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ARTICLE INFO ABSTRACT

The aim of this paper is to reconstruct an 11,000-year history of depositional environmental change in south-
eastern Brazil, based upon the integration of particulate organic matter and stable isotope (C and N) data from a
136-cm sediment core from Lake Canto Grande. These proxies are used to explore the evolution of terrestrial and
marine influence on the lake. Isotopic (8'3C: —27.87%o to — 31.9%o; 8'°N: — 0.07%0—4.9%o) and elemental (total
organic carbon - TOC: 0.58%-37.19%; total nitrogen - TN: 0.08%-1.73%; C/N: 0.3 to 54.7) values recorded in
Lake Canto Grande suggest that the sedimentary organic matter was derived from mostly C3 land plants and
freshwater phytoplankton. Particulate organic matter and cluster analyses distinguished four associations
characterized by the predominance of amorphous organic matter, followed by phytoclasts and palynomorphs.
These results indicate two different phases of lake evolution. The first phase (136 - 65 cm; ~10,943 cal yr. B.P. to
~8529 cal yr. B.P.) is recorded by sand layers interbedded with mud, which contain amorphous organic matter
(AOM, 45-59%) and phytoclasts (opaques - OP: 6-18%; non-opaques — NOP: 17-23%) which indicate a
floodplain area. The second phase (65-0cm; ~8529calyr. B.P. to ~662calyr. B.P.) comprises mud, AOM
(68-86%) and palynomorphs (PAL, 8-16%) related to lake establishment comparable to modern conditions.
Thus, characterizing particulate organic matter, in combination with stable isotopes, proved to be invaluable
proxies for lacustrine paleoenvironmental change through the Holocene.
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1. Introduction

Brazilian lake systems are usually associated with river dynamics
which have origins from a combination of erosional and sedimentation
processes (Esteves, 1988). The lower Doce River lake system is located
in southeastern Brazil and considered as one of the most important
freshwater system in the country. However, despite the importance of
these lakes the studies about their evolution in the region are still scarce
(Suguio and Kohler, 1992; Rossetti et al., 2015).

According to Suguio and Kohler (1992), the lake system of the Doce
River lower course, which includes the lake sampled for this study, was
formed as a consequence of damming the Doce River course by marine
and fluvial sediments. The Doce River valley was excavated during the
last glacial maximum (21,000-18,000 yearsB.P.) and subsequently
filled with river sediments (Suguio and Kohler, 1992). During the Ho-
locene transgression (~ 5000 years B.P.) the main valley as well as the
paleochannels of other tributaries, were inundated, forming a lagoonal-
estuarine environment (Suguio and Kohler, 1992). Conversely, recent
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Fig. 1. Location of the study area. a-b Study area images. The star indicates the location where the core was sampled in the Lake Canto Grande. ¢ Modern photograph

of Lake Canto Grande.

studies (Nascimento, 2012; Buso Junior, 2015) suggest that not all the
lakes in the study area were influenced by Holocene sea level changes.
The discrepancy is because paleoenvironmental reconstitution from
lacustrine records in the region are mainly based on pollen profiles
(Nascimento, 2012; Buso Junior et al., 2013b; Buso Junior, 2015) fo-
cusing on vegetation and climatic changes, but the depositional aspects
and as the lakes evolved along the Holocene is not well known.

Lakes are dynamic systems and are subject to a variety of forcing
variables that regulate the lake's history such as climate, vegetation,
sea-level changes, tectonic activity and aquatic biota (Cohen, 2003).
Sediments can identify the source of organic matter in lacustrine sedi-
ments as an indicator of bio-geochemical processes during deposition
and to infer environmental changes over time (Meyers and Lallier-
Vergés, 1999).

Sedimentary organic matter is an important record of past en-
vironmental changes. In this study qualitative and quantitative char-
acterization of total organic matter (introduced by Combaz, 1964 as
palynofacies) combined with stable C and N isotopes are used to un-
derstand the sedimentological processes that govern the deposition and
distribution of particulate organic matter in the lacustrine basin. As the

studied lake is located in an important freshwater system, it is funda-
mental to investigate the lake history and consequently to provide in-
formation to better understand the whole system.

Additionally, analyzing particulate organic matter serves as an im-
portant paleoenvironmental proxy for different types of biological,
geological and environmental scientists, which makes it a multi-
disciplinary method (Tyson, 1995). It enables the identification of in-
dividual particulate components, as well as the determination of ab-
solute and relative proportions, including their sizes and state of
preservation (Tyson, 1995; Batten, 1996). Particulate organic matter
analysis informs depositional facies, hydrodynamic, river inflow, sea-
level variations and lakes evolution. The greatest advantage of its ap-
plication is the possible integration with palynology, sedimentology
and stable isotope analysis (Menezes et al., 2008).

Although particulate organic matter analysis is usually applied in
studies that focus on basins with hydrocarbon-generating (oil and gas)
potential, this proxy has been on the rise in Quaternary studies in order
to better understand the composition of sedimentary organic matter
(Meyer et al., 2005; Silva et al., 2010; Boussafir et al., 2012; Zocatelli
et al., 2012; Gadens-Marcon et al., 2014; Lorente et al., 2014). The
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method can provide important new insights into past environments
when integrated with stable C and N isotopes. However, paleoenvir-
onmental inferences based solely upon isotopic data from organic
matter in lake sediments may be inconclusive, such isotopic data are
best interpreted in the context of other paleoenvironmental proxies.

Paleoenvironmental investigations are commonly based only on
microfossils or geochemical data such as stable isotopes, but studies
integrating different proxies are incipient. To demonstrate the potential
of particulate organic matter in Quaternary studies, this study in-
tegrates this proxy, stable isotopes (C and N), grain size and radio-
carbon date of sediment of Lake Canto Grande to understand its evo-
lution during the Holocene and consequently to provide new
information about the history of lake system of the Doce River lower
course. These data were compared to the lake evolution to explore
marine influence in the sedimentary deposit due to Holocene sea level
changes.

1.1. Study site

The Espirito Santo Basin is a sedimentary basin with a tectono-se-
dimentary history related to the breakup of the Gondwana and the
consequent opening of the South Atlantic Ocean in the late Jurassic and
early Cretaceous period (Vieira et al., 1994). This basin extends under
the current coastal plain, continental shelf and slope of eastern Brazil,
in the State of Espirito Santo. The Pleistocene and Holocene sediments
of the Espirito Santo Basin were formed in marine terraces, as well as
fluvio-marine, lagoon and eolian environments. The coastal plain is
associated with the Doce River, and its evolution has been strongly
controlled by relative sea-level changes, fluvial sedimentary supply,
long shore drifts and changes in the atmospheric circulation (Martin
et al., 1993).

Lake Canto Grande (19°16701,4”S/39°56’41,9”W) is located in the
northern region of the state of Espirito Santo (Fig. 1). The lake is a 3-m
deep and its water level is about 5-m above mean sea level. The
northern of Espirito Santo state is characterized by a highland area with
Precambrian rocks in the western portion, a plateau of continental
Neogene deposits, and a coastal plain with Quaternary sediments ac-
cumulated along the coastline (Suguio et al., 1982). The Lake Canto
Grande is situated at the contact between the Neogene plateau and the
Pleistocene beach ridges, and currently has sediment inflows from small
drainage channels.

The climate in the region is classified as Aw based on the Képpen
system (Koppen, 1948), i.e., humid tropical with dry winters and rainy
summers. The mean annual temperature is 23 °C, and the mean annual
precipitation is 1215 mm (Buso Junior et al., 2013a). The vegetation is
dominated by Atlantic forest (Tabuleiros forest) and grasslands in areas
closer to the lake (IBGE, 1987). The modern vegetation in the lake
margins has been degraded by human activities as housing and tourism.

2. Material and methods
2.1. Sampling

A 136-cm long sediment core (LCG-B) was recovered from the
bottom in the center of Lake Canto Grande using a modified (drop-
hammer) Livingstone piston sampler on a floating platform
(Livingstone, 1955; Colinvaux et al., 1999). LCG-B core was transported
to the 1*C Laboratory at the Center for Nuclear Energy in Agriculture at
the University of Sao Paulo (CENA-USP). Samples were collected at
intervals of up to 10 cm for particulate organic matter and grain size
analyses, and at 2 cm intervals for isotope (carbon and nitrogen) ana-
lyses.

2.2. Radiocarbon dating and grain size

14C analyses of 10 sediment samples were carried out by Accelerator
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Mass Spectrometry (AMS) at the Center for Applied Isotope Studies
(CAIS) at the University of Georgia (USA) and at the Radiocarbon
Laboratory at the Fluminense Federal University (Brazil). Radiocarbon
ages were expressed as conventional *C yr. B.P. (years Before Present)
normalized to a 8'3C of —25%o VPDB and in cal yr. B.P. (calibrated
years Before Present), with precision of 20 (Reimer et al., 2009). Mean
calibrated ages were used in the text for discussing the data.

Grain size distribution of 14 samples were determined by laser
diffraction analysis. Sediment samples were processed using H,O, to
eliminate organic matter and HCI to eliminate carbonates. Results were
converted into statistical values obtained by the SysGran program
(Camargo, 1999) and the grain size distribution were divided into sand
(2-0.0625 mm), silt (62.5-3.9 um) and clay (3.9-0.12 um), following
Wentworth (1922).

2.3. Particulate organic matter

Analyses of particulate organic matter was based on 14 samples,
with 5g of bulk sediment for each sample being processed following
non-oxidative palynological standard procedures (Tyson, 1995;
Mendonca-Filho, 1999). The samples were washed with HCI and HF to
remove the mineral matrix and ZnCl, to separate the organic matter.
For each sample, a total of 500 organic matter particles were counted
under white light microscopy at 400 X magnification. The particulate
organic matter classification was adapted from the model proposed by
Tyson (1995) and Mendonca-Filho (1999). Percentage calculations and
cluster analysis by similarity index were undertaken using the TILIA
software package (Grimm, 1987). Classification of particulate organic
matter was as detailed as possible, taking into account aspects such as
biological origin of particles, ecological significance of the groups,
preservation state and morphology variations. In this context, the or-
ganic matter components were divided into three main groups:

(1) AOM: derived from bacteria, phytoplankton and/or degraded or-
ganic aggregates. Particles are dispersed or occur as lumps that are
structureless and have irregular shape.

Phytoclasts: derived from the ligno-cellulosic tissues of higher

plants and/or fungi. Plant tissues may have preserved cellular

structures such as stomata and are usually classified as ‘non-opaque’

(un-biostructured, biostructured, cuticles, membranes and fungi

hyphae) which are yellow, brown or dark brown particles, and

‘opaque (equidimensionals, elongates and corroded) particles’ that

are also described as charcoal.

(3) Palynomorphs: all components with organic walls resistant to acid
attack, such as sporomorphs (pollen grains and spores), freshwater
phytoplankton (Botryococcus braunii and other algae), marine phy-
toplankton (dinoflagellate cysts), foraminiferal test linings, fungal
spores and zooclasts (buccal fragments of arthropods and worms
(Platyhelminthes) eggs and other animal remains). Pollen grains
were divided into colporate, colpates, porates and grains derived
from mangroves. Triletes and monoletes (ornamented and not or-
namented) comprise Pteridophyte spores.

(2)

2.4. Elemental (C and N) and isotopic (8*3C and 8°N) analyses

Isotopic analyses were made on natural and decarbonated samples
in order to verify the amount of inorganic carbon. No difference was
noted, thus the original 62 bulk samples were washed with distilled
water and plant remains were physically removed. Total organic carbon
(TOQ), total nitrogen (TN), and §'>C and §'°N were analyzed by isotope
ratio mass spectrometry and elemental analysis at the Stable Isotope
Laboratory of CENA at the University of Sdo Paulo (USP). TOC and TN
values were expressed in percentage by dry weight, while *3C and '°N
were expressed with respect to the standards VPDB and N, respectively,
with a precision of + 0.2%o. Elemental results were used to calculate
the C/N (weight/weight) for the sediment samples.
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The use of stable isotopes in environmental studies is based on
variations in different compartments of an ecosystem, expressed by the
ratio between rare and more abundant isotopes (Boutton, 1996). In
general, 8'3C values of Cj (trees, shrubs and some grasses) and C4
(savanna grasses) land plants are between —32%o and —22%o and
—17%o to — 9%, respectively (Meyers, 1997). In lake systems, isotopic
analysis enables differentiation between Cjz versus C4 land plants as
primary sources of organic matter (Meyers and Lallier-Verges, 1999),
which cannot be verified using only pollen analysis that is limited by
taxonomic resolution of the grass family. In addition, autochthonous
organic matter (phytoplankton and bacteria) within a lake is char-
acterized by low C/N ratios (< 10) and 8'°N values around -+ 8.5%o,
whereas allochthonous organic matter (vascular plants from the lake
catchment) is generally characterized by C/N ratios higher than 20 and
815N of +0.5%o (Meyers, 1997).

3. Results
3.1. Lithology, grain size and '*C ages

The Lake Canto Grande core is rich in organic matter and it is
comprised mainly of mud and sand (Fig. 2). Sedimentary characteristics
were used to define six lithofacies at the following depth intervals: (1)
136-99 cm, with fine sand interbedded with dark gray silt layers
(sand: * 93.4%; silt: + 5.24%; clay: + 1.2%); (2) 99-86 cm, with fine
sand and black silt with micro sand lenses (sand: = 94.2%; silt: + 5.7%j;
clay: = 0.02%); (3) 80-63 cm, with black clayey silt (sand: = 10.1%;
silt: + 64.2%; clay: = 25.5%); (4) 63-50 cm, with dark gray clayey silt
(sand: + 0.8%; silt: + 70.3%; clay: + 28.7%); (5) 50-27 cm, with mas-
sive light gray clayey silt (sand: 0%; silt: = 67%; clay: + 33%); and (6)
27-0 cm, with organic black peat (sand: * 0.4%; silt: = 72.7%;
clay: = 26.8%). The interval between 86 and 80 cm was lost during
sampling.

Ten radiocarbon dates indicate a progressive downward age in-
crease (Table 1). Sequential ages ranged from ~10,943calyr. B.P.
133 cm depth to ~662calyr. B.P. at 3cm depth. The sedimentation
rates ranged from 0.002 to 0.36 cm/year.

3.2. Organic geochemistry

The total organic carbon (TOC) content ranged from 0.58% (136-
134 cm) to 37.19% (72-70 cm). The total nitrogen (TN) ranged from
0.08% (102-100 cm) to 1.73% (136-134 cm), resulting in C/N ratios
(weight/weight) of 0.3at 136-134cm depth and 54.66 at 50-48 cm
depth. The isotopic values varied from —27.87%o (68-66cm) to
—31.89%o (22-20 cm) for 8§'3C, and from —0.07%o to 4.9%o for §'°N.
The organic geochemistry data are indicated in Fig. 3.

3.3. Characterization of particulate organic matter and resulting
associations

Four associations were identified from cluster analysis generated by
similarity index of the particulate organic matter components (Fig. 4).
The details of each association are described in the following.

3.3.1. Association 1

Association 1 (136-85cm; ~10,943 calyr. B.P. to ~10,322 cal yr.
B.P. - interpolated age) was characterized by the predominance of AOM
( = 53%) and non-opaque phytoclasts ( = 19%), followed by opaque
phytoclasts and palynomorphs, with an average of 13% each. Among
the non-opaque subgroup, cuticles ( + 7.5%) and un-biostructured
( = 5.8%) were common. Biostructured striped non-opaque ( * 3.5%)
and fungal hyphae ( + 2.1%) were recorded as subordinate elements.
Percentages of biostructured perforated non-opaque phytoclasts did not
exceed 1%.

The main components of opaque phytoclasts were the biostructured
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particles ( = 4.7%), followed by elongated ( = 4%), equidimensionals
( = 2.5%) and partly degraded clasts ( + 2.6%). Considering the paly-
nomorphs group, fungal spores, colporate and porate pollen grains were
common, averaging 5.4%, 3.2% and 2.3%, respectively. Pteridophyte
spores, freshwater algae, colonies of Botryococcus braunii and zooclasts
occurred with average relative abundances not exceeding 1%.

3.3.2. Association 2

AOM ( = 57.6%) was the dominant component in this association
(85-65cm; ~10,322calyr. B.P. - interpolated age to ~8529 cal yr.
B.P.). Non-opaque ( + 22.7%) and opaque ( = 13.4%) phytoclasts, and
palynomorphs ( + 6.3%) comprised this association as well. Cuticles
remained prevalent in the non-opaque subgroup, with an average per-
centage of 12%. Un-biostructured ( = 6%) and biostructured striped
non-opaque phytoclasts ( = 3.6%) were well represented. Fungal hy-
phae had lower percentages ( *= 1%) compared to association 1.
Biostructured perforated non-opaque phytoclasts were not recorded.

The opaque phytoclasts subgroup was dominated by elongated and
biostructured clasts, averaging 5.2% and 4.7%, respectively. The
amount of equidimensionals ( + 2%) and corroded ( + 1.6%) opaque
phytoclasts was lower than in association 1. Fungal spores ( = 2.8%)
and colporate pollen grains ( + 1.6%) remained dominant in the pa-
lynomorphs group. Porate pollen grains, Pteridophyte spores, fresh-
water algae, Botryococcus braunii colonies and zooclasts comprised this
association, but with percentages not exceeding 1%.

3.3.3. Association 3

Association 3 (65-23 cm; ~8529 calyr. B.P. to ~1786 cal yr. B.P.)
was dominated by AOM ( + 79%). It also consisted of palynomorphs
( £ 12.2%), non-opaque phytoclasts ( + 5.3%) and opaque phytoclasts
( = 3.2%). Non-opaque phytoclasts had their lowest values throughout
the sedimentary succession. Palynomorphs included mainly colporate
pollen grains ( * 5.2%), Botryococcus braunii colonies ( = 2.9%) and
porate pollen grains ( = 1.5%). Values of fungal spores ( + 1.2%) were
lower than in associations 1 and 2. Although the values for freshwater
algae did not exceed 1%, it was an increase compared to association 2.
Pteridophyte spores, colpate pollen grains and zooclasts occurred
sparsely.

The main components of the non-opaque phytoclasts subgroup were
un-structured  phytoclasts (= 2.5%) and cuticles (% 2.1%).
Biostructured striped and perforated non-opaque phytoclasts and fungal
hyphae averaged up to 0.5% each. Opaque phytoclasts were equidi-
mensionals ( = 1.2%), elongated ( = 1.1%), biostructured ( = 0.5%)
and corroded ( = 0.4%).

3.3.4. Association 4

Association 4 (23-0cm; ~1786 calyr. B.P. to ~662calyr. B.P.)
consisted of the following groups: AOM ( * 75.2%), palynomorphs
( £ 13%), non-opaque phytoclasts ( + 9%) and opaque phytoclasts
( *+ 2.8%). The palynomorphs group was characterized by the pre-
dominance of colonies of Botryococcus braunii ( = 6.7%) which had
their highest values of the whole sedimentary profile. In addition,
colporate ( = 3.2%) and porate pollen grains ( = 1.4%) were also re-
corded as prominent particles. Pteridophyte spores, fungal spores, col-
pate pollen grains, freshwater algae (except B. braunii) and zooclasts
were less than 0.5%. In the non-opaque phytoclasts subgroup, un-
structured particles ( + 4.7%) and cuticles ( * 3.2%) were pre-
dominant, followed by fungal hyphae ( + 0.6%), biostructured striped
and perforated non-opaque phytoclasts averaging 0.1% each.

Among the opaque phytoclasts subgroup, equidimensionals parti-
cles (= 1.4%) were prevalent, whereas elongated ( = 0.8%), bios-
tructured ( * 0.4%), and corroded ( = 0.2%) phytoclasts were sub-
ordinated. This association had the lowest values recorded for the
opaque phytoclasts.
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Fig. 2. Stratigraphy and granulometry of LCG-B core and Shepard's diagram with the sedimentary samples distribution (modified from Shepard, 1954).

Table 1

AMS radiocarbon ages and sedimentation rates of the core LCG-B.
Laboratory Depth Sample Age conventional Age Mean calibrated age Deposition time
Number (cm) **C yr. B.P.) (cal yr. B.P., 20) (cal yr. B.P.) (cm/yr)
UGAMS15856 3 Sediment 690 + 25 644-681 ~662
LACUFF140160 23 Sediment 1841 + 43 1694-1879 ~1786 0.01
LACUFF140161 49 Sediment 4804 = 149 5270-5905 ~5587 0.006
UGAMS15857 61 Sediment 6140 = 30 6951-7157 ~7054 0.02
LACUFF140162 65 Sediment 7768 * 56 8419-8640 ~8529 0.002
UGAMS15858 69 Sediment 8120 = 35 8993-9134 ~9063 0.007
LACUFF140163 79 Sediment 9105 * 67 10,176-10,436 ~10,306 0.008
UGAMS15859 93 Sediment 9200 * 40 10,249-10,440 ~10,344 0.36
UGAMS15860 125 Sediment 9490 * 40 10,648-10,828 ~10,738 0.08
LACUFF140164 133 Sediment 9586 + 72 10,715-11,172 ~10,943 0.04

UGAMS, University of Georgia, USA; and LACUFF, Fluminense Federal University, Brazil.
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Fig. 3. 17C ages, stratigraphy, total organic carbon (TOC), 8'3C, total nitrogen (TN), 8"°N and C/N values (weight/weight).

4. Discussion
4.1. §"Cvs. C/N

The integrated results allow the recognition of two phases (Phase 1:
136-65cm, ~10,943calyr. B.P. to ~8529calyr. B.P.; Phase 2: 65-
Ocm, ~8529calyr. B.P. to ~662calyr. B.P.) in the depositional en-
vironment in the Lake Canto Grande deposits. In general, the isotopic
and elemental values recorded in the studied core indicate a mixture in
the sources of sedimentary organic matter, with contribution of Cs
vascular plants and freshwater phytoplankton (Fig. 5). According to
Talbot and Johannessen (1992), organic matter produced from atmo-
spheric CO,, absorbed by Cs vascular plants has 8'3C values in the range
—25%0 to —35%o. These are comparable to the mean 8'3C values of
—30%o (0: 2.5%0) recorded for the phase 1, and -28%o (0: 0.7%o) for the
phase 2. Moreover, the sources of organic matter can also be dis-
tinguished by 8'°N values (algae: +8.5%o, vascular plants: + 1%o;
Meyers, 1997). The average for 8'°N values described was 1.5%o (o:
1.2%0) and 3%o (0: 2.9%0) for the phase 1 and 2, respectively. These
data are compatible with the predominance of terrestrial source in both
phases, but a phytoplankton increase in the phase 2 may have occurred.
However, §'°N data should be used cautiously, since 8'°N signal can be
poorly recorded by sediments and isotope shifts are highly variable
(Lehmann et al., 2002).

Additionally the 8'3C vs. C/N binary diagram (Fig. 5) suggests Cs

land plants influence in phase 1, whereas the trend for phase 2 indicates
a freshwater phytoplankton input, which can be correlative with par-
ticulate organic matter data presented in the following section.

4.2. Paleoenvironmental evolution

4.2.1. Phase 1: floodplain (136-65cny
~8529calyr. B.P.)

This phase was defined by associations 1 and 2 and was char-
acterized by AOM as the main particulate organic matter component
(Fig. 6). AOM usually dominates in reducing environments and distally
from source areas, where there is low terrestrial input (Tyson, 1995).
The predominance of this group may indicate that the organic matter
was deposited in anoxic-dysoxic conditions at the water-sediment in-
terface in response to a low-energy environment. Once the AOM is kept
in suspension and deposited with silt and clay, and high percentages of
this group could be related to an environment of few variations in the
hydrodynamic conditions. However, the interval between 135 and
86 cm was mainly comprised of fine sand and the highest values of
phytoclasts (non-opaques and opaques), which may be indicative of
river influence, once they are transported in their majority by rivers
(Tyson, 1995).

Non-opaque phytoclasts (NOP) can suggest oxic conditions, proxi-
mity to the river source, or terrestrial sediment input through floods
(Tyson, 1995). Among this subgroup, cuticles and un-biostructured

~10,943calyr. B.P. to



F.

i~

. Lorente et al.

Journal of South American Earth Sciences 84 (2018) 373-384

oy >
& & 8
> & > S & &
& & <& & & & o &
& % N &\be ‘@ @g @@0 && &q,é‘ %Q (5\0 ;&\& QQ') § &
N 9 o & o X
N O & > & QN & & s SRS é‘% < A
R & & & & F & & F & & F P ¥ Y& &
W s & @ @c@ & & @0‘" s & \\\“‘Q o 5 FEFSFIT L FF e &
g & S & N & & N & K & o
) & S S & QIO o) & & & F L N &N ¢ & &
& § S &L § O F & AP PPN N S N X & & K S hSY
&9 ¥ RN R R A S O R R S S M S S SR TR S AR ST o o 1
62 07 —— T i el el el el manlll manll manll N e
155 —— ] - m = 1 = 4
~1,786 20 7 - ] B " -
30 —— T | ] m = -
40 —_— n n ] - " n 3
5,587 50
] _— ] - - = " -
7,054 60 o
~8,529 - = =} =1 ] —
9,063 70 |
] — ] - — b B
~10.306 g0 E mom - o — ] 2
~10344 %0 ] e R f Emop mop — - B ] "
100 o
] E_— " m m m mm g - - = "
110
e R m m m m m - - - - 1
120
10,738 0 " m m o m m - E ] "
~10,943130 7
4 1 —pomm L | m om omm |k —_—
140 02040 608010 0 40 60 80 0 10 10 10 10 10 10 200 10 10 10 1 10 10 10 10 10 10 10 10 02 04 06 08 10

%

Granulometry Stratigraphy

I Sand 45 Sand interbedded with dark gray silt layers
Silt 3 .

B Si == Black clayey silt and micro sand lenses

[ Clay i

- Black clayey silt
Si-C Silt-clay

Total sum of squares

=— Dark gray clayey silt

Massive light gray clayey silt

Not recovered

S Sand

Fig. 4. Relative frequencies of particulate organic matter components. AOM: amorphous organic matter. OP: opaque phytoclasts. NOP: non-opaque phytoclasts. PAL:

palynomorphs.
-16
] — Algae
G165 ~+— Marine POC
-20 - Marine DOC C,land plants
- 22
(=3
< 24 ]
o Tl
o 264 Bacteria
28] Ll esl e ae & Pl
304 Phase2 ®g * o °
4 @ @
32 ‘ﬁ#\\é—\
o \ Freshwater DOC
Freshwater POC
-34 — ; . T . :
0 10 20 30 40 50 60

C/N (weight/weight)

Fig. 5. a §'3C vs. C/N values (weight/weight) of Lake Canto Grande organic
matter. Interpretation was based according to data presented by Meyers (1997)
and Ogrinc et al. (2005).

non-opaque phytoclasts are prevalent in deposits formed during phase 1
(Fig. 4). Since cutin has been considered as the most resistant substance
produced by plants, cuticles are resistant to aquatic environments
(Tyson, 1995). According to Batten (1996), most cuticles identified in
palynological slides are derived from leaves, and are generally asso-
ciated with fluvial-deltaic environments of low energy, from where they
can be transported over long distances prior to destruction or deposi-
tion. However, the cuticles identified in this core are well preserved,
suggesting that their deposition most likely occurred near the source

area, as described by Mendonca-Filho et al. (2010) for a Cenozoic basin
in Southern Brazil.

Un-biostructured phytoclasts, identified in some studies (Sebag
et al., 2006a, 2006b; Boussafir et al., 2012; Zocatelli et al., 2012) as
gellified particles, have their origin related to plant tissue degradation
in aquatic environments, such as lakes, or under anaerobic conditions,
such as in hydromorphic (excess water) soils (Sebag et al., 2006a).
Biostructured phytoclasts are described as originating from local ve-
getation (Tyson, 1995), but they can also be deposited in river channels
during flooding (Batten, 1996). The abundance of fungal spores in de-
posits formed during phase 1 may also be related to temporary flooding,
as also recorded along banks of rivers and streams elsewhere (Grill
et al., 2007).

The amount of opaque phytoclasts gradually increases in aquatic
environments, as they are deposited distally from source areas (Sebag
et al., 2006a). Opaque phytoclasts are the most resistant components in
the particulate organic matter and are usually linked to coarse sedi-
ments in high-energy environments (Oboh, 1992; Tyson, 1995). They
may also be formed by oxidation, such as occurs in conditions of sea-
sonal fluctuations of the water column and exposure of particles to
oxygenation (Tyson, 1995). Alternatively, they indicate the occurrence
of fires near the depositional environment, since biostructured parti-
cles, also known as charcoal, originate from the combustion of plant
tissues (Batten, 1996).

Particulate organic matter data suggested that the deposits of this
phase in the Lake Canto Grande core may have been formed in a
floodplain (Fig. 8). This is an area of low relief and subjected to periodic
flooding (Scherer, 2008) along alluvial valleys (Bridge, 2006). Flood-
plains are typically composed of different proportions of sand, silt and
clay (Wolman and Leopold, 1957), which are transported as bottom
sediments or suspended load during flooding (Bridge, 2006).

According to Sebag et al. (2006b), all constituents of the particulate
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organic matter are present in marshes but have different relative
abundances. In aquatic environments, autochthonous elements (AOM
and algae) are predominant, while allochthonous fractions (phyto-
clasts) are moderately preserved (Sebag et al., 2006b). Sedimentary
samples with TOC values lower than 2-3% are usually associated with
assemblages dominated by phytoclasts where these values are de-
termined by variations in the abundance of vegetal particles. On the
other hand, sediment samples with TOC values higher than 3% are
dominated by amorphous organic matter (Mendonca-Filho et al., 2010).
The TOC values recorded for the floodplain depositional phase are
between 0.5% and 37% (Fig. 3), which reflect the mixture of compo-
nents of particulate organic matter. Noteworthy are the high values of
TOC (23-37%) between 78 and 64 cm (Fig. 3). According to Mendonca-
Filho et al. (2010), such values in sediments may indicate low organic
decomposition and high concentration of plant material from terrestrial
origin, possibly due to peat formation. Therefore, the predominance of
amorphous organic matter and total organic carbon in deposits of phase
1 of Lake Canto Grande records a periodically flooded low energy en-
vironment with high content of phytoclasts sourced mostly from the
surrounding vegetation.

Nascimento (2012) presented palynological data from Lake Durao,
located 3 km to the north of Lake Canto Grande, to infer a lake system
with a strong fluvial influence and contributions of terrigenous input
during the Early Holocene (~6000 cal yr. B.P.). A shallow, temporary
lake with periodic flooding was inferred from low percentages of
freshwater algae. A palynological study by Buso Junior (2015) of the
LCG-B core from Lake Canto Grande revealed pollen of Calophyllum
(Clusiaceae), Croton (Euphorbiaceae) and Symphonia (Clusiaceae),
especially for the period between ~ 10,000 and ~ 8500 cal years B.P.
These genera likely feature periodically in flooded forest vegetation
(Buso Junior, 2015), which corroborates the particulate organic matter
data.

According to Buso Junior (2015), the Atlantic forest (Tabuleiros
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forest) probably was not present around the Lake Canto Grande be-
tween 11,000 and 7700 cal years BP as a consequence of a relatively dry
period (less humid), which is in agreement with studies in southeastern
Brazil (Pessenda et al., 2004). The relatively dry period for the Early
Holocene in the north of Espirito Santo State probably influenced the
alluvial processes and the sedimentation of sand-rich sediments. In the
Doce River Middle Valley lake system, typical lacustrine sediments
were only identified after 8000 years BP, and before that the lakes
should have been shallow and influenced by alluvial processes (Mello
et al., 1999). Lake Canto Grande evolution can be considered similar to
the proposed for Doce River Middle Valley lakes. Higher percentage of
phytoclasts in particulate organic matter corroborates the river influ-
ence.

Although abundance of Botryococcus braunii colonies and other
freshwater algae is low during floodplain deposition in the Lake Canto
Grande area (Fig. 4), C/N values of 2-4 between 136 and 104 cm depth
(Fig. 3) point to a predominantly algal/microbial carbon source (vas-
cular plants have C/N ratios > 20) (Meyers, 1997), in contrast to the
particulate organic matter data. One hypothesis to explain the low C/N
ratios at this stage is the presence of bacteria in the depositional en-
vironment (Fig. 5). Decomposition of phytodetritus by bacteria is a
mechanism for N-enriched organic matter (Ruttenberg and Goni, 1997).
According to Ogrinc et al. (2005), low C/N values could reflect the
presence of bacterial biomass or substances derived from bacteria.
Amorphous organic material is predominant in this interval and it may
have been derived from degradation of phytoplankton or bacteria, or
even reworking of the organic matter by heterotrophic bacteria and
products of bacterial activity (Tyson, 1995; Mendonca-Filho et al.,
2010). Grill et al. (2002) also recorded AOM originating from terrestrial
material degraded by bacterial activity in fluvial deposits of mean-
dering rivers in Argentina.

However, C/N ratios in sediments may provide erroneous in-
formation on the origin of organic matter in certain situations.



F.L. Lorente et al.

0,0 T T T T 1
20 30 40 50

TOC (%)

Fig. 7. Values of TOC and TN for Lake Canto Grande samples and their re-
spective linear regression lines. Samples from 135 to 105 cm are indicated by
light circles and samples from 103 to 1 cm are indicated by dark circles. The
arrows indicate the samples that were not used in the regression analyzes.

According to Meyers (2003), most of the elemental analyses of C and N
are carried out after removal of carbonate. However, the residual values
of total nitrogen encompass organic and inorganic fractions. In sedi-
ments with low concentrations of organic matter (TOC < 0.3%), the
proportion of inorganic nitrogen can be higher than the organic frac-
tion, which would result in artificially lower C/N ratios. Nonetheless, in
this study the graphic of TOC vs. TN (Fig. 7) shows two distinct dis-
tributions that correspond to the intervals 135-105cm and 103-top.
These distributions correlate with TOC and TN values. The extrapola-
tion of the linear regression indicates that the TN in the Lake Canto
Grande core is from organic origin.

Moreira et al. (2013) performed elemental and isotopic analyses (C
and N) on a core sampled near the Amazon River and recorded low
values for TOC (0.3%), C/N (~5), and 8'N (ca. 3%o). These geo-
chemical data are consistent with an intermittent lake with phyto-
plankton production during periods of flooding and high levels of or-
ganic matter degradation during periods of drought. Moreira-Turcq
et al. (2013) reported C/N ratios of POM as low as ~5 in the total
suspended sediments, and C/N values in superficial sediment as low as
7, at the Curuai floodplain, Amazon River. These data suggest that
extensive phytoplankton blooms, dominated by cyanobacteria, in the
lake floodplain, may be responsible for this low C/N characteristic of
the organic matter. Between 104 and 65 cm, C/N values varied from 22
to 49, reflecting the predominance of terrestrial plants as the source of
sedimentary organic matter, a trend observed up to the top of the
profile (Fig. 3). Therefore, the increase of C/N values could indicate a
more dense vegetation in the area and terrestrial higher plant al-
lochthonous carbon.

4.2.2. Phase 2: lake (65-0 cm; ~8529 calyr. B.P. to ~662calyr. B.P.)
Phase 2 was represented by associations 3 and 4, which were
dominated by silt and clay with AOM and PAL (Fig. 6). The percentage
of AOM is generally higher in sedimentary facies rich in these grain
sizes due to hydrodynamic factors, distance of fluvial-deltaic areas, as
well as low abundance of phytoclasts and palynomorphs (Tyson, 1995).
The prevalence of fine-grained sediments in Lake Canto Grande is in
agreement with the predominance of amorphous group. Thus, the re-
corded AOM values probably indicate that the organic matter was de-
posited in a low turbulence environment with anoxic-dysoxic condi-
tions prevailing in the sediment-water interface. Furthermore,
increasing TOC values (4-11%) toward the top of the sedimentary
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profile (Fig. 3) may be indicative of reducing conditions and better
preservation of organic matter.

Silva et al. (2010) analyzed the particulate organic matter in sam-
ples from Lake Preta in the state of Minas Gerais and identified only one
association with predominance of AOM (70-95%). According to the
authors, the sedimentary succession presented anoxic-dysoxic condi-
tions consistent with a shallow water column. Thus, their data are
comparable to those identified at this stage.

During this phase, Botryococcus braunii colonies were the pre-
dominant palynomorphs, followed by colporate pollen grains (Fig. 4).
Botryococcus braunii have worldwide distribution and occur in lakes,
rivers and temporarily waterlogged areas, from the tropics to temperate
and cold regions (Tyson, 1995). This algal species is common in
shallow-water environments with low rainfall and a distinctly seasonal
climate (Guy-Ohlson, 1992). Thus, the particulate organic matter data
representative of phase 2 deposits are related to the establishment of an
environment a bit deeper than the previous floodplain phase, probably
representing a shallow lake. This interpretation can be confirmed by
predominance of Botryococcus braunii and a trend of low C/N values,
indicating freshwater phytoplankton influence.

The variation in the amount of pollen grains in aquatic environ-
ments is based primarily on the flow rate of the deposition site, the
amount of grains deposited on the surface of the water, and the flow
velocity in tributaries (Bauermann et al., 2002). Some pollen will have
entered the lake via inflowing streams and in flooding events, reflecting
either local or regional vegetation, depending on the drainage area of
these streams. Given the large size of the lake, wind-dispersed pollen
entering this site likely reflects regional-scale vegetation.

The period between 7000 and ~ 4000 cal years BP for the region of
Linhares was described by Buso Junior et al. (2013a) as being humid
due to the increasing summer insolation and increasing summer mon-
soons (Cruz et al., 2005). According to the authors, the modern seasonal
climate was established from ~4000 cal years BP, when summer in-
solation was similar to present and the Intertropical Convergence Zone
(ITCZ) migrated southward. Based on these data, Lake Canto Grande
was established under a climate similar and/or comparable to today's
(Fig. 8).

The Neogene plateau where Lake Canto Grande is located is char-
acterized by broad valleys with flat bottoms clogged by Quaternary
sediments and, to a lesser extent, traversed by streams (Suguio et al.,
1982). According to Suguio and Kohler (1992), most lakes in the stu-
died region were formed through damming of river courses by marine
or fluvial sediments. Valley excavation probably occurred during the
last glaciation maximum (21,000-18,000 years B.P.), and were subse-
quently filled with fluvial sediments (Suguio and Kohler, 1992). Fa-
vored by the drop in base level during the previous phase, the drainage
network that had settled in the Pleistocene terraces was flooded during
the Holocene transgression, which reached its maximum at
~5000years B.P. (Angulo et al., 2006). Associated with this trans-
gression, barrier islands developed, which isolated Pleistocene marine
terraces from direct contact with the sea, allowing the formation of
lagoons behind these islands (Dominguez et al., 1981).

Recent studies in the region have shown the development of beach
ridge systems by dispersion of sands from the Doce River Delta, re-
sulting in the transformation of the estuaries into lakes (Buso Junior
et al., 2013b; Castro et al., 2013; Lorente et al., 2014; Rossetti et al.,
2015). Similarly, Cohen et al. (2014) and Franca et al. (2015) recorded
mangroves in the region during the Middle to Late Holocene, which
reflect a transitional environment and marine influence. However,
particulate organic matter data did not record this transgressive event.
Similarly, Nascimento (2012) also did not find any microfossil evidence
for marine influence in either Lake Juparana or Lake Durdo, lakes close
~16km and ~3km, respectively, to Lake Canto Grande. A possible
explanation for this disparity is that the Pleistocene beach ridge may
have acted as a barrier to marine transgression. In this way, the Lake
Canto Grande formation did not have marine influence and its
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evolution could be related similarly with Doce River Middle Valley
lakes, where due to dry climate (less humid) in Early Holocene the
mouths of river's tributaries were obstructed by sediments and the lakes
were completely filled with water during periods of wet climate (Suguio
and Kohler, 1992).

According to the geomorphological characteristics and the dis-
tribution of lakes across the Doce River region and the coastal plain,
Hatushika et al. (2007) divided the lakes of the region into two groups:
i) inland lakes (Lake Juparana) that are embedded in the Barreiras
Formation and northern bank of the Doce River, and ii) external lakes
(Lake Durao, Lake Canto Grande) which are situated at the boundary
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between the Neogene plateau and Quaternary coastal plain. In a
seismo-stratigraphic study at Lake Juparana, Hatushika et al. (2007)
identified 20 m of Holocene fluvial sediments (seismo-sequence A) that
probably began deposition at the end of the Pleistocene transgression.
Lake sediments (seismo-sequence B) would have been deposited from
~7000yearsB.P. as a result of fluvial valley damming (Hatushika
et al., 2007). The floodplain deposits of phase 1 recorded in Lake Canto
Grande can be correlated with the seismo-sequence A identified for
Lake Juparana, with the occurrence of alluvial sediments. Similarly,
sediments from phase 2 are comparable with their seismo-sequence B.
Santos (2009) identified similar seismo-sequences in Lake Durdo. He
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also observed a seismo-sequence associated with Pleistocene sand bars,
and suggested that they were excavated by the lake paleo-drainage,
implying that the formation of the sand bar pre-dates lake formation.
Regarding the process of lake formation on the Neogene plateau,
Hatushika et al. (2007) and Santos (2009) proposed changes in relative
sea level and tectonic movements during the Holocene as responsible
for lake damming. Similar data were described for the middle valley
region of the Doce River, where lakes were formed by tectonic move-
ments (Mello et al., 1999). Silva et al. (2010) described the components
of the particulate organic matter from Lake Preta in the middle valley of
Doce River and also considered tectonic events in the lake formation.
The margins of the lake deposits of the Barreiras Formation are
oriented in a NW-SE direction, and several of them are marked by faults
correlating with the drainage patterns (Hatushika et al., 2007). The
accumulation of lake sediments in different depocenters of Lake Ju-
parana also suggested that Holocene tectonic movements affected se-
dimentary deposition, resulting in geologic tilting of the ancient river
valley (Hatushika et al., 2007). Although few studies of tectonic
movements have been published for the region, tectonics can be con-
sidered as a significant driver in the evolution of Lake Canto Grande.

5. Conclusions

This work allowed us to characterize the particulate organic matter
from a Holocene lake in southeast Brazil and provide new insights
about Doce River lower course evolution. Particulate organic matter of
lakes in combination with stable C and N isotopes demonstrated being
useful for paleoreconstruction in Quaternary, mainly focusing on
marine and/or terrestrial influence in the basin. During ~ 10,943 cal yr.
B.P and ~8529calyr. B.P. the basin may have been a floodplain
characterized by periodic flooding and influx of terrigenous material
recorded by predominance of amorphous organic matter, abundance of
riverine elements (non-opaque and opaque phytoclasts), and sandy
sediments interspersed with mud. After ~8529 cal yr. B.P. the estab-
lishment of the lake under environmental conditions similar to those of
the present-day occurred. Particulate organic matter showed the pre-
dominance of amorphous organic matter, palynomorphs, and high TOC
values revealing a depositional environment of low turbulence and
dysoxic-anoxic conditions at the water-sediment interface.

No marine evidence was recorded in the sedimentary deposit, and
thus, changes in relative sea level during the Holocene did not directly
influence the evolution of the lake as seen in other studies that have
been published for the region. Lake Canto Grande evolved similarly to
the lakes of Doce River Middle Valley, where climatic changes and
tectonics mechanisms were the main forcing factors.
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