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ABSTRACT

The Amazon continental shelf hosted one of the di®ilargest mixed carbonate-siliciclastic
platforms from the late Paleocene onwards - the pana&arbonates. The platform
architecture, however, remains poorly understoadl @auses and timing of the cessation of
carbonate deposition are still controversial. Heee present a stratigraphic analysis of the
Neogene succession of the Amapa carbonates, basea grid of 2D/3D seismic data
correlated to revised micropaleontological datanfrexploration wells. The results provide
improved constraints on the age of the transittomfpredominantly carbonate to siliciclastic
sedimentation, which is shown to have varied thhotige across three different sectors of
the shelf (NW, Central and SE). Four Neogene ewmiaty stages of carbonate deposition
could be defined and dated with reference to thve aige model: (1) between ca. 24 and 8 Ma
a predominantly aggrading mixed carbonate-silisiiitashelf prevailed across the entire
region carbonate production gave way to silicietasédimentation across the Central and SE
shelves; (2) between 8 and 5.5 Ma carbonate primsiucbntinued to dominate the NW shelf,
as deposition was able to keep up with base les@llations; (3) between 5.5 and 3.7 Ma
(early Pliocene), sediment supply from the palecagon River promoted the progressive
burial of carbonates on the inner NW shelf, whitsebonates production continued on the
outer shelf (until 3.7 Ma). Longer-lasting carba@aedimentation on the NW shelf can be
explained by a lesser influx of siliciclastic sedmis due to the paleo-geography of the
Central shelf, characterized by a 150-km-wide emisayt, which directed most terrigenous
sediments sourced from the paleo-Amazon Riverdcctntinental slope and deep ocean; (4)
from 3.7 Ma onwards, when the Central shelf embaynmgecame completely filled,
continuous sediment supply to the NW shelf resuitetthe final transition from carbonate to

siliciclastic-dominated environments on the enfiféshore Amazon Basin.



1. INTRODUCTION

Carbonate units were first reported from commersiadll data in the Foz do
Amazonas Basin (hereafter Offshore Amazon Basinpblyaller et al. (1971), who named
them the Amapa Formation (hereafter Amapa carbehalthe Amapa carbonates were
subsequently shown to comprise a succession otdioaulated units up to 4000 m thick
(Brand&o and Feij6, 1994), considered to be thgekircoralgal-foraminiferal platform in the
geological record by Carozzi (1981) and Wolff andr@zzi (1984). Analyses of well data
showed deposition of the Amapa carbonates to hakent place contemporaneously with
siliciclastic sedimentation on the inner continérdiaelf (Marajé Formation), consisting of
proximal fan deltas and lagoonal facies, connettethe open ocean by shelf-transverse
troughs filled with shales interbedded with carlienalistoliths (Schaller et al., 1971;
Carozzi, 1981).

Most studies of the Offshore Amazon Basin agreeghalfal carbonate sedimentation
started during the Paleocene (Brandéo and Feifé4;18igueiredo et al., 2007; Figueiredo et
al., 2009). However, estimates of the cessatiaradfonate deposition in the basin vary, from
middle Miocene to early Pliocene.§.Schaller et al., 1971; Carozzi, 1981, Figueiredalgt
2009; Gorini et al., 2014). The origin of the tgamous sediments that buried the carbonate
platform is also disputed, and has a broader imapog due to the common assumption that
the end of carbonate deposition marked the onsdheftranscontinental Amazon River
(Schaller et al., 1971; Silva et al., 1999; Figedo et al., 2007; Figueiredo et al., 2009).
Based on stratigraphic analyses of offshore seismd well data, the present-day Amazon
deep-sea fan (hereafter Amazon fan; Fig.1) is #wlt of a rapid increase in supply of
siliciclastic sediments to the offshore basin arbuhe middle to late Miocene transition,
interpreted to record the first appearance of @strantinental river that connected the Andean

Range and the Atlantic Ocean (Castro et al., 1$ii8a et al., 1999; Dobson et al., 2001;



Figueiredo et al., 2007; Figueiredo et al., 2008pHh et al., 2017). However, this hypothesis
based on offshore data has been questioned bygealg@@phical reconstructions based on
studies in onshore Amazonian basins, which consd@anscontinental Amazon River to
have first appeared during the late Pliocene-Quoatgr (e.g., Campbell et al., 2006;
Latrubesse et al., 2010; Nogueira et al., 2013)es€&hpaleogeographical models do not
envisage a westward enlargement of the paleo-Am&ieaer catchment basin beyond the
Brazilian and Guiana shields prior to the late &diwe, and so require alternative explanations
for the observed increase in offshore terrigenatlax since the late Miocene.

Thus, both the timing and nature of the transifimm a carbonate to a siliciclastic-
dominated margin offshore the Amazon River remaintversial, and of broad interest for
the Neogene paleo-geographic history of this p8auth America. The aim of this paper is
to better constrain the timing of cessation of oadie production on the Amazon continental
margin in order to understand the mechanisms thatraled the distribution of Neogene
carbonate sedimentary units. The results allow ausetonstruct the interaction between
carbonate and siliciclastic depositional environtaen space and time during several distinct
stages in the evolution and progressive burialhef Amapa carbonates. Our findings also
allow an assessment of the possible controls erettpiatorial carbonate factory in a Neogene
context of variable sediment supply from the pal@oazon River and sea-level changes of

varying amplitude and frequency.



ACCEPTED MANUSCRIPT

2. REGIONAL GEOLOGICAL SETTING

The Offshore Amazon Basin is located in the norgtemn portion of the Brazilian
Equatorial Margin (Fig. 1), which was formed duritige opening of the Equatorial Atlantic
Ocean in a context of wrench tectonics that inviblixgo phases: an early, less intense phase
during the Triassic-Jurassic; and a later phasseaelto continental rifting during the Early

Cretaceous (Matos, 2000).

51°W 50°W 49!’W 48‘|’W
W Wells with biochronostratigraphic data used to create the age model presented in this work.
© Wells with auxiliary generic chronostratigraphic information.
@® Other available wells usefull for its lithological description data.
2D Seismic data @ 3D Seismicdata 0000 eeeeeee Modern shelf break
Cenozoic onshore sedimentary cover &> Uncovered cratonic domains O\ Transform zones

Figure 1. Map of the study area showing the avilakismic and well dataset. The Amazon
Offshore Basin is subdivided into three regionsyvam by thick dashed lines. The locations of
Figures 4 to 6 and 13 to15 are shown by red lines.



Within the Offshore Amazon Basin, stratigraphicdsts using seismic profiles tied to
well data indicate that the Lower Cretaceous tiitcession is composed of Neocomian to
Albian fluvio-deltaic, lacustrine and marine straitafilling half-graben of pull-apart basins
(Brandado and Feij6, 1994; Figueiredo et al., 20@Pen-marine clastic deposition began
during the Albian (ca. 102 Ma; Figueiredo et aD02) with the deposition of deep-water
mudstones and siltstones and lasted until the Paheo(Limoeiro Formation; Fig. 2). Most
studies agree that from the late Paleocene (caM&9Figueiredo et al., 2007) to the late
Miocene, the basin was dominated by mixed carbesifitéclastic shelfal sediments (Marajo
and Amapa Formations), laterally equivalent to deeper calcilutites and mudstones
(Travosas Formation; Wolff and Carozzi, 1984; Figedo et al., 2007; Fig. 2). The Amapa
carbonates deposition can be subdivided into foajomdepositional cycles interrupted by
periods of subaerial exposure (Carozzi, 1981; Wantifi Carozzi, 1984): Cycle | (Paleocene
to early Eocene); Cycle Il (middle Eocene); Cydleglate Eocene to late Oligocene); Cycle
IV (early to middle Miocene). The latter cycle cesponds to the time interval investigated in
this study, the youngest age of which is uncerga@imiscussed below. From the late Miocene
onwards, increasing siliciclastic input resultedpnograding shelf clinoforms that ultimately
buried the Amapa carbonates (Gorini et al., 2014).

The youngest age of the Amapa carbonates has bpeatedly revised. Early studies
placed the cessation of carbonate sedimentatidmnaibe middle Miocene (Schaller et al.,
1971; Carozzi, 1981) or at the middle to late Mmedoundary (Wolff and Carozzi, 1984;
Brandao and Feij6, 1994). Silva et al. (1999) wbeefirst to assign a precise age for the top
of the carbonate platform, at 10 Ma. Figueiredale2009), based on calcareous nannofossil
zonations, first assigned an age between 11.8 argl Ma for the top of the carbonate

platform. This age was questioned by Campbell (2@bd revised to 10.5 Ma by Figueiredo



et al. (2010). More recently, based on calcare@mmofossil zonations, Gorini et al. (2014)

argued that the end of carbonate sedimentatiomatasynchronous across the basin, placing
the top of the platform between 9.5 and 8.3 Malen@entral shelf, and younger on the NW
shelf although it was not possible to propose aipeeage.

The nature of the stratal relationships recordihg transition from carbonate to
terrigenous sedimentation in the Offshore AmazosiiBes also disputed. Based on well data,
Carozzi (1981) proposed that the top of the cartsomdatform was marked by a large
transgression caused by a sea-level rise. In cinao based on well data, Figueiredo et al.
(2009) proposed that the same stratigraphic lead marked by a “regional unconformity”
associated with the Serravallian/Tortonian eusfatidighlighted by Haq et al. (1987). More
recently, Gorini et al. (2014) used seismic andl wata to show that the carbonates are
downlapped by shelf clinoforms, supporting an iptetation of the carbonate-siliciclastic
boundary as a flooding surface.

Seaward of the shelf, the continental slope is dated by the lobate form of the
Amazon fan (Fig. 1), a vast sedimentary depocehtdris interpreted to record an increase in
siliciclastic influx since the late Miocene (Siled al., 1999). It has been generally assumed
that deposition of the Amazon fan began aroundsimee time that carbonate sedimentation
on the shelf was suppressed (e.g., Schaller e1t@11; Silva et al., 1999; Figueiredo et al.,
2007; Figueiredo et al., 2009). Based on an exltaséipa of latest Quaternary sedimentation
rates in cores, Damuth and Kumar (1975) and Damugth (1983) suggested initiation of the
Amazon fan between 16.5 and 8 Ma, in the middl&at® Miocene. Subsequently, with the
aid of correlation of well data to seismic profil&lva et al. (1999), Figueiredo et al. (2007)
and Figueiredo et al. (2009) proposed ages betwéeh and 10.5 Ma for the base of the
Amazon fan. More recently, Hoorn et al. (2017) msgd an age between 9.4 and 9 Ma for

the base of the fan, based on planktonic calcareansofossil zonations in a single well,



calibrated to the international time scale of Gtakiset al. (2012). These authors also
suggested for the first time that the Amazon fanld&@ost-date the cessation of shelfal
carbonate sedimentation by 1 to.5 Myr.

Sedimentation rates in the Offshore Amazon Bagimareed relatively low in the late
Miocene, with estimated values around 0.05 m/kyt,ibcreased dramatically during the late
Pliocene-Pleistocene to estimated values of 0.3¢mahd 1.22 m/kyr on the shelf and in the
fan regions, respectively (Figueiredo et al., 20G@yrini et al., 2014).The corresponding
sediment thicknesses (of up to 9 km) promoted aimssubsidence and flexural deformation
of the lithosphere, beneath the fan and adjoinegions (Braga, 1993; Driscoll and Karner,
1994; Silva et al., 1999; Rodger et al., 2006).

The Amazon continental margin has also been styoaffcted by two main types of
gravity-driven slope processes operating over diftetemporal and spatial scales (Reis et al.,
2010; Reis et al., 2016). During the Neogene, tyaliiven synsedimentary tectonics
resulted in the sliding of thick Cretaceous to Reedimentary sequences above multiple
levels of basal décollements, to generate a sthalctsystem composed of a proximal
extensional domain on the outer shelf and uppgresénd giving way to a distal compressive
domain (thrust-and-fold belts) on the slope aboatewdepths of ~2600 m (Cobbold et al.,
2004; Perovano et al., 2009; Reis et al., 2010)e Tippermost seismically-detected
décollement surface has been interpreted as a nsedesection laterally correlative to the top
of the Amapa carbonates (Reis et al., 2016). Tinase has also acted as a basal décollement
(Reis et al., 2016) during a series of large-ss#dpe failures recorded by a succession of

giant mass-transport deposits (MTDs; Silva et28l10; Silva et al., 2016; Reis et al., 2016).
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text for details).



3. DATA AND METHODS

The study is based on a shelf-wide grid of mulasumel commercial 2D and 3D
seismic reflection data, correlated to biostraphgia and lithological data from exploration
wells (Fig. 1). The seismic dataset includes 20,k@00f 2D seismic profiles and two 3D
blocks covering a total area of 3,800%(fig.1). The 2D seismic profiles have record legth
of 10-13 seconds, with vertical resolution of 10-+80(generally decreasing with depth as
velocity increases). The data were interpretedovdlg standard seismic-stratigraphic
methods, in which reflection relations (onlap, déapn truncation, conformity) are used to
define units bounded by unconformities and coretatonformities or maximum flooding
surfaces (e.g. Mitchum and Vail, 1977; Vail et &B77; Catuneanu 2006). The unit-bounding
surfaces presented in this work can be either Unomities or maximum flooding surfaces;
the interpretations are made on the basis of aaital styles and lithological content rather
than following a given sequence-stratigraphic cphce

Seismic facies analysis of the internal charactethe units was used together with
lithological data from wells to identify depositi@nenvironments (carbonate vs. siliciclastic
dominated) and their variations across the shethlgger, 1998; Pomar, 2001; Schlager,
2005; Burgess et al., 2013). Seismic-stratigraphalysis is not based on genetic concepts of
depositional sequences, but as a means of defphiggical units bounded by surfaces that
mark major changes in architectural style of cadbes (on seismic data) and lithological
content (from well data).

Downhole information on unit lithology was obtainédm 40 exploratory wells
located across the shelf and upper slope: gammasoayc, and lithological logs in well
reports (Fig. 1). Carbonate and siliciclastic umite identified from lithological descriptions
on composite logs (based on cuttings and sidewsais). An age model for these units was

constructed through the revision of biostratigrapinformation obtained from three wells:

10



published data from well 33E (Figueiredo et alQ20 and unpublished reports for wells 45B
and 47B (Fig. 1). The first and last occurrencekeyf calcareous nannoplankton species were
used to assign minimum and maximum possible agdsetmain stratigraphic surfaces based
on published biochronostratigraphic compilationsaftvhi, 1971; Young, 1998; Raffi et al.,
2006; Anthonissen and Ogg, 2012; Zeeden et al.3)2Qpdated to the astronomically-tuned
geologic time scale (Gradstein et al., 2012). Agieges for unit boundaries were assigned
based on their position relative to markers inwetls. More precise ages for each surface
were then proposed based on correlation to theabkdn-level curves of Miller et al. (2005)
and Haq et al. (1987), recalibrated to the timesohlGradstein et al. (2012). The ages of the
sea-level oscillations of Haq et al. (1987) wergised by recalibrating their associated
magneto-polarity chrons (time in Ma) to those upddiy Gradstein et al. (2012).

In addition, data from seven exploratory wells wesed to estimate minimum values
of non-eustatic accommodation space creation athesshelf during deposition of the upper
Amapa carbonates. Minimum values of non-eustattomenodation creation were calculated
by subtracting the value of maximum eustatic ressched during the period of deposition of
each sedimentary unit, based on published glolzalesel curves (Haqg et al., 1987; Miller et
al., 2005), from the undecompacted thickness ofiths at the well sites. As global sea-level
curves contain uncertainties in amplitude and citgli our estimates of non-eustatic
accommodation space creation were made using thveswf both Haqg et al. (1987) and
Miller et al. (2005), in order to take into accouhe full variety of sea-level scenarios

available in the literature.

4. RESULTS
We first present new information on the stratalhédecture of the upper Amapa

carbonates, using seismic data correlated to WE€llg. 1) to characterize the bounding
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surfaces and internal seismic facies of five regiamits (Figs 3-6) and to map the changing
distribution of carbonate- and siliciclastic-donte environments across the shelf through
time (Fig. 7). We then present an age model forNBegene units, constrained by revised
biostratigraphic data from wells (Figs 8-10) andrelated with global curves of sea-level

oscillations (Fig. 11). Finally, we present estigsabf minimum non-eustatic accommodation

space across the shelf through the Neogene (Fg. 12

4.1. Depositional units and architecture of the upper Aapa carbonates

Based on correlation of interpreted seismic datétological information from wells,
the upper sedimentary succession of the Amapa watés is divided into 5 main
stratigraphic units, referred to as N1 to N5 (F&y$).

Units N1 to N5 discussed below are time equivaterdarbonate deposition cycle IV
defined in the same Amazon shelf from well dataOayozzi (1981) and Wolff and Carozzi
(1984). These authors described the carbonate itiepas environments as being mostly a
coralgal platform with banks dominated by “red @&ghioconstructed limestones” and
subordinated coralline deposits, as well as “braadonal belts rich in bryozoans”. We did
not have direct access to samples from the welsl us the present study, precluding a
description and analysis of depositional faciesaikable well reports provide only general
descriptions of either carbonate or siliciclastibdlogies using terms such as calcarenites,
calcisiltite, calcilutite, sandstone, siltstonesbale. Thus, the description of units N1 to N5 is
presented below in terms of the vertical and lateliatribution of carbonate versus
siliciclastic lithological content.

For descriptive purposes, the shelf was divided thtee regions: NW shelf, Central
shelf and SE shelf (Fig. 1). Units N1 to N5 areslaschitecturally complex on the NW Shelf,

where they are also clearly imaged on seismic datepntrast, on the Central shelf seismic
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imaging is poorer due to a greater thickness ofowerlying Pliocene-Quaternary units and
the occurrence of complex geometries, gravity-ariggnsedimentary tectonic deformations
and mass-wasting scars (Figs. 4 and 6). For clanitgach of the following sections, units N1
to N5 will be described from less to more complegions: the NW shelf, the SE shelf and

finally the Central shelf.
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4.1.1. Unit N1

Unit N1 is the basal unit of the Neogene interviath® Amapa carbonates. Its lower
surfaceSpnis of irregular morphology, characterized by truraa of underlying reflectors
and a few incisions, pointing to an erosive natilifigs. 4-6). Its upper surfacénlvaries
from irregular to smooth and an erosional or dapmsl nature is not clear from seismic data
alone. However, downlaps by the overlying unit §ig and 6) support an interpretation of
Snlas a maximum flooding surface. Well reports shoat timit N1 is a mixed siliciclastic-

carbonate unit, the extent of carbonate-dominatatbsvarying across the shelf (Fig. 3).

On the NW shelf, unit N1 is mainly a relatively ihétratal package, ~130 m thick,
with a tabular aggrading geometry (Fig. 4). Nea shelf-edge, unit N1 thickens to 540 m
and comprises prograding clinoforms that downlagabaurfaceSpn and completely cover
underlying units across the outer shelf-upper slapa. Top surfac&nlis regular and
smooth across the NW shelf with no evidence ofienas features. Features consistent with
carbonate buildups are not observed within unitaboss the NW shelf, within the limits of
seismic resolution. However, well reports indicateat carbonate sedimentation was
predominant during deposition of the unit across mhd-outer shelf, whereas siliciclastic

sedimentation predominated across the inner shgjf yells 18 and 23; Fig. 3).

On the SE shelf, unit N1 mainly comprises stratthwaiggradational-retrogradational
geometries, mostly limited to an area equivalenth® paleoshelf to upper slope of the
underlying units where it is ~600 km thick, andnthiconsiderably downslope (Fig. 5). Top
surfaceSnlis rather irregular. Internal seismic facies inéuaggrading mounded features
across the mid-outer shelf, up to 400 m thick aAdkB wide, consistent with carbonate
buildups. As in the NW shelf, lithological descrggts in well reports (e.g. wells Pas 2A and
Pas 4A; Fig. 3) indicate that carbonate sedimeagriatias predominant across the mid-outer

shelf, whereas siliciclastic sedimentation predatad on the inner shelf.
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On the Central shelf, unit N1 is similar in chaescto the SE shelf: beneath an
irregular top surfac&nl] it is essentially an aggradational-retrogradatiamit, ~350 m thick
and thinning downslope (Fig. 6). However, backsiegpmf the shelf-edge is seen to be
caused by slide scars recording downslope sedifadote (Fig. 6). Near the outer shelf,
internal reflectors locally onlap basal surf&en In contrast to the SE shelf, internal seismic
facies do not include mounded features consistéhtagrbonate buildups. Nonetheless, well
reports show that carbonate deposition took placesa most of the Central shelf, and was
more extensive than elsewhere in the basin duregpsition of unit N1 (e.g. wells 24 and
47B; Fig. 3). Siliciclastic sediments may be logghiresent as trough infills (Fig. 6). We
interpret the aggrading character of unit N1 tdefwidespread carbonate sedimentation
across most of the Central shelf, locally disrugtgdcross-cutting troughs that connected the

innermost shelf to the slope (Fig. 6).

4.1.2. Unit N2

Unit N2 is bounded by basal surfaal which varies in character as above, and by
top surfaceSn2 which is of variable but irregular morphology @&s the shelf, indicating an
erosive nature. Well reports indicate that theolibigy of unit N2 varies from predominantly

carbonates to predominantly siliciclastics acrbssdifferent shelf regions (Fig. 3).

On the NW shelf, N2 is essentially a tabular agg@gdinit, ~150 m thick on the
inner-middle shelf and thickening seaward to 46@mmthe outermost shelf where it forms
aggrading-prograding clinoforms (Fig. 4). On sewsipiofiles, across the mid to outer shelf,
top surfacesn2includes step-like features and truncates intestabform reflectors. Internal
seismic facies do not include features consistéitt thhe presence of carbonate buildups (Fig.
4). However, lithological descriptions in well rep show that N2 is composed of

carbonates, from the inner to outer shelf (e.glsni and 23, Fig. 3).
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character at the shelf-edge (Fig. 5). In contraghe NW shelf, unit N2 thickens landward,

from ~300 m on the outer SE shelf to up to 700 nesthe inner shelf (Fig. 5).Thinning of

Across the SE shelf, N2 is also a mainly aggradinig with a slight progradational

the unit on the outer shelf may reflect greatersiem beneath top surfacen2 (Fig. 5).
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Internal seismic facies include aggrading moundedtures consistent with carbonate
buildups, which vary in form and dimension acrdss shelf: (1) carbonate buildups up to 10
km wide in the inner shelf (Fig. 5A); (2) isolatbdildups up to 3.5 km wide in the mid-shelf;
and (3) flat-topped carbonate buildups up to 40wade in the outermost shelf (Fig. 5B).
Well reports indicate that carbonate sediments dataiN2, except on the inner shelf where

carbonates interfinger with siliciclastics (wellad2A and Pas 4A; Fig.3).

On the Central shelf, N2 is a predominantly aggr@dinit, thinner on the outer shelf
(=300 m) than on the inner shelf (~600 m) and nresdricted in its seaward extent than
underlying unit N1 (Fig. 6). The top surfaGm2displays a series of steps and canyon-like
incisions, reflecting intense erosion across thd toi outer shelf and upper slope (Fig. 6).
Well reports show that unit N2 is composed mairflgarbonates in the western part of the
Central shelf (wells 24 and 25; Fig. 3), whereathmeastern part, in contrast to the NW and
SE shelves, unit N2 is essentially composed ofisliéistics containing only thin carbonate

layers (wells 47B and 33E; Fig. 3).

4.1.3. Unit N3

Unit N3 is bounded by erosive basal surf&2 and by a smooth top surfae3that
presents no evidence of truncations across thd sbgion (Figs. 4-6). Top surfac&n3
corresponds to seismic surface A of Gorini et 2014) and Reis et al. (2016). Based on
downlaps by the overlying unit (Figs 5 and 6), wseipret surfaceSn3as a maximum
flooding surface. Well reports indicate that un Maries in lithology across the shelf, from

carbonate-dominated to a mixed siliciclastic-cadiercomposition (Fig. 3).
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On the NW shelf, unit N3 is a tabular aggradingutsirpackage that is relatively thin
(<160 m) and almost absent on the upper slope @)g.Near the shelf-edge, internal
reflectors onlap basal surfacen2 (Fig. 4).Well reports show that N3 is composed of

carbonates, from the inner to the outer shelf (gadls 18 and 23; Fig. 3).

Across the SE shelf, N3 is an aggrading unit, tamgkg from ~320 m on the inner
shelf to up to 550 m on the middle-outer shelf (By§ The shelf-edge within unit N3 is
shifted basinwards in comparison to unit N2 in saene area (Fig. 5). Across the outer shelf,
top surfaceSn3displays steps corresponding to reflector termomesti(Fig. 5), but it is not
clear if these are stratal truncations due to skddfe erosion or apparent truncations
generated by a series of retrogressive offlaps {dusackstepping of carbonate build-ups).
Internal seismic facies include mounded featuresistent with carbonate buildups, up to 3.5
km wide on the mid-shelf, and flat-topped carboratédups up to 40 km wide on the outer
shelf (Fig. 5). Lithological reports indicate thtite unit is predominately composted of

carbonates across the shelf (wells Pas 2A andRasigs. 3 and 5).

On the Central shelf, N3 is an aggrading-retrogrgdinit up to ~360 m thick that
thins basinwards (Fig. 6). Top surfa@a3has an irregular morphology across the outer shelf
and upper slope interpreted as the expressionds stars (Fig. 6). The shelf break reached
its most proximal position during the Neogene witthie upper part of unit N3 (Fig. 6). This
shelf-edge retrogradation resulted in the formatdna 150-km wide embayment on the
Central shelf (Fig. 7C). Irregularities in the uppart of unit N3 are mainly related to internal
aggrading reflectors interpreted as carbonate bpddLithological data from wells 47B and
33E (Fig. 3) show that unit N3 is essentially cosgmbof carbonates with siliciclastics limited

to inner shelf positions.
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4.1.4. Unit N4

Unit N4 is bounded by basal surfaBa3and by top surfac&n4 both of which are
smooth. As for basal surface Sn3, downlap Swi4 by the overlying unit supports an
interpretation as a maximum flooding surface (Figand 6).Sn4dis interrupted in places by
deep incisions related to erosive surfaces withiarlging unit N5 (Fig. 6). Well reports
indicate that unit N4 is composed of carbonatetherNW shelf, but entirely of siliciclastics

in the Central and SE shelf regions (Fig. 3).

Across the NW shelf, N4 is a tabular aggrading upito ~180 m thick, comparable to
underlying unit N3 (Fig. 4). Lithological reporthi@wv that, like N3, unit N4 is composed

primarily of carbonates, from the inner to the outeelf (e.g. wells 18 and 23; Fig. 3).

Across the Central and SE shelves, seismic datyyssashows that unit N4 is
essentially prograding-aggrading (Figs. 5 andtG} hoteworthy that surfacgn4is the top of
an infilling unit, which covers an unconformity wih unit N4 above prograding clinoforms
(Figs. 5 and 6). As a whole, unit N4 tends to srotbte irregular morphology of the
carbonate buildups at the top of underlying unit(Ng§)s. 6 and 5). On the SE shelf, unit N4
is restricted to low areas on the inner to mid fshdilich it infills (Fig. 5), whereas on the
Central shelf it extends across the entire regibig.(6) and partially infills the large
embayment previously formed in this region (Fig.).7Dthological data in well reports from
both shelf regions show that unit N4 is purelycsilastic in composition and overlies

carbonates of unit N3 (wells 24, 47B, 33E, Pas 84 Ras 4A; Fig. 3).
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4.1.5. Unit N5
Unit N5 is bounded by smooth basal surf&eland by upper surfacéng which is

also smooth. Based on downlaps by the overlyingiddstic unit (Figs. 4 and 5), we
interpretSn5as a maximum flooding surface. Surface Sn5 isnmpeéed in places by deep
incisions caused by erosion within levels of thertying sedimentary units (Fig. 6). Well
reports show that unit N5 is composed of carboaas#liciclastic sediments (Fig. 3).

On the NW shelf, unit N5 is an aggrading packagaiab150m thick across the inner
to middle shelf, thinning to a tabular unit ~40nckhon the outer shelf (Fig. 4).Well reports
indicate that the lower part of unit N5 is predoamtly composed of carbonates, whereas its
upper part is dominantly siliciclastic with thinl& m) carbonate layers (e.g. wells 18 and 23;
Fig. 3). However, internal seismic facies incluselated mound-like carbonate buildups up to
4 km wide, most common on the inner shelf in thearppart of the unit, suggesting that
isolated carbonate-dominated environments occuspeatsely distributed on the NW shelf
during the final deposition of unit N5. The carbtasawithin the upper part of unit N5 across
the NW shelf represent the last expression of thepa carbonates in the Offshore Amazon
Basin.

On the Central and SE shelves, unit N5 consispgagrading clinoforms (Figs. 5 and
6). On the inner-middle Central shelf, the uniaimut 400 m thick and thickens up to ~800 m
near the shelf-edge (Fig. 6). In contrast, on tBesBelf, the unit is only up to ~230 m thick on
the inner-middle shelf and thins significantly dretoutermost shelf (Fig. 5).Well reports
indicate that unit N5 is composed of siliciclastiocsoth areas (e.g. wells 47B; 33E; Pas 2A
and Pas 4A; Fig. 3).

Finally, seismic data also show that across theerinto outer shelf, the thick
siliciclastic units that cover unit N5 are essdhticcomposed of seaward prograding
clinoforms that downlap surfacen5(Figs. 4-6), so as to completely infill the Centshlelf

embayment (Fig. 7E).
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4.2. Age models of the Neogene horizons: constraining@dtratigraphy by

global curves of sea-level oscillations

Age constraints for the stratigraphic surfaces bl the five units recognized
within the Neogene Amapa carbonat&prfandSp1l-5 Fig. 3) are based on biostratigraphic
data from three exploratory wells on the Central BNV shelf (wells 33E; 45B and 47B; Figs
1, 8-10). Ages are estimated based on the posifi@ach surface relative to the first and last
occurrences of key calcareous nannofossils specigke wells, dated with reference to
published chronostratigraphic compilations (Martit®71; Young, 1998; Raffi et al., 2006;
Anthonissen and Ogg, 2012; Zeeden et al., 2013)ated to astronomically-tuned ages
(Gradstein et al., 2012). Our approach of usirg} &ind last occurrences of fossil species with
well-constrained ages results in a more reliabtédatailed chronostratigraphic model for the
Neogene succession of the Offshore Amazon Basim tth@se proposed in previous studies
(Figueiredo et al., 2009; Cruz et al., 2014; Goeinal., 2014). In particular, we do not rely on
the predefined calcareous nannoplankton zonatippkea to wells from the 1980s, based on
the pioneering works of Martini (1971) and Bukr@{B), which included fossil markers used
to define nannoplankton zonations that are nowidensd to be poorly constrained (Raffi et
al., 2006). This approach was commonly used fochyanological zonation at the time most
wells in the Offshore Amazon Basin were drilleddam simple recalibration of these pre-
defined zones to modern time scales could leadlistantial imprecision. Where appropriate,
we also make use of other calcareous nannoplar&ssils that have been found to be useful
in terms of chronostratigraphy in recent works (Beéfi et al., 2006 and Zeeden et al., 2013).

Biostratigraphic data revised as described abovee veabsequently correlated to
global curves of sea-level oscillations (Fig. 1f), allow to better constrain ages of the

Neogene stratigraphic surfaces, and thus of thediliggn of units N1 to N5.
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4.2.1. Surface Spn(unit N1 basal boundary)

In well 45B (Fig. 10), surfac&pn corresponds to the last recorded occurrence of
Reticulofenestra biseci@ndCyclicargolithus abisectu@3.13 to 24.67 Ma; Anthonissen and
Ogg, 2012). In well 47B (Fig. 8), the same surfies ~150 m below the first recorded
occurrence oHelicosphaera carter(22.03 Ma; Anthonissen and Ogg, 2012). These fossil
markers constrain the age of surf&mnto between 24.67 Ma (in well 45B) and 22.03 Ma (in
well 47B).

SurfaceSpnhas an erosional character (Figs. 4-6), and casgabnf its age range
(22.03 to 24.67 Ma) to global sea-level curves .(Ej shows it to encompass a pronounced
sea-level fall at ca. 24 Ma in the curves of botghet al. (1987) and Miller et al. (2005). We
propose an age of latest Oligocene to earliest &fieq(ca. 24 Ma) for this erosive surface
(Fig. 6), marking it as the approximate base of Ml@®gene sedimentary succession in the

Offshore Amazon Basin.

4.2.2. SurfaceSnl(top of unit N1, base of unit N2)

In well 47B (Fig. 8), surface&snl corresponds to the last recorded occurrence of
Sphenolithus belemn@$7.95 to 19.03 Ma; Anthonissen and Ogg, 2012)l@sdonly ~15 m
below the first recorded occurrence §phenolithus heteromorph(7.71 Ma; Anthonissen
and Ogg, 2012). These fossil markers in well 47Bst@in the age of SurfaGnlto between

17.71 and 19.03 Ma.
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Surface Snl has a smooth non-erosive character, and comparisbnits
biostratigraphic age range (17.71 to 19.03 Ma)loba sea-level curves shows that it spans
the inflexion point of a major Burdigalian globasslevel rise (Fig. 11). We interpret surface
Snlas a maximum flooding surface at ca. 18 Ma (Fig. This suggests that the mid-outer
shelf aggrading mounds of seismic unit N1 are qaab® buildups formed in the context of

transgressive and highstand depositional systems.

4.2.3. SurfaceSn2(top of unit N2, base of unit N3)

In well 47B, the occurrence range Discoaster kugler(10.8 t011.93 Ma; Zeeden et al.,
2013) begins ~40 m below surfaBa2and ends ~55 m above it (Fig. 8). Thus, the age of
surfaceSn2lies between 10.8 and 11.93 Ma

Surface Sn2 is an erosional unconformity, including evidenck deeply-incised
channel-like features (Fig. 6). Comparison to glatea-level curves allows us to correlate
Sn2with the major Tortonian sea-level fall, whose nmaxim fall, and final erosion, is dated

at ca. 11 Ma (Haq et al., 1987; Miller et al., 205
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4.2.4. SurfaceSn3(top of unit N3, base of unit N4)

SurfaceSn3corresponds to the top of the Amapé carbonatéeilCentral shelf (Fig. 6).
In well 47B,Sn3lies ~30 m above the first coherent occurrencBistoaster quinqueramus
(dated at 8.12 Ma in the North Pacific, Anthonisserd Ogg, 2012) and ~40 m above the
highest recorded occurrence@coaster bellugdated at 9.1 Ma in the Equatorial Atlantic;
Zeeden et al., 2013). Also in well 47B, surf&m3is equivalent to the highest sampled level
within the Reticulofenestra pseudoumbilicpsracme (8.794 to 7.087 Ma; Zeeden et al.,
2013). In well 33E, surfac8n3is overlain by sediments containiMjnylitha convallis(Fig.

9), whose last consistent occurrence in the Eqiat®acific took place between 8.3 and 7.78
Ma (Raffi et al., 2006). Assuming similar ageshe #Atlantic Ocean for the last occurrence of
Minylitha convallisand the first occurrence @fiscoaster quinqueramushe age of surface
Sn3lies between 7.78 and 8.12 Ma. More conservatj\agysidering that precise ages for the
last occurrence dflinylitha convallisand the first occurrence Bfiscoaster quinqueramus

the Equatorial Atlantic remain to be verified, thge of surfac&n3must lie between 7.087
and 9.1 Ma.

SurfaceSn3has a smooth, non-erosive seismic character asho\islapped by overlying
strata on the inner shelf (Figs. 5 and 6), In theetspan of 7.087 to 9.1 Ma, global sea-level
curves from Haq et al. (1987) and Miller et al. @p show an inflexion point of a
transgressive sea-level trend at ca. 8 Ma (Fig. W interpretSn3as a maximum flooding
surface, formed during the global highstand at&#&4a. In this context, internal features
identified across the SE and Central shelves ofOtfighore Amazon Basin during deposition
of unit N3 are interpreted as carbonate buildupganying width, formed as a response to the

sea-level rise and shoreline transgression prioat®@ Ma.
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4.2.5. SurfaceSn4 (top of unit N4, base of unit N5)

In well 47B (Fig. 8), surface&n4 lies ~50 m above the last recorded occurrence of
Discoaster quinqueramy@recisely dated at 5.58 Ma; Anthonissen and 082 while in
well 45B (Fig. 10) it lies ~100 m below the firsgcorded occurrence @fiscoaster tamalis
(4.1 Ma; recalibrated after Young, 1998). Theseifanarkers indicate the age of surfé&ae
3 to lie between 5.58 and 4.1 Ma.

Within the time span of 5.58 to 4.1 M@n4can be correlated to an inflexion point of a
sea-level rise at ca. 5.5 Ma on curves from botly efaal. (1987) and Miller et al. (2005)
(Fig.11). We interpreSndas a maximum flooding surface, consistent witlsree evidence

of a smooth non-erosive character and downlapgdwpverlying unit (Figs. 4 and 5).

4.2.6. SurfaceSn5(top of unit N5)

In well 45B, surfaceSn5lies ~40 m above the top of the occurrence of Aheapa
carbonates, at the stratigraphic level of the lasbrded occurrence dReticulofenestra
pseudoumbilicugFig. 10), which indicates an age no younger thanMa for this surface
(Anthonissen and Ogg, 2012). In well 47B (Fig. 8h5lies only ~10 m above the highest
sampled level containinBeticulofenestra pseudoumbilicasdPseudoemiliania lacunogat
least as old as 3.9 Ma; recalibrated after Yourg8)1.9These fossil markers constrain surface
Sn5to an age between 3.9 and 3.7 Ma.

Comparison to global sea-level curves shows thatdhrface can be correlated to a
sea-level rise close to the Zanclean/Piacenziandsry, dated at ca. 3.7 Ma considering the
curves of both Hag et al. (1987) and Miller et (@005) (Fig. 11). We interpreédn5as a
maximum flooding surface, consistent with seismicgdence of a smooth non-erosive

character and downlaps by the overlying unit (Fig6).
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4.3. Calculation of non-eustatic accommodation space

The creation of non-eustatic accommodation spamssthe Offshore Amazon Basin
during deposition of the upper Amapa carbonatesestimated using the measured thickness
and proposed ages of units N1 to N5 in seven veeltess the inner-middle shelf (Fig. 12).
These wells are all in positions where seismicrpriation indicates that there was no

significant erosion during deposition of units NIN5.

Non-eustatic accommodation space was calculategdon unit by subtracting from
undecompacted unit thicknesses the maximum eusesditevel rise during the corresponding
time interval, considering curves from both Hacakt(1987) and Miller et al. (2005). The
results represent a minimum estimate of the amoluatcommodation space required at each
well location during the deposition of units N1 N, in order to allow deposition of their
measured thicknesses

Considering the shelf as a whole, several overatids are apparent for the Neogene
sedimentary succession of the Offshore Amazon Basin

i.  Rates of non-eustatic accommodation space incrdem®dca. 18 to 8 Ma, decreased
during a more quiescent phase between 8 and 5.5ahth,subsequently increased
again to reach a maximum during the Quaternary. (F2Y

ii.  Comparing the different shelf regions, rates wearssistently higher on the Central
shelf since 24 Ma, resulting in a greater depthad¢osurfaces there (Fig. 7);

iii. Rates of creation of non-eustatic accommodatiocesparied between the NW and
SE shelves prior to and after 8 Ma; before thisetinates were higher on the SE shelf,
while after 8 Ma they were higher on the NW shéliis can be seen by comparing
wells at similar positions on the SE and NW sheleeg. inner shelf wells 23 and Pas

4A, or mid-shelf wells 18 and Pas 2A (Fig. 12).

34



Minimum non-eustatic accommodation space creation Minimum non-eustatic accommodation space creation

(considering Haq et al. 1987) (considering Miller et al. 2005)
e, | |
3501 0, Wells used to for 3504 Wells used to for
% calculations calculations
‘% Regions Well name Regions Well name
-
??‘ NW ——18 NW —m—18
300 < Region —a—23 300 Region —=—23
- | |- ___°_J! 1L X\ 0. _-_-_.
=
Qu)\ 25 =25
™ CenFraI ” Cenf(ral 24
3504 Region 250 4 Region
—a—478 —a—47B
> PAS 2A PAS 2A
2 e z e
= Region PAS4A| & Region PAS 4A
$2004 200 -
<7 1 45.!‘
1S | £
1504 p 150 -
rE‘Fan In(‘ |
I’@a
| ——l s,,?

100 100 A

lescent phase

504 — y 50 1

| a—— N II—"—:

) | ) 1
0 ) S . ¢ } !
[ u. N5 T Unit N&T UnitN3 | Unit N2 [ Unit N1 ) | u.N5 |UnitN4| UnitN3 | Unit N2 | Unit N1
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
a =]

Figure 12: Graphs summarizing estimates of theewmtatic accommodation space required for the deposf each Neogene sedimentary unit
on the Amazon shelf, based on subtracting the maximustatic rise during the corresponding timervatie(at left from Haq et al. 1987, at right
from Miller et al. 2005) from the undecompactedkimesses of units N1 to N5.

35



5. DISCUSSION

The results above provide a new picture of the Meegstratigraphic and paleo-
geographical evolution of the Offshore Amazon Basincluding a more detailed
characterization of changes in carbonate and ddisiic deposition across the continental
shelf. In this section, we first examine the deposiof the Neogene units in relation to
variable rates of creation of non-eustatic accomatiod space along the shelf, the patterns of
which we argue to indicate differential subsidenteesponse to tectonism and/or loading.
We then discuss the spatial and temporal evolutiothe Amazon shelf, recognizing four
main Neogene stages that are discussed in relatipossible controlling factors on carbonate

vs siliciclastic depositional environments.

5.1. Non-eustatic accommodation

Accommodation space creation in marine environmesatargued to be mainly
controlled by the interaction of eustatic variasowith sediment supply and subsidence
(Catuneanu, 2002). Subsidence includes the eftéasostatic compensation for loading by
sediment and water, as well as the underlying téctsubsidence (which may be due to
rifting, cooling and flexure). By subtracting thestéatic component from the undecompacted
thickness of stratigraphic units (subsection 4\8§ obtain a minimum estimate of the
accommodation space created by all forms of subsal@-ig. 12). Our approach accounts for
estimates of a minimum amount of non-eustatic acgodation that must have been created
in the time spam of each sedimentary unit, in otdegnable the deposition of the measured

thickness of units N1 to N5.
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This approach underestimates accommodation spaagam in three main aspects: (i)
decompacted sedimentary units would result in lavgties, while differential compaction of
differing lithologies implies spatially variable @hges in the thickness of each unit that are
unresolved; (ii) using a maximum value for eustasgumes that all accommodation space
created by sea-level rise would be immediateledillThis is unlikely for short-lived eustatic
changes that occurred during deposition of unitstdNlN5 (e.g., the Zanclean sea-level rises
reported by Miller et al., 2005; Fig. 11); (iii) weave also to consider that erosion may have
thinned the measured thickness of sedimentary.units

All these issues are mitigated on the Amazon shglthe fact that, on the inner-
middle shelf, short-lived eustatic rises shouldoat for no more than a few tens of meters of
uncertainty, versus sedimentary unit thicknessdsuofireds of meters; and the same is true
for differential compaction. Uncertainties in theadevel curves seem to be of secondary
importance as the overall trends of calculated mimn non-eustatic accommodation are the
same (Fig. 12) in scenarios considering sea-leweles of both Haq et al. (1987) and Miller
et al. (2005). This fact indicates that non-eustédctors are the most relevant in the long-
term accommodation space creation in the Amazolh. shethermore, seismic analysis was
used to choose wells located in regions were naifgignt erosion was observed neither on
the base nor on the top of each sedimentary unit.

In this context, the rates of non-eustatic accomatiod space presented in Figure 12
provide qualitative information on Neogene variaidn subsidence across the shelf. The
trends in Figure 12 indicate that since at leastM& the Offshore Amazon Basin was
affected by increasing rates of non-eustatic accodation space creation that varied across
the three shelf sectors (NW, Central and SE), tiaguin greater thicknesses of units N1-N5
on the Central shelf (Figs. 3-6). This indicateattthe margin was affected by greater

subsidence in the Central shelf, which could be tduecalized extension and/or cooling, or
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along-shelf flexure of the lithosphere. There issgismic evidence of extension during the
deposition of the units, and the thermal effectwhssic-Jurassic rifting should be minimal

in the Neogene (Allen and Allen, 2005). Howevere tharying crustal structure of the

Amazon shelf (a series of deeply-buried extensi@talctures beneath the Central shelf)
inherited from the Atlantic Rift (Fig. 7A; Schallet al., 1971) could have influenced along-
shelf differential flexure.

Intense flexural subsidence of the Offshore AmaBasin has been classically
attributed to a loading effect of rapid depositadrthe Amazon fan (e.g. Driscoll and Karner,
1994). However, our estimates of non-eustatic accodation space show that the
differential subsidence of the Amazon shelf sindeMa long pre-dates the initiation of the
Amazon fan, recently dated by Hoorn et al (2017pétween 9.4 and 9 Ma. We suggest
instead that greater subsidence in the Centraf sled responsible for capturing sediment
input, thus acting as a major control on the dstion of depocenters, and accounting for
their location more than 200 km northward of theag&mn River mouth. In this interpretation,
flexural subsidence caused by loading of the Amdaonacted as a positive feedback on a
margin that was already prone to differential sdésce prior to the onset of higher sediment
influx after 9 Ma. Along-shelf differential subsitee may also explain why, during the
deposition of units N2 to N3 (18 to 8 Ma), carb@dbminated environments could be
persistent and distributed across the more quieédtdhshelf, whereas on the Central and SE
shelves the carbonate factory was only intermityerictive due to higher rates of
accommodation creation that favored the drowninganbonate-secreting organisms.

Burial of the Amapa carbonate platform has beendated with a late Miocene onset
of the transcontinental Amazon River (Figueiredoakt 2007; Figueiredo et al., 2009).
Alternatively, onshore evidence may indicate thatamscontinental Amazon River formed

only later in the Pliocene (Latrubesse et al., 20Tbnsidering the latter possibility, we
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propose that the short-lived reduction of accomrtiodaspace creation at around 8 Ma (Fig.
12) provides an alternative explanation for thepsagsion of carbonate production on the
Central and SE Amazon shelves. In a scenario afcetl accommodation space creation at
around 8 Ma, sediment would no longer be “held’tb@ coastal-innermost shelf region as
happened between 24 and 8 Ma, allowing proximaligistic systems to advance over the
Central and SE shelves and suppress carbonategtimdulhis model allows us to explain

the suppression of carbonate deposition on the Amamnargin without assuming an

enlargement of the paleo-Amazon River catchmera asepreviously proposed (e.g. Castro et
al., 1978; Silva et al., 1999; Dobson et al., 20Bijueiredo et al., 2007; Figueiredo et al.,
2009; Hoorn et al.,, 2017). Nevertheless, this hHypsis and that of the onset of a late

Miocene transcontinental Amazon River are not miiytiexclusive.

5.2. Spatial and temporal evolution of carbonate- vsi@ilastic-dominated

environments

Our results on the stratal architecture and agehef Amazon mixed carbonate-
siliciclastic shelf allow us to divide its Neogehistory into four main depositional stages: 1)
from ca. 24 to 8 Mathe Amazon shelf was characterized by a predominaggrading
mixed carbonate-siliciclastic shelf; 2) from cato85.5 Ma the Amazon shelf was subjected
to increasing volumes of siliciclastic input, wittifferent implications for carbonate
deposition in the NW, Central and SE shelf sect8ydrom 5.5 to 3.7 Ma the Central shelf
embayment became gradually filled by sediments ftloenpaleo-Amazon River, resulting in
the progressive burial of carbonates in the NW fslegld 4) from 3.7 Ma to present the

Amazon shelf became essentially siliciclastic. Belwe consider these depositional stages in
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relation to possible controls by sea-level change aong-shelf variations in accommodation
space creation.
Stage 1(from ca. 24 to 8 Ma)

We argue that the predominantly aggrading trené ofiixed carbonate-siliciclastic
shelf that prevailed in the basin during the degpmsiof N1-N3 was caused by a combination
of global sea-level rise during the deposition onit IN1 (between ca. 24 and 18 Ma; Haq et
al.,, 1987; Fig.11) and the subsequent increase atesr of creation of non-eustatic
accommodation space during deposition of unitsdNI®3.

During deposition of unit N1, the Amazon shelf expeced laterally variable trends
of shelf-edge migration: the SE and Central Amagbelves underwent a general landward
migration of the shelf break (together with carltendackstepping and upper slope
sedimentary collapse), while progradation was ofeseon the NW shelf (Figs. 4 to 7).These
contrasting trends of sedimentary architecture ifferént shelf sectors were most likely a
result of along-shelf differential subsidence. A®wn above (section 4.3), between ca. 24
and 18 Ma rates of creation of non-eustatic accodation space were comparatively low on
the Amazon shelf, although higher on the SE andr@eshelves than in the NW shelf. An
additional factor controlling shelf-edge migrationay have been better conditions of
carbonate production on the NW shelf, which is feddarther from the proto-Amazon River
- the main source of terrigenous sediment inpue MRV shelf seems to have evolved in an
architectural trend similar to that of a pure caudite shelf, which exports higher volumes of
sediments (reworked carbonates) toward the slogierraluring highstands and is less prone
to drowning during eustatic rises (e.g., Handfond &oucks, 1993; Schlager et al., 1994;
Betzler et al., 2013). In this context, with comgdarely higher terrigenous influx, the Central
and SE regions behaved in a manner similar todhattypical siliciclastic platform, which

tends to retrograde during significant rises inlsgal (Catuneanu, 2002).
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Differential subsidence appears to have affectedorete production on the Amazon
shelf after about 18 Ma. At that time, the carbenptatform on the Central shelf was
drowned, most likely due to greater accommodatjmeces creation (Fig. 12) combined with
global sea-level rise (Hag et al., 1987; Miller &t, 2005; Fig. 11) and carbonate
sedimentation was replaced by predominantly slastic sedimentation (Fig. 13). An
additional restraining factor for carbonate prodution the Central shelf during Stage 1 may
have been a comparatively higher influx of terriges sediments (mostly muddy), capable of
reducing the availability of hard substrate anahofeasing the turbidity in the water column,
both of which are critical parameters for carborssereting organisms (Woolfe and
Larcombe, 1998). In any case, prior to ca. 18 Majgenous sedimentation never prevailed
over carbonate production on the Central shelfndgeaestricted to troughs that conducted
siliciclastic sediments directly to the slope (FI8). Meanwhile, on the SE and NW shelves,
where rates of accommodation space creation warerIfFig. 12), carbonate production was
able to persist throughout the middle-outer shethdins, while siliciclastic proximal systems
retreated progressively landward (Marajé Formationpersist only on the inner shelf (Figs.
14 and 15).

During deposition of unit N2, between ca. 18 andM4d, along-shelf variations in
accommodation space creation were also a majorratlomg factor on sedimentary
architecture along the Amazon shelf. During thigiqee the creation of non-eustatic
accommodation space increased notably on the SECamdral shelves (Fig. 12), but
differences in stratal architectures and carbod&tibution indicate that subsidence acted
differently over these two shelf sectors. A cortirestrend of shelf-edge migration across
different sectors of the Amazon shelf persistedthasedge of the Central shelf continued to
retrograde and the NW shelf prograded, while thesBé&lf-edge also experienced a slightly

prograding trend. It is likely that a prolonged $&zel fall between ca. 15 and 11 Ma
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(Langhian-Serravalian; Haqg et al., 1987; Fig. EMofed progradation of the SE shelf during
deposition of unit N2, given high rates of non-atist accommodation space during this
period (Fig. 12). Meanwhile, on the Central shiei§h rates of accommodation space creation
may have compensated a trend of falling sea lentll the end of the deposition of unit N2,
when the dramatic early Tortonian sea-level lowstériaq et al., 1987; Miller et al., 2005;
Fig. 11) led to exposure of the entire shelf. Daad large incisions observed the in seismic
profiles (Fig. 6B) are evidence of erosion by rsvand large-scale slope instabilities.

A dramatic eustatic drop that occurred at the begon of the late Miocene (ca. 11
Ma; Haq et al., 1987; Miller et al., 2005; Fig. IrBsulted in deep incisions and extensive
surface truncations across the Central shelf (Bgad 13). According to Haq et al. (1987),
after this major sea-level drop, global sea lewskrduring the late Miocene, but remained
lower than in the early-middle Miocene (Fig. 11).eWherefore suggest that the
reestablishment of carbonate production on ther@estelf during the deposition of unit N3
(ca. 11 to 8 Ma) was a consequence of the exteadstitic lowering in the late Miocene,
which may have partially compensated the intensatmn of non-eustatic accommodation
space in the region. During the deposition of IN® the same eustatic lowering enabled

carbonate-secreting organisms to colonize moralgsttions of the SE shelf (Fig. 14).
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For both the Central and SE shelves, lithologiedhdlso reveal that unit N3 records
the last expression of the Amapa carbonates irethegions (Figs. 3, 5 and 6). At around 8
Ma, the Amazon shelf experienced its most importam¢ironmental change during the
Neogene, as terrigenous sediments began to beiedippivolumes large enough to bury the
carbonate units of the Central and SE shelves.etation of seismic profiles and our age
model to global sea-level curves indicates thatc#mesation of carbonate production on the
Central and SE shelves was coeval with a sea-tegbhttand during the latest Tortonian (Fig.
11), as previously proposed by Carozzi (1981)hls tontext, it is interesting to note that the
death of the carbonate platform in the Central @Bdshelves probably post-dates the onset of
deposition of the Amazon fan, rather than pre-dptiras reported by Hoorn et al. (2017).
According to these authors, high sedimentary fluxesked the beginning of fan deposition
between 9.4 and 9 Ma, whereas our biostratigragata point to a cessation of carbonate
production on the Central and SE shelves laterabispome point between 7.78 and 9.1 Ma
(most likely around 8 Ma; Figs. 13 and 14). Howewaar our age model shows that the oldest
possible age for the top of the Amapa carbonatedeerCentral and SE shelves (9.1 Ma) is
comparable to the earliest possible age for the Zamdan initiation (9 Ma), the two events
may have been coeval. Nonetheless, long-lastingooate production most likely persisted

on the shelf after the onset of deposition of timea&on fan.
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Stage 2(from ca.8 to 5.5 Ma)

During the deposition of Unit N4 (ca. 8 to 5.5 M#)e distribution of terrigenous
sediments on the Amazon shelf was clearly conttobg the morphology of the former
carbonate platform, being mostly confined to inteeritopographic lows in the Central and
SE shelves (Figs. 13 and 14). The confinementrofyenous sediments to topographic lows
at the top of the carbonate platform was probahklysed by a decrease in accommodation
space creation in the area during the late Mio@arbr Pliocene (quiescent phase in figure
12). Meanwhile, seismic and well data indicate tteabonate production persisted across the
NW shelf during the deposition of unit N4 (Fig. 4pnfirming that carbonate production
persisted for much longer in this area than nearéme Amazon River mouth as proposed by
Gorini et al. (2014). We further argue that cartienaoduction on the NW shelf was only
able to persist during deposition of Unit N4 dughte presence of the large embayment on the
Central shelf that captured the Amazon-deriveaislistic input, virtually isolating the NW

shelf from sediments carried by the paleo-AmazaoreR{Fig. 7).

Stage 3(from ca. 5.5 to 3.7 Ma)

During the deposition of Unit N5 (early Pliocena)thick prograding wedge (~85 m)
advanced across the inner shelf in the NW regiag. (E5), showing that the increasing
supply of terrigenous sediments was able to cir@mhthe partially filled embayment on the
Central region (Fig. 15). The presence of progmdiedges northwestward of the central
embayment indicates that sediments provided byptieo-Amazon River may have been
transported onto the inner shelf by alongshoreecus; similarly to what has been reported
for the modern NW shelf where sediments transpobigdhe North Brazil Current form
prograding subaqueous clinoforms (Nittrouer et 4886; Nittrouer et al., 1996). These

observations suggest that during the early Pliocéme entire Amazon shelf was already
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subject to conditions comparable to those of thesgmt, with carbonate production greatly
reduced due to environmental stresses on carbgeateting organisms, such as increasing
turbidity and higher nutrient availability leading eutrophication. This way carbonate
sedimentation on the NW shelf was only able toipemly in the form of local buildups on
the outer shelf. Such a finding is further suppobtig a microfacies analysis of samples from
wells 18 and 27 (see Figure 1 for locations) by f\amd Carozzi (1984), who noted that the
uppermost units of the carbonate platform reprefiemtfirst time that bryozoan fragments
were the dominant sedimentary components. Althobgypozoan fragments are rarely
dominant in post-Paleozoic tropical carbonate stieffosits (Taylor and Allison, 1998), they
have been reported to thrive in conditions of ledituminosity and increased nutrient supply
(Pomar, 2001). As such, deposition of unit N5 o MV shelf marks a transition from an
environmental context established during the ebfigcene (ca. 18 Ma), when carbonate
production prevailed across the inner to outerfshelthe modern depositional pattern in
which restricted carbonate sedimentation resultsniy local thin occurrences, interbedded

with upper Pliocene-Quaternary terrigenous suceoasgiFig. 15).

Stage 4(3.7 Ma to present)

From 3.7 Ma onwards, siliciclastic sediment supgdyninated the Amazon shelf to
form prograding clinoforms (Figs. 13-15). Carbonsg¢glimentation resumed episodically on
the outer Amazon shelf during this stage, presuyndbting periods of reduced terrigenous
influx as reported for the last marine transgrasgidoura et al., 2016). Nevertheless, the
short-lived episodes of sparse carbonate produetitar 3.7 Ma are not comparable to the
earlier widespread carbonate-dominated deposiubinch ceased to exist at around 8 Ma on

the Central and SE shelf and at 3.7 Ma on the N&if.sh

48



6. SUMMARY AND CONCLUSIONS

This study provides new insights into the naturd amolution of mixed carbonate-
siliciclastic sedimentary succession on the equatoontinental margin offshore the Amazon
River, through the correlation of seismically-defin stratigraphic units to lithological and
biostratigraphic data in wells. This allows theritigcation of five Neogene stratigraphic units
within the upper Amapa carbonates, the construatioa new age model for their bounding
surfaces, and estimates of rates of creation ofeustatic accommodation space along the
shelf. The results also provide new informationtba spatial and temporal distribution of
carbonate- vs siliciclastic-dominated environmestsoss the shelf during the Neogene, and
allow an assessment of the controls on depositjogldibal sea-level changes and differential
subsidence.

One major outcome of this study is to show thatdixeamics of mixed carbonate and
siliciclastic shelf environments may be stronglyfluenced by along-shelf variations in
accommodation space creation. In the case of theazAm shelf, this resulted in the
development of a 150-km wide embayment on the @kskelf containing greater thicknesses
of sediment. Such differential creation of accomatmmh space, suggested to reflect
underlying forms of tectonic subsidence, was thestmiportant factor controlling the
distribution and functioning of the carbonate fagtduring the Neogene.

Another outcome is an alternative model to expthm increased influx of terrigenous
sediments into the Offshore Amazon Basin duringlabe Miocene. We argue that a reduction
in the rates of accommodation space creation ar8uvid may have allowed the progradation
of terrigenous depositional systems that were presly being held in proximal positions

within the basin. Our results do not exclude thesgime establishment of a transcontinental
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Amazon River during the late Miocene, but suggkeat this may not be necessary to explain
the depositional history of the Amazon margin.

Our results also testify to the endurance of casb®secreting organisms during the
Neogene in equatorial environments, where onlyelasga-level rises and high terrigenous
influxes were able to end regional carbonate prdiicin this regard, we divided the Amapa
carbonates (the Amazon carbonate platform) inteethdifferent shelf regions (SE, Central
and NW) according to the internal architecture lvé tarbonate platform. The effects of
differential non-eustatic accommodation space meabn the three shelf regions are

recognized to have taken place during several agnositional stages:

(1) During a period of increasing accommodationcepereation between ca. 18 and 8 Ma,
carbonate production grew to dominate the innetspaf the SE and NW shelves as
terrigenous sedimentation retreated landward. Imtrast, on the Central shelf where the
highest rates of accommodation space creationem@ded, carbonate-secreting organisms
were unable to keep up with rising sea levels, stiGt carbonate sedimentation was
diminished between ca. 18 and 11 Ma. At ca. 11 Maglabal sea-level fall allowed

recolonization of the Central shelf by carbonateretng organisms;

(2) A dramatic reduction in accommodation spaceattwa at ca. 8 Ma allowed the

progradation of proximal siliciclastic depositiongystems, burying carbonates that had
previously developed on the SE and Central sheMdespread carbonate production was
able to persist only on the NW shelf as this area wolated from the paleo-Amazon River,
the sedimentary load of which was captured by thadembayment on the Central shelf and

forced directly to the continental slope;

(3) From 5.5 Ma onwards, the Amazon shelf witnessedther phase of increasing

accommodation space creation, probably relatedldrurfal subsidence caused by the
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sedimentary load of an increasing sediment inftugthe margin. Between ca. 5.5 and 3.7 Ma,
sedimentation on the NW shelf underwent a transifimm predominantly carbonate to
predominantly siliciclastic, as the large embaymamthe Central shelf was gradually filled,
allowing terrigenous sediment to finally reach tN&/ shelf. It was only after complete
infilling of the central embayment at around 3.7 Mat terrigenous sediments were able to
prograde across the entire NW shelf, leading tsates of carbonate production on the

Amazon continental shelf.
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HIGHLIGHTS

(1) New age models allow to clarify the Neogene history of the Amazon shelfal carbonates

(2) Differential subsidence strongly controls shelf architecture between ca. 24-3,7Ma

(3) Higher siliciclastic influx suppressed the Central and NW shelf carbonates at ca. 8Ma

(4) Carbonate production locally persisted on the NW Amazon shelf until ca. 3.7Ma

(5) Reduction of regional subsidence rates led to the death of shelfal carbonates
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