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Abstract Sedimentary processes and the evolution of the
wave- and tide-dominated, asymmetric Parnaiba Delta during
the late Holocene were investigated based on geochemical and
sedimentological analyses of sediment cores collected in
2010, as well as satellite images and historical maps. This is
a rare case of pristine deltas essentially unaffected by human
activities worldwide. The lowermost part of the main Parnaiba
River distributary exhibits several low-sinuosity bends and
several anastomosing bifurcation patterns in the east, whereas
three NW—SE-oriented tidal channels drain a large mangrove
area in the west. Dating of various materials in sediment cores
from the tidal flats, tidal channels and supratidal marshes
revealed that the oldest sediment (4,853 to 4,228 cal. years
BP) is paleo-mangrove soil from the main river distributary.
Present-day mangroves and marshes up to 200 years old
exhibit high sedimentation rates reaching 3.4 cm/year. The
asymmetry of the delta is explained not only by the wind- and
wave-induced westward-directed longshore drift but also by
neotectonic processes, as revealed by satellite images.
Faulting and eastward tilting may have triggered delta lobe
switching from west to east. This would explain the erosional
character and unusual updrift orientation of the main river-
mouth channel. Consistent with existing knowledge on man-
grove ecosystems worldwide, sediment carbon and nitrogen
signatures lie in the range of freshwater or marine dissolved
organic carbon and Cj terrestrial plants. In the western tidal
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channels, the low Cg/N;o ratios (16-21) of young mangrove
soil (deposited in the last 16 years) reflect a stronger influence of
marine plants compared to older mangroves (1,390-1,525 cal.
years BP; ratios of 20—37). Thus, there would have been a greater
influence of the Parnaiba River on tidal-channel sedimentology
1,400 to 1,500 years ago, entailing a natural connection between
the present-day tidal channels and the river in ancient times,
which was abandoned later during delta lobe switching. This is
substantiated by historical maps that indeed show this connection
between the main distributary and the tidal-channel system.

Introduction

Most modern large delta systems are impacted by multiple
threats, including the agricultural usage of coastal wetlands,
mangrove clearance (e.g., the Mekong), water diversion
schemes, upstream sediment retention by damming (e.g., the
Sao Francisco and the Yangtze), and the extraction of water and
hydrocarbons (e.g., the Niger). Human activities result in in-
creasing subsidence, marine inundation and coastal erosion,
modifying and deteriorating delta morphology and posing
ever-increasing challenges for coastal restoration (e.g.,
Syvitski and Saito 2007; Jaffe et al. 2007; Syvitski et al.
2009; Lo et al. 2014). Indeed, today there exist only rare cases
of deltas essentially unaffected by human activities worldwide.

The NE regions of Brazil comprise areas of low population
density and well-preserved ecosystems (Szlafsztein 2003).
The Parnaiba River is the largest river system between the
Séo Francisco and Amazon rivers. The river was dammed in
the 1970s (Companhia Hidro Elétrica do Sao Francisco,
CHESF 2014) 630 km upstream, forming a 350 km? reservoir.
However, satellite images available since the 1970s
(LANDSAT 2/5TM_1975-2003) do not show major changes
in the river’s wave- and tide-dominated delta morphology
(Fig. 1). Indeed, the river catchment—coast continuum exhibits
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Fig. 1 Satellite image of the 42:200°W.

Parnaiba Delta (LANDSAT
5TM_2003) with core locations
and morphological elements: /
ebb delta, 2 main ebb channels, 3
inlets with back-barrier channel
system, 4 mangroves, 5
transgressive dune fields, 6 partly
inactive dune field

only minor anthropogenic influences. Such pristine delta set-
tings are becoming increasingly rare archives for research on
natural delta evolution in recent times.

Within this general framework, previous work in NE Brazil
has focused primarily on the structural geology of the
Parnaiba Basin and the Marajo Basin, the drainage system of
the Sobradinho platform (e.g., Arora et al. 1999; Costa et al.
2002; Almeida-Filho et al. 2009), and Holocene sea-level
changes (e.g., Bezerra et al. 2003; Angulo et al. 2006;
Caldas et al. 2006a, 2006b; Irion et al. 2012; for overview of
earlier work see, for example, Knoppers et al. 1999). The
Parnaiba Delta has not been a focus of intense research to
date. Nevertheless, already Suguio and Martin (1981) drew
attention to the Holocene evolution of this and other deltas
along the Brazilian coast, distinguishing between (quote) “an
older phase related to a fluvial-dominated, constructive,
intralagoonal delta and a newer one related to a wave-domi-
nated, destructive delta that is still active today”.

The objective of the present study, based on two field
campaigns conducted in 2010, was to explore the late
Holocene evolution of the essentially pristine Parnaiba Delta
in more detail. For this purpose, geochemical and sedimento-
logical analyses of deltaic deposits were carried out on sedi-
ment cores collected from tidal flats, tidal channels and
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supratidal marshes. Those data are interpreted in combination
with satellite images and historical maps.

Physical setting
Overview

On the northeast Brazilian coast, the Parnaiba Delta straddles the
state of Piaui to the east and the state of Maranhdo to the west
(Fig. 1). The Parnaiba River originates in the East Brazilian
highlands and flows north, forming the boundary between these
states along most of its course. The drainage basin covers 333,
056 km? (Agencia Nacional de Aguas, ANA 2013), and forms
part of the Parnaiba sedimentary basin to the south and the
Barreirinha Basin to the north (Dominguez 2009). The river is
1,400 km long (ANA 2013), and discharges into the Atlantic
Ocean where it forms a wave-dominated and tidally influenced
delta (Wright and Coleman 1973; Bhattacharya and Giosan
2003). The subaerial part of the Parnaiba Delta itself extends
over 2,700 km? (Labohidro 1999), and comprises numerous
islands associated with a complex channel network. The delta
is larger than that of the S3o Francisco, but smaller than the
Amazon Delta (Table 1). It is asymmetric in shape. River
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Table 1

Delta parameters of Parnaiba, Sao Francisco and Amazon rivers in NE Brazil

Delta Area of subaerial delta plain (km?) Average discharge (m’/s) Hydrodynamic forcing and type of sediment dispersal
system (after Walsh and Nittrouer 2004)
Parnaiba 2,700 (Labohidro 1999) 1,272 (Marques et al. 2004) Wave, tides, proximal-accumulation dominated

Sao Francisco 800 (Traini et al. 2012)

Amazon 467,100 (Syvitski and Saito 2007)

2,000 (Bittencourt et al. 2007)
173,000 (Martinez et al. 2009)

Waves, canyon captured
Tides, subaqueous delta clinoform

discharge is exposed to SW-directed waves, W-NW-directed
coastal currents (north Brazil current), and mesotidal forcing.

Two types of coasts dominate the Parnaiba Delta region
(Fig. 1). The eastern part of the delta consists of an actively
migrating coastal dune field, which covers mangrove forests
and older, partly vegetated dune fields. It is enclosed by the
two distributaries of the Parnaiba Delta: the larger Parnaiba
River to the west, and the smaller Igaracu River to the south-
east. Beaches up to 200 m wide and prograding barriers
characterize the coastal geomorphology.

West of the river mouth, the coast is dominated by tidal
channels associated with estuarine-lagoonal conditions.
Deflation plains are preserved in between mangrove-
dominated islands and deltaic plains. In addition to the dune
field and narrow beaches, several sand spits occur. Further
inland, dune systems are common (Hesp et al. 2009). Virgin
forests and huge mudflats occur throughout the delta. A
particular feature is the artificial reopening of a naturally
abandoned channel in about 1960 (oral communication from
local farmers); this channel connects the river and the tidal-
channel system as a local waterway (Fig. 1).

Hydrology and currents

The Parnaiba Delta is situated close to the equator, and the
regional climate is influenced by the Intertropical
Convergence Zone, El Nino, and South Atlantic anticyclone
(Nimer 1979). There are marked seasonal variations in rain-
fall. From August to December, semiarid conditions with
diminished riverine discharge prevail. From December to
April, winds from the northeast generate swell waves, whereas
the southeast trade winds dominate for the remainder of the
year. This is an open, wave-dominated mesotidal coast with a
semidiurnal tidal regime (Hesp et al. 2009). Tides range from
1.1 m during neap tide to 3.3 m during spring tide (Luis
Correia Harbor, Igaracu river mouth). Longshore currents
along the northeastern Brazilian coast, including off the
Parnaiba Delta, are directed from east to west (Fig. 1).

Materials and methods

During two field campaigns in March and November 2010, 18
vibro-cores up to 320 cm in length (technique after Lanesky

etal. 1979) and 21 surface samples were taken mostly during
low tide. Five cores (Table 2) from the intertidal zone were
examined in detail based on the setting, internal structure and
lithology. Core VCO1 was taken from a swamp close to the
river mouth, core VC03 from young mangrove soil close to
the river, and core VC19 from old mangrove soil exposed
along the river bank. Cores VC08 and VC10 were taken from
the western tidal channels of the delta (Figs. 1 and 2).

The structural and lithological characteristics were de-
scribed and documented by means of photographs. For cores
VCO03, VCO08 and VCO1, X-ray radiographs enabled more
detailed examination. Based on those preliminary observa-
tions, distinct layers were sampled for determination of grain
size, total organic carbon and total nitrogen contents, and age
based on 2'°Pb and '*C measurements. Additionally, old maps
(Heck 1842; Walle 1910) were compared with more recent
satellite images to interpret changes in the channel network
and river course.

Laser granulometry was used for the grain-size analyses of
clay (grain size <0.002 mm) to coarse sand (grain size <2
mm), by means of a LS 13 320 Particle Size Analyzer
(Beckman Coulter, manual version 2011). The description of
sediment composition follows the classification scheme of
Folk (1954). The samples were taken in 2- to 10-cm steps,
depending on sediment layers and internal structure. Fine-
grained and sandy layers, alternating at mm to cm scales, were
sampled separately. Ages and sedimentation rates were
assessed by means of 2'°Pb analyses of fine-grained samples
from various layers, performed at the GEOMAR and the
Leibniz Laboratory for Radiometric Dating and Isotope
Research in Kiel.

Sedimentary organic matter sources were evaluated based
on organic carbon and nitrogen measurements on powdered
bulk sediments, using a Carlo Erba Element Analyzer NA-
1500. Moreover, '*C and '*C isotopes were analyzed in bulk
samples with a Finnigan MAT 252 isotope mass spectrometer
at the Institute for Biogeochemistry and Marine Chemistry
(IfBM) in Hamburg.

The radiocarbon ages of wood and plant fragments of cores
VCOI1 (241 cm), VCO3 (248-252 cm), VCO8 (196-197 cm)
and VC19 (100 cm) were determined using the accelerator
mass spectrometry (AMS) system Tandetron 4130 of the
Leibniz Laboratory (cf. Stuiver and Polach 1977). Ages were
determined also for one piece of wood (code 1703102B1, 2—4
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Table 2 Geographical locations and settings of the cores used in this study

Core code: original (working) Date Latitude S Longitude W Recovery length (cm) Coastal environment

VC-IC-01 (VCO1) March 2010 2°45.735" 41°50.288' 274 Marsh at main river mouth

VC03-05112010 (VCO03) 5Nov. 2010 2°46.418" 41°51.064" 320 Mangrove fringe at main river mouth
VC19-11112010 (VC19) 11 Nov. 2010 2°45.908' 41°50.440" 110 Old mangrove soil at main river-mouth embankment
VC08-06112010 (VCO08) 6 Nov. 2010  2°46.035" 41°56.079' 320 Embankment at tidal channel

VC10-06112010 (VC10) 6 Nov. 2010  2°46.103" 41°56.017" 56 Mangrove forest at tidal channel

m water depth) and a shell fragment (1703102B2, 6 m water
depth) from the steep flank of the river bank very close to core
VC19. Radiocarbon ages were converted into calendar years

BP with the CALIB 7.0 software (Reimer et al. 2013; Table 3).

Radionuclide measurements were performed on dried,
grinded bulk samples of cores VCO01, VC03, VCO08 and
VC10 at the GEOMAR and the Leibniz Laboratory. In addi-
tion to total >'°Pb (46.5 keV), *"Cs (662 keV) and 2"Pb (352
keV) were measured (cf. gamma peaks at 46.5, 362 and 661
keV, respectively).

Results
Core VCO1: high marsh at main river mouth

Core VCO1 was taken 500 m downstream of core VC19 and
5 km inland from the river mouth on a marsh regularly flooded
during spring tides. Two units can be distinguished based on
their lithologies (Table 4). These units 1 and 2 have no visible
internal structures (e.g., lamination or bioturbation), but lam-
inated bedding is observed in the transition zone between the
units (Figs. 3 and 4). Unit I is composed of mud down to a
core depth of 114 cm. In the transition zone, the grain size
changes gradually to sandy mud and in the bottommost part to
muddy sand. The X-ray images show some deformed to
subparallel lamination from 162 to 171 cm (Fig. 4). Unit 2 is
composed mostly of moderately well-sorted medium sand,
with no internal structures.

Nior contents fluctuate around 0.2% from the core top to a
depth of 90 cm, below which they decrease gradually to

Fig. 2 Photographs of core
locations and coastal
environments
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0.03% at 179 cm (Fig. 5). Co contents increase downcore
to a depth of 90 cm—from 3.40% to 5.16%—and then de-
crease to 0.92% at 179 cm. C,,/Nyo ratios vary strongly
between 15.34 and 33.46. 5'°C values decrease from —
21.08%o at the core top to —27.1%o at 60 cm depth, and then
increase slightly toward the base of the core.

There were substantial errors in 2'°Pbeycess activity (£2.96
to £7.70 Bg/kg), so that it was not possible to create a reliable
age model for core VCO1. The radiocarbon dating of a piece of
wood from a core depth of 241 cm yielded an age range of
217-143 cal. years BP.

Core VCO03: mangrove fringe at main river mouth

Core VCO03 was taken close to the main river mouth channel
and approx. 6 km from the river mouth near the northern end
of a mangrove fringe adjacent to a dune field (Figs. 1 and 2).
Three units can be distinguished based on changes in lithology
and/or internal structure (Table 4). At 23 cm depth, a sharp
boundary separates units 1 and 2 (Fig. 3). Unit 2 is separated
from unit 3 by a subtle change in internal structure at 236 cm.

Unit 1 is composed of sandy mud to muddy sand, without
visible internal structure (Figs. 3 and 4). Unit 2 is composed
mostly of alternating mud and sandy mud layers. The X-ray
images show fine laminations (Fig. 4), with bioturbation
structures in the upper part (60-94 cm). Several pieces of
wood occur in the sediment of this unit. In unit 3, sandy
mud layers alternate with thin layers of muddy sand and layers
composed only of sand. The sandy mud layers dominate.
Lenticular bedding is the main structure. Due to disturbance
during core extraction, it was difficult to recognize

dune field
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Table 3  Radiocarbon ages and calendar years BP calibrated with the
CALIB 7.0 software using IntCall3 (Stuvier and Polach 1977; Reimer
et al. 2013); elevation is relative to mean sea level; WD water depth,

corrected pMC percent of modern (1950) carbon corrected for
fractionation using the '*C measurement

Lab. code  Core, sample Material Core depth  Elevation Corrected pMC  §'3C AMS 'C age Calibrated age
(cm) (m) (%o0) (years BP) (years BP, 20)
KIA44875 VCO01 Plant fragment 241 +1.1 97.58+0.30 —27.65+0.08 195+25 217-143
KIA44876 VCO03 Plant fragment 248-252 -0.7 98.52+0.30 —27.5940.12  120+25 148-54
KIA45540 VC19 Piece of wood 100 +0.4 61.76+0.24 —29.09+0.18  3,870+30 4,413-4,228
KIA43275 1703102B1 (near VC19) Piece of wood 2-4m WD <0.0 59.83+0.22 -23.46+0.13  4,125+30 4,726-4,530
KIA43276 1703102B2 (near VC19) = Shell fragment 6 m WD <0.0 59.14+0.23 -4.9240.35  4,220+30 4,853-4,801
KIA44877 VCO08 Piece of wood  196-197 -0.8 82.39+0.25 —32.8240.26  1,555+25 1,525-1,390

bioturbation structures. There are still several very thin organ-
ic layers, but roots can no longer be observed. The sediment
composition fluctuates between sandy mud, muddy sand and
sand (Fig. 3). The sand content in the sandy layers increases
downcore, from approx. 1% at 25 cm depth to 85% at the
bottom of the core (308 cm).

In core VCO03, N, contents vary from 0.03-0.13%, and
Corg contents from 0.86-2.47% (Fig. 5). §5'3C values range
between —26.19 and —23.91%.. There are no measurable dif-
ferences in the ranges between the units within the core.

210pp_ s activity varies throughout the core (between 1.51
and 8.26 Bg/kg). The radiocarbon age range of a piece of wood
from 248-252 cm depth (unit 3) is 148-54 cal. years BP.

Core VC19: old mangrove soil at main river mouth

Core VC19 (110 cm length) was taken from old mangrove soil
along the eroding river-channel banks, 1.5 km downstream of
core VCO3 (Fig. 1). This old mangrove soil comprised only

Table 4  Description of cores VC01, VC03 and VC08

Unit, Depth Description
zone interval (cm)
Core VCO1
Unit1 0-114 Mud to sandy mud, without structure
TZ 114-180 Transition zone
Unit2 180-274 Sandy mud, muddy sand, sand, without
structure
Core VCO03
Unit1 0-23 Sandy mud to muddy sand, no internal structure

Unit2 23-237
Unit 3 237-320

Mud and sandy mud, fine lamination (mm)

Sandy mud, muddy sand, sand,
lenticular bedding

Core VCO08

Unit 1 0-72.5 Mud to muddy sand, lamination (mm),

bioturbation
Unit2 72.5-220
Unit3 220-320

Fine sand, mud, flaser bedding
Sand, cross-bedding

one unit, characterized by sandy mud (Fig. 3). At the core top
(1-10 cm) and bottom (107 cm), sand contents are relatively
high (up to 78%). The core is permeated by roots, and changes
in color are common.

Nyt contents increase from 0.03% at the core top to 0.10%
at 60 cm depth, and then decrease to 0.09% at 100 cm depth.
Corg contents vary between 1.69 and 2.92%, with the excep-
tion of a high value of 4.24% recorded at 20 cm. §'°C values
range between —26.99 and —25.61%o.

A piece of wood taken at 1 m core depth has an age range
of' 4,413-4,228 cal. years BP. Very close to the VC19 coring
site, divers collected samples from slabs of the lower part of
the mangrove soil that had slid down the river bank. These
yielded ages of 4,726—4,530 cal. years BP (piece of wood) at
2—4 m, and 4,853—4,801 cal. years BP (shell fragment) at 6 m
water depth.

Core VCO08: tidal-channel embankment

Core VC08 was taken on an eroding bank of the cut side of a
meandering and generally E-W-trending tidal channel. In the
seaward direction, the same dune field that is located north of
core VCO3 is present (Fig. 1). Changes in lithology and
internal structure were observed throughout the core (Figs. 3
and 4), which can be subdivided into three units (Table 4).
Between units 1 and 2, a sharp boundary is formed by a 2 mm
thick layer of very fine gravel. Units 2 and 3 are separated by
subtle changes in internal structure and lithology (Fig. 3).

Unit 1 is composed of finely laminated (mm) mud to
muddy sand down to a depth of 52.5 cm. Only subtle differ-
ences in sediment composition are observed between the
individual laminae (Fig. 4). Bioturbation structures occur in
the lower parts (52.5-72.5 cm; Fig. 4). In the upper part (0—7
cm), the lithology is a mixture of core sediment and the
surrounding surface material. For this reason, the structure is
undefined.

In unit 2, well-sorted fine sand layers with thicknesses of
1-10 cm alternate with thinner (I mm to ~2 cm thick) mud
layers. Unit 2 features interlayered sand—mud bedding with
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Fig. 3 Core logs depicting clay, VCO03 VCo08
silt, sand contents (wet vol%), 0 100 100

sedimentary structures, and Struct
radiocarbon datings
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Fig. 5 Total nitrogen (N) and

contents, and §'>C values of the

Total Nitrogen [%]
TOC (total organic carbon, Coy,) 0 0.2

TOC [%]
4

five cores. A =VCO01, e = VCO03,
0 =VCl19, +=VC08, o =VC10

100

Depth [cm]

200

These are either truncated or concordantly overlain by very
thin (~1 mm) mud layers (72.5-95, 130—165 and 180-220 cm
core depth). In other sections, thin mud layers dominate and
are cut by very thin sand layers (95—130 and 165-280 cm). At
152.5 and 162.5 cm, a 1 cm thick burrow filled with sand
crosses muddy layers. From 220 cm (unit 3) downward, the
flaser bedding structure disappears completely, and cross-bed-
ded, very well-sorted fine sand forms the base of the core
(Fig. 4). On top (220-234 cm), the sand features parallel
lamination, whereas cross-lamination is observed from
234 cm to the bottom. The dip angles range from ca. 1-30°.

High C,e/Niot ratios reflect low Ny contents of 0.02—
0.10%. In unit 1 the C,o/Nio ratios range from 19.84 to
33.35, and in unit 2 from 24.98 to 32.92 (Fig. 5). There are
no recognizable differences in 5'>C values between these two
units, with values ranging from —26.70 to —24.55%o.

In core VCOS, 15 samples from unit 1 and two samples
(84-86 and 126.5-129 cm) from unit 2 show 10 2'*Pbgycess
activity, and '*’Cs could not be detected. Radiocarbon dating
of a piece of wood found at 196—197 cm depth yielded an age
range of 1,525-1,390 cal. years BP. There is no age dating of
unit 3, because this unit consists of well-sorted fine sand
without plant or shell remnants.

Core VC10: mangrove forest at tidal channel
Core VC10 was taken from poorly consolidated sediments of

a mangrove forest on the accretion side of the channel bend
just opposite of the location of core VCO08. It comprises only

one unit along its whole length (56 cm; Fig. 3). The entire core
is penetrated by numerous roots, preventing the preparation of
X-ray radiographs. The sediment consists largely of mud to
sandy mud (Fig. 4).

Nio¢ contents vary over a narrow range of 0.10-0.23%
(Fig. 5). Cyyg contents fluctuate from 3—4% in the upper 30
cm, to 2-3% at 30-55 cm. C,/Ny ratios vary around 20.
Compared to core VCO08, §'°C values span a slightly lower
range from —27.23 to —26.42%o.

210ph cess activity decreases progressively from 43.87 to
23.93 Bg/kg from the core top to the bottom. Based on this
distinct trend, and assuming that sediment accumulation has
been more or less constant, an age of 16 years was calculated
for the depth of 55 cm, corresponding to an accumulation rate
of 3.4 cm per year.

Discussion
Paleo-environmental interpretation

The sediments of core VCO1, retrieved from the high-marsh
surface close to the main Parnaiba distributary, differ in struc-
ture and lithology from the other cores. The low sand content
(0.11-6.67%) in unit 1 indicates low flow velocities during
deposition. By contrast, the sandy composition of unit 2,
comprising up to 20% coarse sand, indicates higher flow
velocities during deposition, possibly related to both fluvial
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and tidal conditions. This agrees with the position of the core
close to the river channel, which is regularly inundated at
spring tide. The river flow and tidal currents seem to have
been more intense in the past when the lower sandy unit was
deposited. Subsequently, due to river incision and/or sediment
accretion, the core site became more frequently inundated by
the tides, leading to the deposition of the muddy tidal/ marsh
sediments of the unit 1. Although it was not possible to create
an age model, the upper part of unit 1 (0 to ~140 cm) most
probably accumulated over the last 150 years because there is
a determinable positive 2'*Pbeycess activity (Nittrouer et al.
1979; Zaborska et al. 2007). According to a radiocarbon age
close to 200 years, the lower fluvial unit is slightly older.

The sedimentary facies of units 1 to 3 in core VCO03 (sandy
mud to mud) suggest deposition on mudflats and sand flats.
The lithology and sedimentary structures of unit 1 (no dis-
cernible structures) and unit 3 (lenticular bedding) indicate
that both were deposited in a fluvial-tidal environment featur-
ing higher energy conditions compared to the finer-grained
laminated sediments of unit 2 (cf. Reineck and Singh 1975;
Fan 2012; Flemming 2012). Due to large errors in 219ph cess
(cf. above), it was not possible to construct a reliable age
model. Nevertheless, the deposit is probably younger than
150 years because there is still determinable activity of
219ph, cess. This young age is supported by the radiocarbon
dating of a plant fragment (148—54 cal. years BP).

The sediment of core VC19 is composed of old mangrove
soil. The higher sand content (up to 78%) in this core, as
compared to that of core VC10 (up to 11%), may be an
indicator of deeper water over the tidal flat during deposition
(cf. Walsh and Nittrouer 2004). Estimates of depositional rates
using 2'°Pb measurements have not been performed because
radiocarbon dating yielded ages exceeding 4,000 years at | m
depth. The piece of wood (2—4 m water depth) and the shell
fragment (6 m water depth) in slabs that slid down from the
river bank close to core VC19 yielded ages of 4,853 to 4,530
cal. years BP. This indicates that they belong to the same
generation of mangrove forest.

The lithology of unit 1 in core VCO8 corresponds to sandy
mud facies commonly found around mid-tide level (cf. Walsh
and Nittrouer 2004). The mud is laminated (upper 52.5 cm) or
homogenized due to bioturbation (52.5-72.5 cm). For man-
grove settings, lamination is commonly associated with higher
accumulation rates, and bioturbation with lower accumulation
rates (e.g., Frey et al. 1989; Alexander et al. 1991). The
conditions around the coring site (i.e., an intertidal zone with
freshwater input from the hinterland), the location close to the
present-day mangrove forests, and the presence of roots con-
firm that the sediment comprising unit 1 is composed of old
mangrove soil. Because of the absence of any determinable
219Ph cess activity, the sediment was most likely deposited
more than 150 years ago (cf. Nittrouer et al. 1979; Zaborska
et al. 2007).
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The flaser bedding and the lithology of unit 2 resemble
those of tidal flat sequences (Reineck and Singh 1975). The
fine-grained muddy sediments intercalated within sandy
layers imply an availability of both sand and mud, and a
periodic change of current velocities. At spring tide, higher-
velocity flood currents may have transported sand from barrier
beaches and inlets to the landward-extending tidal flats,
whereas the fine-grained layers may have originated from
mud flats during the ebb phase or periods of lower flow
velocities around neap tides (Reineck and Singh 1975). In
unit 3, cross-bedding is the main sedimentary structure. At
larger scales, this bedding structure is associated with sub-
aqueous dunes in tidal channels, or with intertidal dunes
occurring on the outer tips of flood ramps near tidal inlets
(Flemming 2012), whereas smaller-scale cross-bedding oc-
curs widespread on sand flats in association with current
ripples (Reineck and Singh 1975). Such bedding structures
have also been described from intertidal point bars composed
of fine to coarse sand (Reineck and Singh 1975). Flemming
(2012) reported similar deposits composed of horizontally
laminated beds occurring along the margins of larger and
deeper channels. In the present case, however, the cross-
bedding was more likely formed by small subaqueous dunes
in a tidal channel.

The sediment of core VC10 consists of young mangrove
soil. The calculated age of 16 years, with accumulation rates
of 3.4 cm/year, agree well with sediment accumulation rates of
4.4+2.8 cm/year found around mid-tide levels in mesotidal
environments in the tropical Gulf of Papua (Walsh and
Nittrouer 2004), and also with the generally high sedimenta-
tion and accumulation rates in mangrove ecosystems in gen-
eral (Jennerjahn and Ittekkot 2002).

The sediment composition of the cores thus indicates
substantial changes in the depositional conditions in the
course of delta progradation, and that tidal forcing has
been an important factor in the recent past. The sediment
cores differ markedly in their lithology, the majority of
sedimentary structures appearing to be tide-generated at a
variety of water depths (as described by, for example,
Reineck and Singh 1975; Schifer 2005; Fan 2012), where-
as fluvial deposits are observed at the base of core VCOI.
Generally, tidal flat environments display a shoreward-
fining grain-size gradient (e.g., Bartholomid and
Flemming 2007), which is also recognizable in the avail-
able sediment cores. Tidal deposition is not discussed in
greater detail here because data on factors such as avail-
ability of sediment and water velocity are not available.
However, tidal currents clearly influenced deposition in
tidal channels and also in tidally influenced sections of
the river (cores VC03 and VC19). Although tidal deposits
were observed in both delta lobes, it is only in the eastern
lobe (core VCO1) that tidal influence was also observed at
the transition from the fluvial to the estuarine domain.
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Historical change in delta morphology

The configuration of a delta is controlled by various parame-
ters such as the coastal morphology, the configuration of the
coastline, the slope gradient of the delta front, the direction
and intensity of waves, the efficiency of sediment transport on
the shelf relative to sediment transport by river distributaries,
and tidal forcing (Reineck and Singh 1975; Woodroffe 2002).
In this context, the Parnaiba Delta displays a rather complex
geomorphology (Fig. 1). The lowermost part of the main
eastern distributary channel features several low-sinuosity
bends and anastomosing bifurcation patterns. In the west,
three NW—SE-oriented tidal channels drain a large mangrove
area, which extends up to the more elevated mainland in the
south. The delta thus has an asymmetric, wave- and tide-
dominated shape (cf. Galloway 1975; Bhattacharya and
Giosan 2003). Such deltas are typically associated with vari-
able proportions of river-, wave- and tide-dominated facies
among and within their lobes, the latter being characterized by
morphological asymmetry between their downdrift and
updrift sides, a feature also observed in the Parnaiba Delta.
The littoral drift is directed westward (Bittencourt et al. 2005)
and is responsible for sediment drift and spit development in
that direction, although the mouths of both distributaries
(Parnaiba and Igaracu) are orientated SW—NE.

The eastern delta lobe is dominantly shaped by wave
forcing from the northeast, almost perpendicular to the river
mouth. As a consequence, the sedimentary facies and struc-
tures (lamination and lenticular bedding) in core VCO03 indi-
cate only moderate tidal influence in this area. The transgres-
sive, southwestward migrating dune fields situated close to the
shore reflect the main wind direction. Waves propagating in
the same direction resuspend sediment in the nearshore zone,
which is then transported toward the shore by residual wave
drift and tidal currents to feed the delta front, as also observed
on the Amazon shelf by Kuehl et al. (1985). Due to the slight
drop in the post-5,000 year BP relative sea level in the region
(Caldas et al. 2006a), the supply of sediment to the coast
increased and contributed to both delta and dune field growth.

In the abandoned western delta lobe, the intricate mangrove
tidal channel system (Fig. 1) is an indicator of increased tidal
influence (cf. Galloway 1975), a feature also described by
Knoppers et al. (1999) and which includes a main ebb chan-
nel, small ebb deltas, marginal flood channels and inlets with
back-barrier channel systems, as well as tidal flats (cf.
Flemming 2012). Several sand spits reveal the west—north-
west longshore current direction. Tidal to lagoonal conditions
are evidenced by the sedimentary facies and structure of cores
VCO08 and VCI10 (lamination, flaser bedding, and cross-
bedding).

Based on the modern delta configuration, the questions
remain whether a natural connection between the western tidal
channels and the main Parnaiba River distributary existed in

former times, and how the specific configuration of the mod-
ern delta developed. The relative influences of river flow, tides
and waves can change over time (Correggiari et al. 2005), as a
consequence of which a tide-dominated system can switch to
a wave-dominated system, and vice versa (Syvitski and Saito
2007), due to changes in sediment supply as well as wave or
tidal forcing. A comparison of satellite images (Fig. 1) and old
maps (Fig. 6) documents a change in the shape of the delta and
the river mouth in recent times. The map of Heck (1842)
shows a northwest orientation of the principal distributary,
which splits into several river-mouth channels in the western
delta lobe. The map of Walle (1910), by contrast, shows the
main Parnaiba distributary in its modern position, but with
smaller channels still connecting to the large channels of the
formerly active western lobe. All these smaller channels are
today abandoned, except for one that was reopened by human
activity about 50 years ago (communication of local inhabi-
tants). The two maps illustrate that delta lobe switching took
place within a few decades between the two dates, and that
natural connections between the western tidal channels and
the main river distributary persisted for some time before
becoming blocked in favor of the new distributary in the east.
Similar processes have been described in the literature for
other rivers such as the Brahmaputra, the Mississippi and the
Yellow River (e.g., Roberts 1998; Chu et al. 2006; Pickering
etal. 2014).

Tectonic influences

Fault reactivation might have occurred long after the rifting
and early opening of the South Atlantic Ocean, and may
therefore also have affected depositional processes in the
Quaternary (Azevedo 1991). The Mesozoic rifting generated
extensional and strike-slip faulting along the Brazilian equa-
torial margin (e.g., Szatmari et al. 1987; Almeida-Filho et al.
2009). Almeida-Filho et al. (2009) argued that the reactivation
of the Pirapemas lineament, which is situated west of the
Parnaiba Delta (Fig. 7), triggered a set of strike-slip move-
ments in the area, which had an important influence on the
sedimentation pattern and landscape evolution during the late
Quaternary. A dextral strike-slip displacement along the
Sobradinho fault on the border of the Sobradinho platform
(Fig. 7) was observed on gravity maps. The area west of the
Pirapemas lineament is characterized by valley incision and
rectangular drainage patterns controlled by joints and faults
(Almeida-Filho et al. 2009). The drainage channels east of the
Pirapemas lineament, which extend to the Parnaiba Delta in
the east, are mostly straight with flow direction toward the NE
and connecting at high angles. The morphology and shape of
the Parnaiba Delta has thus developed not only through coast-
al processes associated with river discharge and tidal and wave
forcing, but also with neotectonic movements that caused
tilting toward the east, and which may actually have initiated
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Fig. 6 Old maps of the Parnaiba
Delta. left Heck (1842), right
Walle (1910)

the delta lobe switching process. This can explain the erosion-
al character of the main distributary near the river mouth and
its unusual updrift orientation.

Interpretation of carbon and nitrogen signatures

Corg/Nior and 813 signatures are widely accepted proxies
serving to reconstruct the evolution of ancient coastal settings
(e.g., Miiller and Mathesius 1999; Bouillon et al. 2003, 2008;
Lamb et al. 2006; Perdue and Koprivnjak 2007; Bianchi et al.
2007; Da Cruz Miranda et al. 2009; Leipe et al. 2011; Giresse
et al. 2014), including major deltas such as that of the
M ississippi (e.g., Rosenbauer et al. 2009). Figure 8 combines
the present datasets with the typical ranges compiled by Lamb
et al. (2006) for organic input to coastal environments world-
wide. The 5'*C values of all cores combined span a narrow
range between —23.57 and —27.10%o (except for —21.08%o
recorded in core VCO1 at 1 cm depth, Fig. 5), whereas the
Core/Niot ratios span a wide range of ca. 15-50. All data points

43°0l'0"W 42 °0l'0"W

N

Parnaiba river

)
2°30'0"S

r—
3°20'0"S

Fig. 7 Pirapemas lineament and drainage pattern along the eastern coast
of Maranhao (modified from Azevedo 1991; Almeida-Filho et al. 2009)
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plot within the range of terrestrial C; plants, and are consistent
with findings for mangrove ecosystems worldwide (e.g.,
Dehairs et al. 2000; Jennerjahn and Ittekkot 2002; Bouillon
etal. 2003, 2008). An unambiguous link of these signatures to
the recent lobe switching of the Parnaiba Delta discussed
above is not straightforward, for one because of limitations
of stable isotope signatures (see Bouillon et al. 2008). A more
meaningful approach would be to combine those data with
independent observations of sediment facies, delta configura-
tion on satellite images and historical maps, and the regional
tectonic influence on depositional processes.

In core VCI10, the lower C,/Nyy ratios could plausibly be
explained by a stronger influence of marine plants during
sediment deposition (see Perdue and Koprivnjak 2007). In
the present case, however, the lower 513C values rather
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Fig. 8 Environmental significance of 513C versus Corg/Nio¢ (modified
from Lamb et al. 2006)
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suggest an input of freshwater DOC (dissolved organic car-
bon) and terrestrial plants from the nearby hinterland, al-
though the bulk seems to be influenced by a mixture of marine
and terrestrial input. The values are better clustered than those
of the other cores (Fig. 8), a feature attributed to the young
age. For the last 16 years, the environment and the source of
carbon did not change as much as in the longer and older time
periods covered by the other cores, especially core VC19.

Core VC19 features a marked decrease in the C,o/Nio ratio
from top to bottom (Fig. 5). The sediment of this core is older
than that of the other cores, and the values of the six measured
samples, which reflect environmental changes in the period 4,
400-4,200 cal. years BP, represent the longest period of
deposition. The high C,,,/Ny, ratios in the uppermost samples
suggest that the terrestrial influence was highest in this part of
the core, probably reflecting a progressive increase in river
input from the hinterland in the course of time.

In core VCO8, the low Ny, contents are an indication of
terrestrial plant influence during deposition (e.g., Lamb et al.
2006) and therefore a stronger signal of the Parnaiba River.
The clear distinction between cores VC08 and VC10 in the
plot of Fig. 8 reflects changes between present and ancient
conditions in the tidal-channel system. The change toward
marine conditions in core VC10 was most likely generated
by variations in river flow caused by the switching of distrib-
utary channels in the Parnaiba Delta, as demonstrated by the
old maps and supported by the neotectonic influence on
deposition. The higher river influence during deposition at
the VCO8 core site is more consistent with the cores taken
from the eastern delta lobe than with the more recent tidal-
marine conditions reflected in core VCI10.

Conclusions

Present-day morphodynamic characteristics combined with
grain-size, 5'3C and Corg/Nior assessments have enabled re-
construction of the mid- to late-Holocene evolution of the
pristine Parnaiba Delta spanning the last 5,000 years.
Prevailing NE winds, SW-directed waves and westward-
flowing longshore currents result in intense shoreward sedi-
ment transport and the formation of mobile transgressive dune
fields. These conditions were responsible for the formation of
an asymmetric wave- and tide-dominated delta.

The findings suggest that the western tidal-channel system
is associated with an abandoned lobe of the Parnaiba Delta
that was connected to the Parnaiba River in ancient times. The
evolution of the former river-fed, tide-dominated western
distributary channels into the present-day isolated tidal chan-
nels, and the switch of the river to the modern distributary in
the east is substantiated by three arguments: (1) evaluation of
513C, Corg and N, data shows a decrease of fluvial influence

in the young sediments of the tidal-channel area; (2) maps
from the 19th and even early 20th Century provide evidence
of a former natural connection between the main Parnaiba
River distributary and the tidal channels to the west of the
modern Parnaiba Delta; (3) the tectonic interpretation of sat-
ellite images establishes a link between the present-day asym-
metric delta configuration, an eastward tilting and the initia-
tion of delta lobe switching that resulted in the unusual updrift
orientation of the main Parnaiba distributary. The comparison
of old maps, satellite images and morphodynamics confirms
the interpretation that delta lobe switching is still ongoing, an
aspect deserving continued attention.
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