance varying from 6to 9 MPa,
friction ratio around 0.5% and a drained penetration, a
typical sand behavior. At about 30.0 m depth a reduc-
tion on the point resistance and an increase on friction
ratio and pore-pressure valuesindicates athin clayey silt
layer, which is evidence of environmental deposition
changes, probably on abeach face or near shore environ-
ment, with mud sediment. It can represent a fluctuation
in sealevel that resulted in an intermediate environment
in the transition to the silty clay sediments of layer D,
subsequently described.

The sediments of layer D, from 26.0 to 28.0 m
depth, are made up of silty clay mud, with point re-
sistance around 2 MPg, friction ratio of 2% with some
higher picks, and pore-pressure around 500-900 kPa. At
thelayer base thereisathin seam with about 0.3 m, clas-
sified as clay, and probably with a fining upward inside
thelayer. Thetransitiontolayer Cismarked by the point
resistance and pore-pressure registers, and appears to be
gradational, but it is not well defined, probably indicat-
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ing that the environmental conditionshad changed at low
rates and had involved energy variations modifying the
grain size distribution of the sediments. This particu-
larity can be related to the protected bay environment,
and the different responses of the sediment rate delivery
related to sealevel fluctuations.

Layer C, from 26.0 to 23.0 m depth, is made up
of silty sand sediments, as indicated by point resistance
varying between 3 and 6 MPa, friction ratio varying be-
tween 1 and 3% and no excess pore-pressure. The reg-
istered variations on ¢; and R, without variations on
u, probably indicate a grain size or soil density varia-
tion, possibly associated with mollusk shell concentra-
tion. The transition to layer B is marked by point re-
sistance and pore-pressure response, and probably is a
transitional contact from sandy sediments to silty clay
with sand sediments, on a transgressive phase.

Layer B, from 5.0 to 23.0 m depth, is silty clay
sediment locally interbedded with silty sand sediment,
which resulted in the layer subdivision. The lower one,
sublayer B3, from 19.0 to 23.0 m depth, represent atran-
sition layer, where silty clay sediments are intercalated
with sandy sediments, as indicated by the quick reduc-
tion in the pore-pressure response associated with some
higher point resistance values. Sublayer B2 has ahigher
homogeneity with pore pressure around 300 to 400 kPa
and a friction ratio around 2%, which indicate that it is

silty clay sediment. At 10.0 and 15.0 m depth the pore-
pressure and friction ratio response indicate a reduction
in the values, and as the point resistance sensor does not
indicate high values, itispossibly related to the presence
of mollusk shell lenses. Sublayer B1, from 5t0 7 m
depth hasalow friction ratio around 1% and alow pore-
pressure value around 200 kPa, which probably repre-
sent loose silty sand sediment, deposited in an environ-
ment changing to the conditions identified at layer A.

Layer A, from 5.0 to 3.0 m depth, is made up of
sand intercal ated with silty clay sediments, tip resistance
varies between 1 to 6 MPa, friction ratio from 0.5 to 3%
and pore-pressure penetration is predominantly drained.
The upper portion of the profile, from 0 to 3.0 m, is
seawater with very soft clay suspension on the base, re-
cently removed by dredging jobs.

DISCUSSIONS

The piezocone test has recently been introduced for
the identification and interpretation of sedimentary se-
quences, with very stimulating results (Amorosi and
Marchi 1999). The lack of samples is compensated by
the high profiling capability and the reduced time to
acquire each profile. The extensive geotechnical ex-
perience, mainly on sedimentary soils, has supported
layer identification and soil classification (Robertson et
a. 1986, Douglas and Olsen 1981, Hegazy et al. 1991,
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Fellenius and Eslami 2000).

Piezoconetest resultsfor al the three siteswill now
be discussed to identify the general characteristics of
each site and the correspondences with the superficial
mapping units and the depositional environment.

CARAVELAS SITE

Interpretation of piezocone test results from Caravelas
siteis compared to the geological mapping presented by
Andradeet a. (2003). A good correlation was observed
between them, supported by the basic sedimentary geo-
logical principle where the superficial mapping units are
equally identified on the vertical profile from the same
sequence. Inasimilar way, the sediment profileisrelated
to the sealevel fluctuations that have controlled the evo-
[ution of this sedimentary sequence. There were identi-
fied, asatentative interpretation, the three transgression-
regression cycles presented in Figure 13.

The deepest layer G (Figure 5) represents the base
of the investigated profile and is made up of heteroge-
neous sediments, with silty clay with some sand lenses.
It indicates quick changes in the environment, probably
because of quick sea level variation at the end of the
last interglacial regression, supposed to have occurred
about 20,000 years BP, but it is not conclusive. The sed-
iments are similar to Facies A3 defined by Andrade et
al. (2003) and probably are related to a mud coast en-
vironment. Layer F, typically silty clay (or mud), in
a cam and low energy environment, probably within
closed lagoons, similar to the one described by Andrade
et a. (2003) as Facies B5. The transition to layer E,
which is made up of a compact sand, marks an ero-
sional contact very well defined by the pore-pressure
and friction ratio records. The environment was prob-
ably abeach, similar to Facies A1 described by Andrade
et a. (2003), and indicates that the mud sediments from
unit F were eroded in a regressive phase, probably re-
lated to the sea level drop of about 4,000 years BP. In
the sequence, a new transgressive phase resulted in the
deposition of layer D, made up of silty clay sediments,
deposited within calm protected lagoons, probably re-
lated to the end of the 3,500 years BP transgression.
Layer C is made up of sand with lenses of soft mate-
rials, probably peat or organic matter, with some simi-
larities to Facies A2 sediments, described by Andrade
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et a. (2003), which are characteristic of beach coast
environments with organic matter detritus. Layer B is
constituted of decimetric levels of silty clay (mud), with
centimetric lenses of fine to medium sand, very similar
to the ones described as Facies A3, by Andrade et al.
(2003) on a mud coast environment. Layer A is made
up of sand, with similarities to Facies A1 described by
Andrade et al. (2003). Thus, there are some good simi-
larities between the mapping units and the piezocone test
interpretation, but it is necessary to combine them with
other techniques, like sampling, C dating and others,
for a better interpretation of the environmental changes
during the Quaternary.

PARANAGUA SITE

The geological mapping units of Paranagua site were
mapped by Lessa and Angulo (1995), and indicate that
the tops of the sand units are at about 8 m depth for
the Holocene beach ridges and 20 m depth for the
Pleistocene beach ridges. They suggest that significant
sea level fall after the transgressive period produces
sand deposits as mixtures of transgressive and regres-
sive sediments. Organic and mud-rich sediments under
the sand layer are interpreted as Holocene estuarine de-
posits. They indicate that barrier sand deposits migrated
over the estuarine environment as sea level rose. Piezo-
cone test results (Figure 8) indicate two layers of sand
barriers, the upper layer, between 9.0and 13.0 m, and the
other between 23.0 and 34.0 m (the end of the piezocone
test). Piezocone test results indicated detailed transition
characteristics, and allowed differentiation of erosional
and transitional contacts, identifying the silty clay mud
layer between the two sand barriers deposited between
13.0 and 23.0 m depth. The transition of the lower sand
barrier deposit to the estuarine deposit is characterized
by an intercalation of clay to soft silt layers between
23.0 and 29.0 m depth. It probably indicates that la-
goonal depositswere formed by pulses of marineingres-
sion in atransgressive cycle. Thus, the contact between
the lower sand barrier and the estuarine deposit is tran-
sitional and represents the gradual development of new
environments due to sealevel fluctuations. Asthelower
sand barrier is considered of Pleistocene age, the two
upper layers indicate one transgressive and regressive
period from the Holocene age. Considering this inter-
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Fig. 13 — Sealevel fluctuations, indicated by several authors, and the indication of
the main layers defined from piezocone test interpretation, for Caravelas, Guaruja

and Paranagua sites.

pretation, the sediment sequence does not indicate other
high-frequency oscillations of the sealevel, as stated by
Martin et a. (2003) and other authors, for most of the
Brazilian coast.

GUARUJA SITE

Interpretation of piezocone test results for Guaruja Bay
aso show a good correlation between the superficial
mapping units and the profile interpreted from CPTu. It
can be seen in Figure 11 that the deepest silty clay layer,
with thetop at 31.0 m depth, probably represents Transi-
tional Clays(AT), andisvery homogeneous, asindicated
by piezocone test interpretation, and was formed during
the Pleistocene Cananéia Transgression (123,000 year
BP), following the conception presented by Martin et
al. (1993). The upper sediments were probably formed
during the Holocene Santos Transgression (7,000 year
BP), and layer intercalation indicates high frequency
oscillations in sea level. The deepest sand layer, from
28.0to0 31.0 m depth, seemsto have an erosional contact
on the base and a transitional contact on the top. In a
different manner, the silty sand layer between 23.0 and
26.0 m depth seems to have transitional contact on the

top and on the base. This supports the assumption of
Lessa and Angulo (1995) that the sandy layers can rep-
resent regressive or transgressive deposits, and are fre-
quently present as a complex association.

GENERAL DiscuUssION

Interpretation of piezocone test results shows distinct
association of sediments, each one composed of a silty
clay mud layer and a sand layer, very similar in the Car-
avelasand Guarujasites. Each association isrepresented
by layers F and E; D and C; B and A, probably related
to transgressive (mud sediments) and regressive (sand
sediments) cycles. Figure 13 indicates a tentative rela-
tion between the described associations and the assumed
sea level changes. On the sedimentary sequence from
the Caravelas site, where Andrade et a. (2003) have
identified a direct relation with sea level changes, it is
possible to verify that the two sea level reductions in
the years 4,000 and 2,500 BP, as presented by Martin et
a. (2003), seemtoberelatedto thelayersidentified inthe
piezocone stratigraphical profile. The upper profile lay-
ers have a high degree of variability, representing more
frequent oscillations in sea level or inversions, as can
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be expected from the variations in sea level in the past
5,000 years BP, and their direct influence on sediment
deposition and environmental distribution.

The piezocone test, at the Paranagua site, reached
34.0 m depth, in a compact sand sediment. The lower
sand layer is considered to be from the Pleistocene age,
and the association composed by the upper sand layer and
the mud layer represents only one sediment association
probably related to a transgressive and regressive event.
Thesealevel curve proposed by Anguloand L essa(1997)
is compared to the layers defined from piezocone test
interpretation in Figure 13.

The thickness of each layer represents the time
span in which the environmental conditions have per-
sisted relatively constant, resulting in specific sediment
profile characteristics, which can be analyzed to under-
stand the environmental changes. This depositional time
span has the scale related to the sediment delivery rate
and can reflect erosiona rates of the source area. The
differences between layer thicknesses at the investi-
gated sites probably represent different sediment deliv-
ery rates or different relative sea level fluctuation rates.
14C dating associated with additional piezoconetests can
probably confirm this hypothesis. Beyond this, the sea
level fluctuations produce consolidation of mud sedi-
ments that can reduce the thickness of each layer and in-
terfere with the interpretation of the original thicknesses
of sediment layers at the time of deposition. Geotech-
nical parameters can help to answer this and support
the sediment deposition history, as stated by Massad
et al. (1996).

There is a remarkable correspondence between the
maximum and minimum sealevelsaccording to different
authors; however, Angulo and Lessa (1997) have ques-
tioned the oscillations in sea level on the Parana coast,
aswell asthe onesindicated by Martin et al. (2003) for
most of the Brazilian eastern shore. This statement was
guestioned by Martin et al. (1998), who indicated that
there are several pieces of evidence which strongly con-
firm the existence of the high-frequency oscillations in
sea level during the late Quaternary. Thus, the interpre-
tation of piezoconetesting clearly indicates that the sedi-
ment sequences have different patterns when comparing
results from the Caravelas and Guaruja sites with re-
sults from the Paranagua site. This assumption supports
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the proposition of Angulo and Lessa(1997) that the high
frequency oscillations of sealevel were not identified in
the Paranagud region. This confirms the conclusions of
Bezerra et a. (2003) that variations in sea level fluc-
tuations can be significantly influenced by local causes,
mainly because different tectonic histories.

The deeper portions of the piezocone results are
probably related to the Pleistocene age, but it is diffi-
cult to relate the thickness of each layer to specific dates.
Dating of specific layers of sediments in conjunction
with piezocone test results probably could contribute
to a better interpretation of Brazilian sealevel curves.

CONCLUSIONS

It was observed that the geological-mapping units and
the interpretation of piezocone test results agree well
for the three study sites. The high profiling resolution
of the piezocone test alows the identification of sedi-
mentological characteristics as thin layers of sand, clay,
shells or peat; identifies the layers’ transition character-
istics, aserosional (abrupt) or transitional (gradual); and
confirms that piezocone testing is very useful for strati-
graphical logging.

Based on the investigated test data, it seems that
piezocone test results can distinguish Pleistocene from
Holocene deposits, but further research is necessary to
clarify this. The transition between sand and clay lay-
ers is erosional or transitional, and indicates environ-
mental changes, controlled by the coast morphology, sea
level fluctuations and ocean currents. The obtained de-
tailed profiles, based on piezocone test interpretation,
can help to identify different environments and guide
sampling. This approach is a less expensive site in-
vestigation, which can be combined with other current
testing methods. Piezocone testing does not provide
samples; however it produces a continuous profile very
rapidly, without the restrictions and high costs of sam-
pling underwater loose sediments. The sand and mud
layer sequences of intercalation are similar at the Gua-
ruja and Caravelas sites, but the thickness and depth of
layers are variable. This can indicate that the causative
agents were the same in both regions, but sediment sup-
ply rates changed, probably because of shore morphol-
ogy, resulting in a similar sequence of facies associa-
tions produced by sea level fluctuations. The sediment
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sequence from the Paranagud site indicates that the evo-
Iution of this sector of the Brazilian coast is different
from other sectors of the Brazilian coast. This confirms
the conclusions of Bezerraet al. (2003) that variationsin
sea level fluctuations can be significantly influenced by
local causes, mainly because different tectonic histories.
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RESUMO

Correlagbes entre unidades de mapeamento em bacias sedi-
mentarescosteiraseainterpretacdo dosresultadosdeensaiosde
piezocone sdo apresentadasediscutidas, apartir deexemplosda
planicie de Caravelas (Estado da Bahia) e das baias do Guaruja
(Estado de S&o Paulo) e Paranagua (Estado do Parana), Brasil.
O reconhecimento de que o ambiente de sedimentagdo foi con-
trolado principa mente pelas flutuagdes do nivel do mar levou
a interpretagdo de sequiéncias de sedimentos transgressivos e
regressivos, que tém um bom ajuste com as curvas de variagdo
do nivel do mar aceitas para estas regides. A interpretacdo dos
resultados dos ensaios de piezocone mostra que as sequiéncias
sedimentares dos sitios Caravelas e Guaruja sdo semelhantes
e tém uma boa correlagdo com a curva de variagdo do nivel
do mar aceita para aregido de Salvador, Estado da Bahia. Os
resultados do ensaio de piezocone no sitio Paranagud, entre-
tanto, indicam uma sequiéncia de sedimentos diferente das an-
teriores, mostrando boa relagdo com a curva de variagdo do
nivel do mar aceita para a regido de Paranagud. Os resulta-
dos mostram a grande aplicabilidade dos ensaios de piezocone
para perfilagem estratigréfica e sugerem que é possivel integra
los a outras técnicas convencional mente utilizadas nos estudos
pal eo-ambientais do Brasil, o que esta de acordo com aborda-
gensrecentes utilizadas em pesquisasinternacionais nessa area
do conhecimento.

Palavras-chave: perfilagem estratigrafica, ensaio de piezo-
cone, pal eo-ambientes, mapeamento geol égico.
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