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Figure 3.6: Model Grid creation workflow, the software uses seismic traces to create a grid. Each point
of the grid is represented by a coloured dot. Vertical resolution could be determined using Peaks (red
dot), Troughs (yellow dot) or Zero Crossings (blue dot) or an assemblage of them. Spatial resolution is
defined by the distance between traces. Coloured lines around dot represent patch propagation used to

O RO IZON. . ..o e e e e XX

Figure 3.7: Paleoscan 3D Geo-Model workflow, the upper pair of pictures represent a 3D Geo-Model
created without constraints while, the lower pair of pictures show the connected patches forming
horizons in red used to constraint the Geo-Model visible on the right. The faults represented by black
lines are not used to constraint the model as layers are still connected....................oooviiiinl. XX

Figure 3.8: From Weedon et al. (2004): Adding sinusoids with different wavelengths produces a time
series with multiple frequency components. Power spectra are used to: (a) identify which frequency
components are present (frequency = 1/wavelength); and (b) determine their relative amplitudes. In this
case two sine waves of equal amplitude, but different wavelengths, have been added to produce the time
series labelled “Sum”. The corresponding power spectrum has peaks that occur at frequencies
corresponding to the component wavelengths. The peaks are equal in height because the components
have the same amplitude. Note that it is impossible to tell from the spectrum whether the components
are sine or cosine waves — in other words the spectrum is independent of the phase of the

COMPONENES. ...ttt e e, XX

Figure 3.9: From Weedon et al. (2004): Adding three sine waves with different wavelengths and varying
amplitudes produces a time series that looks extremely complicated. It is unlikely that mere visual
inspection of the summed time series illustrated would allow one to recognize that just three frequency

components are present, or to determine the wavelengthsinvolved.......................coo XX

Figure 4.1: Bathymetric map of the NW Equatorial Brazilian Margin along with the location of sites of
the studied data. The 3D seismic block is shown with the sea floor topography. The North Brazilian
Current (NBC) is indicated with a thick blue arrow (Note the current also sweeps the continental shelf,
the arrow is only indicative). In the expanded view, three wells are displayed in green (well #1 and #2
inside the 3D block, and well #3 outside the 3D block); two inlines A and B in dark blue are interpreted
in figures 4 and 5, in addition to two 2D seismic lines C and D (also shown) used to tie the well #3 with
the 3D SEISMIC DIOCK. ... ... e XX



Figure 4.2: Lithology and gamma ray (GR) data of Wells #1, #2 and #3, displaying their Plio-
Pleistocene sections shown in these figures from left north (Well #1) to right south (Well #3). The purple
interval at the beginning of the Plio-Pleistocene section, just above the top Amapa, in well #3 was dated
by biostratigraphy at 3.7 to 4.1 Ma (Cruz et al., 2019). Some unusual changes in the GR values, due to

technical issues such as the presence of casing or tool change, are noted in light grey along the

Figure 4.3: Seismic facies classification and architectural elements interpretation...................... XX

Figure 4.4: Inlines A and B crossing respectively Wells #1 and #2 (See location in Figure 1). Lithology
and GR data are shown along the wells. Black stars show the check shots position used for the time-
depth relationship. The three intervals in orange, green, and yellow at the left side of the lower profiles,
depicts the three interpreted mega-sequences (labelled MS-1 to MS-I111). In the interpreted profiles, along
the wells, grey-shaded intervals noted S1 through S9 depicts the nine identified seismic sequences.
Brown lines in the lower profiles (labelled SLil and SLi2) emphasize two Submarine Landslides scars
and deposits. Light blue dots highlight potential shoreline position during lowest sea level. In the
interpreted Inline B, labels FR1 through FR9 depicts the identified regressive prisms (Forced Regression
1t09) inside the 1ast tWO SEISMIC SEQUENCES. ... . vttt et e ee s XX

Figure 4.5: Cyclostratigraphic analysis of GR data of Well #1 (depths 168 to 1194 m KB, siliciclastic
series). On the left-side panel: (A) Raw GR dataset extended to the seafloor; (B) Detrended GR data;
(C) Filter on the 35 to 25 m (0.024 to 0.046) cycles potentially associated with the Earth’s short
eccentricity; (D) Filter on the 11 m (0.065 to 0.097) cycles potentially associated with the Earth’s
obliquity. The graph below presents the MTM analysis of the curve B with the interpreted orbital
cyclicities using manual frequency ratio method. Red, green, yellow and black lines represent the 99%,
95%, 90% and median Robust AR(1) confidence levels respectively. The right-side panel present
eCOCO results compared to the sedimentation rates obtained after a tuning on short eccentricity (curve

C) and obliquity (curve D), respectively inpurpleandred.. ..o XX

Figure 4.6: Cyclostratigraphic results of GR data of Well #1 (depths 168 to 1194 m KB, siliciclastic
series). The upper panel shows; (A) global sea level variation from Miller et al. (2020); (B) the GR data
of Well #1 in time after a tuning between the Earth’s short eccentricity minima and the minima of the
filter on the 35 to 25 m frequencies; (C) the GR data of Well #1 in time after a tuning between the
Earth’s obliquity minima and the minima of the filter on the 11 m frequency. Ages noted along the
curves corresponds to seismic sequence boundaries and the potential eustatic lowstand associated. The
lower panels present the Multi-Taper-Method of curves B and C (see corresponding colours), with the
main astronomical cyclicities. Red, green, yellow and black lines represent the 99%, 95%, 90% and

median Robust AR (1) confidence levels respectively...........ooooiiiiii i, XX
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Figure 4.7: Sequence stratigraphy interpretation of the inlines A and B (see their location in Figure 1).
The sea level curve of Miller et al. (2020) (raw data in dark blue and smoothed data in light blue) is
shown on the right side of wells #1 and #2. The dashed white line represents the present-day sea level.
The red and green triangles along Well #1 depicts the relative sea level variation interpreted through
seismic observation. Red triangles represent regressions while the green ones transgressions. Estimated
ages of seismic sequence (S1 to S9) boundaries (corresponding to the Transgressive Surface) are labelled
onthe left side OF the INTINES. ... ..o e XX

Figure 5.1: Bathymetric map of the NW Equatorial Brazilian Margin presenting the data used in this
study. The 3D seismic block is shown with the seafloor horizon. The North Brazilian Current (NBC) is
represented with a thick blue arrow. In the zoom box, two wells are noted in green and two inlines

interpreted infigures 2are inblUe. ... ... XX

Figure 5.2: Sequence stratigraphy summary of the inline A (Chapter 4). Sequences S8 and S9 in the
inline A are not detailed due to lack of data quality. Age of the seismic sequences (S1 to S9) boundaries
(associated with the Transgressive Surface) are written on the left side of the inlines. Three Mega-
Sequence (MS-1, MS-Il and MS-I11) encompass seismic sequences with geometrical similarities. Limits
between each of this Mega-Sequence has been related to Earth climatic variation: NHG; intensification
of Northern Hemisphere Glaciation at ~2.5 Ma and MPT; Mid-Pleistocene Transition at 1.2 to 0.7 Ma.
The horizons presented in the next figures are localized along the Inline A with black dashed lines.....XX

Figure 5.3: Seismic horizon 1 which is part of a Highstand System tract visualised from above with in
the left panel the seismic data treated with a Red-Green-Blue frequency filter and on the right side, the
interpretation of the main morphologies observed. Some seismic lines (Xline or Inline) are presented

AlONG the FIUIES. ... XX

Figure 5.4: Seismic horizon 3 which is part of a Highstand System tract visualised from above with in
the left panel the seismic data, in white positive amplitude and in black negative ones, on the right side,
an interpretative scheme of the main morphologies is provided. Some seismic lines (Xline or Inline) are
presented along the
FUIES . e XX

Figure 5.5: Seismic horizon 2 which is part of a Falling Stage System tract visualised from above with
in the left panel the seismic data treated with a Red-Green-Blue frequency filter and on the right side,
the interpretation of the main morphologies observed. Some seismic lines (Xline or Inline) are presented

AlONG the FIQUIES. ... e XX

Figure 5.6: Seismic horizon 4 which is part of a Transgressive System tract visualised from above with

in the left panel the seismic data, in white positive amplitude and in black negative ones, on the right
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side, an interpretative scheme of the main morphologies is provided. Some seismic lines (Xline or Inline)

are presented along the fIgUIES. ... e e e XX

Figure 5.7: Seismic horizon 5 which is part of a Transgressive System tract visualised from above with
in the left panel the seismic data, in white positive amplitude and in black negative ones, on the right
side, an interpretative scheme of the main morphologies is provided. Some seismic lines (Xline or Inline)

arepresented along the figUIES. ... i XX

Figure 5.8: Satellite picture (google Earth courtesy) of a potential analogue site in North Carolina, along
the outer banks compared to the interpreted structures visualised in horizon3.............................. XX

Figure 5.9: Satellite picture (google Earth courtesy) of a potential analogue site along the Rio de Janeiro
state coastline in Brazil compared to the interpreted structures visible in Horizon 2....................... XX

Figure 5.10: Satellite picture (google Earth courtesy) of a potential analogue site along the Rio Grande
Do Norte State coast in Brazil compared to interpreted structures of the Horizon4........................ XX

Figure 5.11: Simplified drawing of the different deposit environment related to each different system

Figure 6.1: Bathymetric map of the Amazon Continental Margin, a thick blue arrow shows the North
Brazilian Current (NBC). The extension of the Great Amazon Reef System calculated by Moura et al.
(2016), Francini-Filho et al. (2018) and dos Santos Filho et al. (2022) is represented by superposed
coloured areas in light blue, dark blue and yellow respectively. The 3D seismic block studied is delimited
by red geometry. The graph below the map shows sea level variation from Miller et al. (2020; dark blue
curve) during the last 4 Myr and its relationship with Earth Eccentricity (orange curve) parameters of
100 kyr and 405 kyr (red dashed curve is an extraction of the 405 kyr cyclicity only). Super-interglacials
are indicated by orange ovals (Droxler and Jorry, 2021; Melles et al., 2012). Main climatic events time
extends are presented by purple arrows. Lastly main trend in global climate and the subsequent main

regressions are shown by a thick yellow arrow and light blue arrows respectively........................ XX

Figure 6.2: 3D maps of the horizons 1 to 4 and the present-day sea floor. Colour gradients represent Z
value in ms with shallow area in red and deepest part in purple. The red circled area along the present-
day seafloor represents one of the dive sites depicted in Lavagnino et al. (2020) and Vale et al. (2022).
Seismic lines showing cross-section geometries are visible below horizons. Two wells cross the seismic
block and are highlighted on the 3D sea floor representation. The orientation of the pictures is
highlighted by three arrows on the top right corner, yellow one points North, green one points East while

The 180 ONE IS VEITICAL. . ..ot e e XX

Figure 6.3: Sequence stratigraphy from the Chapter 4 adapted on an arbitrary line crossing most of the

bioconstruction observed. Position of the line is shown on the map view of the seismic block on the top
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left of the figure. Nine seismic sequences have been observed (S1 to S9). Boundaries of the seismic
sequences (SU) correspond to the transgressive surface. Age of the seismic sequences (S1 to S9) are
written on the left side of the line in dark green. Earth climatic variation: INHG; intensification of
Northern Hemisphere Glaciation at ~2.6 Ma and MPT; Mid-Pleistocene Transition at 1.2 to 0.7 Ma
could correspond to main changes in the sediments architecture and are associated with specific
boundaries between seismic sequences S3 to S4 and S7 to S8 respectively. Purple dashed lines
correspond to the horizons presented in the figure 2. SLi = Submarine Landslide; TST = Transgressive
System Tract; FSST = Falling Stage System Tract; HST = Highstand System Tract; Cb =
CIDONALES. ...ttt e XX

Figure 7.1: Z value along the Top Amapa horizon depicting a typical flat topped carbonate shelf. The
outer shelf is highly deformed and affected by faults. The slope is very steep and shows gullies. The
shelf is greatly affected by mega-sinkholes revealing emersion of the shelf at the end of the Amapéa

Figure 7.2: 3D seismic viewer revealing the correlation used to propagate the biostratigraphic age from
Well #3 to the seismic block through two 2D seismic lines named C and D. The small box in the bottom
left shows the position of the different lines and wells compared to the seismic block position. The top
of Amapa is eroded by a major canyon. The bottom part of the canyon is fulfilled by reflectors with
onlapping terminations noted canyon infill in the figure. While the upper part shows easy to propagate
and correlate sandy layers which are highlighted in yellow. The position of the samples used for
biostratigraphy correspond to the first set of reflectors which covers the canyon and the adjacent shelf
(pUrple dashed TiNE)........c.oeie i e e, XX

Figure 7.3: Isochore maps for the nine seismic sequences observed within the siliciclastic sedimentary
series. Due to the substantial variability in sequence thickness, it was impractical to employ a consistent
colour grading across all sequences; as a result, quantitative values are not presented in these maps.

Black lines on the maps serve to delineate features indicative of submarine landslide scars.............. XX

Figure 7.4: From Maslin et al. (2006): Comparison of the composite relative global sea level curves
with the Milliman et al. (1975) theoretical model of changing morphology of the continental shelf and
Amazon delta with lowering sea level. Red sea level curve is a composite of coral and Red Sea data and
for comparison the blue curve is a composite coral and benthic oxygen isotope record. This study
suggests that small changes in marine transgression or regression when sea level is below 50m can
change the sediment supply to the Fan. This results in either channel floor aggradation or channel floor

erosion and thus an aVUISION BVENT. . ... ..ot e e e XX

Figure 7.5: Arbitrary line crossing the canyons along the slope in the seismic block. Erosion is less
active in the southeastern part, whereas the northwestern part experiences high levels of erosion.

Similarly, substantial infill occurs in the southeastern canyons, while almost no infill is evident in the
18



northwestern ones. Contrary to expectations related to the influence of the North Brazil Current (NBC),
the canyons do not exhibit a north-westward deflection. Thick black line represents the basal erosive

limit of canyons. Dashed black lines show stacked unit limits inside canyons.............................. XX

Figure 7.6: From He et al. (2013): Evolutionary model of the submarine canyons within a single canyon
form. Three stages have been divided: erosion-dominated stage, erosion-deposition stage and
deposition-dominated stage. ES: erosion surface; BL: basal lag; MTDs: mass transport deposition;

LAPS, lateral acCretion PAaCKAGES. ... ..uve ittt e e XX

Figure 7.7: Models of the meridional velocities at 100 m depth along the north-eastern part of South
America for two climatic states: preindustrial and the Heinrich Event 1 using a global coupled model
with 1 degree resolution (CCSM3). Positive value indicates a northward flow, while negative indicates
a southward flow. The values are expressed in cm/s. Study area is represented by a red square. The thick
black line indicates the present-day coastline. The thin black lines represent from the coast to the basin,
200, 2000, 3000 and 4000 m isobath respectively. NBC means North Brazil Current. It is clear that in
the present-day configuration, the NBC deflect most of the sediment from the Amazon northward along
the coastline of Brazil and the Guianas. While during Heinrich Event 1, the NBC is greatly reduced and
is deflected around 3°N, while a southward flow affects the northern Brazilian coastline................ XX

Figure 7.8: From Nikiema et al. (2007): Surface salinity contour and surface velocity (m/s) after 200 h
for north wind forcing. The tidal is introduced and the Amazon River discharges is (a, ¢) 230 000m3/s
and (b, d) 90 000m3/s, and 11 000 m3/s for Para/Tocantins River: (a) and (b) during ebb; (c) and (d)
AUIING FlOOU. ... XX

Figure 7.9: From Roychowdhury, (2018): Schematic diagram showing that most “super-interglacials”
are preceded by periods of extreme low eccentricity. (a) Variations in the eccentricity component of
orbital forcing over the last 2.4 million years together with 6180 values from the “LR04” benthic stack
(Lisiecki and Raymo, 2005). (b) Variations in the eccentricity component shifted by 50 kyr together
with 8180 values showing how the low eccentricity periods match up with the “super-interglacials”.
Periods of extremely low eccentricity are shaded in green, and the “super-interglacials” identified from

the Lake El’gygytgyn record are shaded in red.

19



Figure S4.1: 3D seismic viewer revealing the correlation used to propagate the biostratigraphic age from
Well #3 to the seismic block through two 2D seismic lines named C and D. The small box in the bottom
left shows the position of the different lines and wells compared to the seismic block position. The top
of Amapa is eroded by a major canyon avoiding an easy propagation. However, the bottom part of the
canyon is fulfilled by reflectors with onlapping terminations noted canyon infill in the figure. While the
upper part shows easy to propagate and correlate sandy layers which are highlighted in yellow. The
position of the samples used for biostratigraphy correspond to the first set of reflectors which covers the

canyon and the adjacent shelf (purple dashed line)..............cooiiiiii e XX

Figure S4.2: Cyclostratigraphic analysis of GR data of the upper non-deformed interval of Well #2
(depths 120 to 596 m KB, upper siliciclastic series). On the left-side panel: (A) Raw GR dataset; (B)
Detrended GR data; (C) Filter on the 32 m cycles potentially associated with the Earth’s short
eccentricity; (D) Filter on the 12 m cycles potentially associated with the Earth’s obliquity. The graph
below presents the MTM analysis of the curve (B) with the interpreted orbital cyclicities using manual
frequency ratio method. The right-side panel present eCOCO results compared to the sedimentation
rates obtained after a tuning on short eccentricity (curve (C)) and obliquity (curve (D)), respectively in
PUIPIE AN TBA. ... e e e e XX

Figure S4.3: Cyclostratigraphic analysis of GR data of Well #3 (depths 132 to 1954 m KB, siliciclastic
series). On the left-side panel: (A) Raw GR dataset extended to the seafloor; (B) Detrended and corrected
GR data; (C) Filter on the 46 m cycles potentially associated with the Earth’s short eccentricity; (D)
Filter on the 21 m cycles potentially associated with the Earth’s obliquity. The graph below presents the
MTM analysis of the curve (B) with the interpreted orbital cyclicities using manual frequency ratio
method. The right-side panel present eCOCO results compared to the sedimentation rates obtained after
a tuning on short eccentricity (curve (C)) and obliquity (curve (D)), respectively in purple and red..... XX

Figure S4.4: Cyclostratigraphic results of GR data of Well #3 (depths 132 to 1954 m KB, siliciclastic
series). The upper panel shows; (A) global sea level variation from Miller et al. (2020); (B) the GR data
of Well #3 in time after a tuning between the Earth’s short eccentricity minima and the minima of the
filter on the 46 m frequency; (C) the GR data of Well #3 in time after a tuning between the Earth’s
obliquity minima and the minima of the filter on the 21 m frequency. Ages noted along the curves
corresponds to potential seismic sequence boundaries. The lower panels present the Multi-Taper-
Method of curves B and C (see corresponding colours), with the main astronomical cyclicities. Red,
green, yellow and black lines represent the 99%, 95%, 90% and median Robust AR(1) confidence levels

TSP C IV EIY .o XX
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Figure S4.5: Cyclostratigraphic analysis of GR data of Well #1 (depths 242 to 1194 m, Plio-Pleistocene
section). (A) Raw and detrended GR data along with the analysed stratigraphic intervals (labelled 11
through 19 from the oldest to the youngest). The filtered wavelength of the short eccentricity is also
shown along with the detrended data. (B) 2z-MTM power spectra of the detrended stratigraphic intervals
(mentioned by the color codes). Red, orange and blue stars on spectral peaks indicate possible short
eccentricity, obliquity and precession related wavelengths. (C) The 100 kyr tuned GR data (blue: tuned
to a pure 100 kyr sine curve, orange: the 100 kyr tuned GR curve is anchored to 405 kyr eccentricity
cycle minima) along with the raw La2004 eccentricity data (yellow curve) and the filtered 405 kyr cycle
band (light blue curve). The red-dashed curve depicts sedimentation rate inferred from the 405 kyr
anchored curve. (D) 2n-MTM power spectra of the tuned GR data to a pure 100 kyr sine (in blue) and
those retuned to 405 kyr cycle minima (in orange), along with the robust red noise levels (median, 90%,
95% and 99% confidenCe EVEIS) ..o XX

Figure S4.6: COCO results for each interval of the Well #1 compared with the sedimentation rates obtain
through manual frequency ratio methodology. The calculation of sedimentation rate through manual
frequency ratio method is represented by the black boxes in each interval. The black stars highlight the
most probable sedimentation rate obtain with the comparison with both methodologies and the number
[ T 174N S PPN XX

Figure S4.7: Cyclostratigraphic analysis of GR data of Well #2 (depths 120 to 596 m, upper Plio-
Pleistocene section). (A) Raw and detrended GR data along with the analysed stratigraphic intervals
(labelled 16 through 19 from the oldest to the youngest). The filtered wavelength of the short eccentricity
is also shown along with the detrended data. (B) 2n-MTM power spectra of the detrended stratigraphic
intervals (mentioned by the color codes). Red, orange and blue stars on spectral peaks indicate possible
short eccentricity, obliquity and precession related wavelengths. (C) The 100 kyr tuned GR data (blue:
tuned to a pure 100 kyr sine curve, orange: the 100 kyr tuned GR curve is anchored to 405 kyr
eccentricity cycle minima) along with the raw La2004 eccentricity data (yellow curve) and the filtered
405 kyr cycle band (light blue curve). The red-dashed curve depicts sedimentation rate inferred from
the 405 kyr anchored curve. (D) 2r-MTM power spectra of the anchored GR data to 405 kyr cycle
minima (in orange), along with the robust red noise levels (median, 90%, 95% and 99% confidence
LA ] ) I PRSP S XX

Figure S4.8: COCO results for each interval of the Well #2 compared with the sedimentation rates obtain
through manual frequency ratio methodology. The calculation of sedimentation rate through manual
frequency ratio method is represented by the black boxes in each interval. The black stars highlight the
most probable sedimentation rate obtain with the comparison with both methodologies and the number

1S I I YT . e e e e XX

Figure S4.9: Cyclostratigraphic analysis of GR data of Well #3 (depths 181 to 1954 m, Plio-Pleistocene
section). (A) Raw and detrended GR data along with the analysed stratigraphic intervals (labelled 11
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through 19 from the oldest to the youngest). The filtered wavelength of the short eccentricity is also
shown along with the detrended data. (B) 2z-MTM power spectra of the detrended stratigraphic intervals
(mentioned by the color codes). Red, orange and blue stars on spectral peaks indicate possible short
eccentricity, obliquity and precession related wavelengths. (C) The 100 kyr tuned GR data (blue: tuned
to a pure 100 kyr sine curve, orange: the 100 kyr tuned GR curve is anchored to 405 kyr eccentricity
cycle minima) along with the raw La2004 eccentricity data (yellow curve) and the filtered 405 kyr cycle
band (light blue curve). The red-dashed curve depicts sedimentation rate inferred from the 405 kyr
anchored curve. (D) 2n-MTM power spectra of the anchored GR data to 405 kyr cycle minima (in

orange), along with the robust red noise levels (median, 90%, 95% and 99% confidence levels)........ XX

Figure S4.10: COCO results for each interval of the Well #3 compared with the sedimentation rates
obtain through manual frequency ratio methodology. The calculation of sedimentation rate through
manual frequency ratio method is represented by the black boxes in each interval. The black stars
highlight the most probable sedimentation rate obtain with the comparison with both methodologies and
the NUMDEE 1S TN CIM YT . e e e e e XX

Figure S4.11: Results of the “eCOCO” method for the three wells along with sedimentation rates
inferred from the 100 kyr tuned GR data (stair-like white curves). Pearson correlation coefficient, and
Null hypothesis HO for non-orbital forcing estimated by the evolutive eCOCO approach. Sedimentation
rate step is fixed at 0.2 cm/kyr. The used astronomical solution is from Laskar 2004 model (Laskar et
al., 2004) with a middle age of the data at 2.0 Ma for wells #1 and #3, and 1.0 Ma for Well #2. The
sliding window is fixed at 100, 150 and 200 m for wells #1, #2 and #3 respectively. A step of 1 m is
fixed for the three WIS, . ... e XX

Figure S4.12: HMM-Match: Well #1 was correlated with the sea-level curve from Miller et al. (2020)
spanning from 0.3 to 3.7 Myr. The starting age of the gamma-ray (GR) dataset from Well #1 was
determined based on the mean sedimentation rate along the well. The upper age limit of the series was
inferred from the projected biostratigraphic age data of Well #3. Both curves were normalized to zero.
The first graph presents the sequences before alignment while the second graph present the results of
the HMM-Match alignment. ... e e XX

Figure S4.13: HMM-Match uncertainties. The 7 iterations of Run 3 attempted to minimize the
adjustments between the Well #1 and sea level for the alignment (Match). The iterative procedure gives
information about time assignments where multiple test alignments have high probability, which leads
to greater uncertainty. In this case, the maximum uncertainty is +30 kyr at 1 Ma; otherwise, uncertainties

are extremely low, on average around + 2 t0 3 KyT.....o.iitiiiiiniiiii e XX

Figure S4.14: Adjustments of initial time scale assigned to Well #1 relative to the sea level time scale.
A value of 1 indicates no adjustment; values greater than 1 indicate squeezing of Well #1 initial time

scale; values less than 1 indicate stretchingwas required.............ccoooiiiiiii i, XX
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Figure S4.15: 2pi MTM spectrum of different set of data. The first graph presents MTM of Well #1
assigned to time span of sea level target before HMM-Match. The second graph presents MTM of Well
#1 after the HMM-Match. The third graph presents the MTM of Miller’s Sea level curve (2020) between
0.3 00 3.7 VYT . i e XX

Figure S5.1: From Goslin and Clemmensen (2017): Schematic illustration of transgressive and
regressive costal barrier systems. Storm-wave induced markers are: A-Beach ridges, B-Storm scarps,
C-Washover features. Coastal barrier sub-environments are: 1-Beach-ridge succession (strandplain); 2-
Back-barrier lagoonal saltmarsh; 3-Brackish coastal mire; 4-Freshwater coastal lake, 5-Tidal inlet &
flood/Ebb delta sedimentary features, 6-Beach berms, 7-Swash bars, 8-Shoreface, 9-
Mainland/DEAIOCK. . ... .. XX
Figure S5.2: From Hein et al. (2013): Schematic six-stage evolutionary model of Pinheira (not to scale).
Boxes on the left are all map views; righthand boxes are three-dimensional cross-sections of sections of
the strandplain (locations shown as horizontal black bars in map views). Note the multiple changes in
scale of transect side views throughout the progression as indicated by the black line in map views. (A)
6 to 5 ka: Sea-level highstand at Pinheira. Waves crash on the bedrock that forms the landward side of
Pinheira while fine sediment, derived from the nearby Made and Massiambu River systems, is deposited
in the nearshore zone. (B) 5 to 3.3 ka: Early progradation in the form of a normal regression. A large
offshore sediment supply allows for the development of shallow offshore-dipping beds. As sea-level fall
begins, the system transitions into steeper-dipping, offlapping beds typical of forced regression. (C) >3.3
ka: Onshore migration of a large quantity of sand as multiple intertidal bars due to perturbation in the
rate or direction of sea-level change. (D) ca 3.3 ka: Slowly rising or stable sea-level allows for vertical
accretion of sediments on top of bars, forming subaerial barriers, separated by multiple inlets, and
backed by a shallow lagoon. The lagoon drains through a 250 m wide inlet in the barrier and probably
is also connected to both the Madre and Massiambu drainage systems. Either a small rise in sea-level or
a storm event results in overwash and the deposition of a washover unit in the backbarrier. (E) <3.3 ka:
Sea-level fall reinitiates shoreline progradation. The seaward side of the barrier transitions into a
progradational beach ridge/foredune ridge plain. The central inlet is filled with shoreface and/or
foreshore sands and then closes as a result of falling sea-level and reduction in tidal prism. The lagoon
begins closing and filling with both fine sand and marsh; drainage is primarily to the north. (F) ca 1 ka:
Late stage progradation. The northernmost reaches of the lagoon continue to drain out through a small
tributary to the Massiambu River. The remainder of the lagoon transitions into a lowland fresh water
marsh. The palaeo-barrier has since been covered by an aeolian dune that nucleated upon the high-
Profile DArTier fRALUNE. ... ...t e et XX
Figure S5.3: From Cattaneo and Steel (2002): (A) Transgressive part of the transgression— regression
diagram of Curray (1964). (B) Revised version of the diagram. Depositional regime w (as defined by
Thorne and Swift, 1991) is expressed as the accommodation— supply ratio (A/S). See text for

QIS CUSSION . . ettt et e e e e e e XX



Figure S5.4: From Claudino-Sales et al. (2018): Illustration of the dynamics and evolution of headland-
DEACK AUNE Sy S EMIS. ..ot XX
Figures S6.1: Figure S6.1: Map of the present-day outer shelf seafloor presenting the Carbonate barrier
reef feature and the terraces. The outer shelf map is an extraction from the full seismic block (bottom

right). The terraces have been extracted through filtering of points along a dip/depth graph (top
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Extended abstract

In this PhD thesis, three interconnected studies investigate the stratigraphic and
geomorphological evolution of the Brazilian Equatorial Margin, focusing on the Amazon
siliciclastic sediment succession. With limited geochronological data available, including a
single biostratigraphic age at the base of the series suggesting an age range of 3.7-4.1 Myr for
the initial sediments deposited by the Amazon River, this research fills critical knowledge gaps.

We established an age model based on cyclostratigraphy and sequence stratigraphy to
explore the Plio-Pleistocene archives. By employing 3D seismic block analysis and Gamma-
Ray borehole data, this study identifies nine seismic sequences dating back to 3.7-4.1 Ma,
corresponding to long 405-kyr eccentricity cycles. These sequences primarily result from sea-
level dynamics over the last 4 million years, providing insights into significant milestones in
Earth's Quaternary climate, such as the intensification of Northern Hemisphere Glaciations and
the Mid-Pleistocene Transition, manifesting as notable geometrical changes in sedimentary
architecture.

Next, we employed high-resolution 3D seismic horizons analysis to examine
geomorphological changes in the outer shelf since 3.7-4.1 Ma. The area reveals a succession of
coastline morphologies, including lagoonal environments, strand plains, and cliffs. These are
shaped by sea-level fluctuations and sediment supply from the Amazon River or its absence.
The study finds that the north-westward flow of the North Brazil Current and its occasional
deflections have a significant impact on sediment deposition and preservation. Furthermore, it
underscores the significance of 405 kyr eustatic changes as a contributing factor to these coastal
transformations.

Lastly, we focused on the Great Amazon Reef System (GARS), an intriguing deep-reef
ecosystem recently uncovered along the Amazon Continental Margin. This investigation
unveils remarkable structures on the contemporary seabed characterized by their rapid build-
up, reminiscent of shallow reefs. Furthermore, it highlights that these build-ups are not isolated
phenomena but are integral components of a cyclic pattern, occurring over 405-kyr intervals,
in the development of the reef system. This cyclic pattern is notably influenced by Northern
Hemisphere Glaciation and the corresponding sea-level fluctuations. The study also suggests
that the growth of the reef is likely facilitated by reduced turbidity along the shelf edge,
particularly during the initial phases of deglacial sea-level rises.

This thesis demonstrates the effectiveness of a multi-faceted approach that integrates
seismic stratigraphy, 3D seismic geomorphology, and cyclostratigraphy in unravelling the
intricate interplay among subsidence, sediment supply, sea-level fluctuations, and oceanic
currents. These findings significantly enhance our comprehension of the stratigraphic and
geomorphic evolution of a south Atlantic passive continental margin. This margin's
sedimentary history has been remarkably preserved through continuous subsidence processes
over time.
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Résumé étendu

Dans cette these, trois études interconnectées examinent I'évolution stratigraphique et
géomorphologique de la marge équatoriale brésilienne, en se concentrant sur les sédiments
siliciclastiques de I'Amazone. Avec un manque de données géochronologiques et une seule
datation biostratigraphique suggérant un age de 3,7 a 4,1 millions d'années pour les sediments
initialement déposés par le fleuve Amazone dans la zone d’étude, cette recherche vise a combler
des lacunes majeures. Un modeéle d'age a été développé grace a la cyclostratigraphie, basé sur
des données de Gamma-Ray le long de 3 puits et la stratigraphie séquentielle, basé sur des
données de sismique 3D. Cette étude a permis d’identifier neuf séquences sismiques au cours
des derniers 4 Ma, correspondant a des cycles de longue excentricité de 405 000 ans. Ces
séquences refletent principalement les changements du niveau de la mer sur les 4 derniers
millions d'années, enregistrant des étapes-clés du climat terrestre durant le quaternaire, telles
que l'intensification des glaciations de I'némisphére nord et la transition du milieu du
Pléistocene, se manifestant par des changements géométriques dans I'architecture sédimentaire.

La création et 1’analyse d’horizons sismiques 3D ont ensuite permis de révéler des
changements géomorphologiques sur le plateau continental externe durant le Plio-Pleistocene.
La zone présente une variété de morphologies cotiéres, allant des environnements lagunaires
aux cordons littoraux progradants et aux falaises. Ces environnements sont influencés par les
fluctuations du niveau de la mer et les apports sédimentaire de I'Amazone. De plus, le courant
Nord Brésilien, en longeant les cotes vers le nord-ouest, joue un réle significatif dans la
dynamique de dép6t et de préservation des sédiments. Les changements eustatiques de 405 000
ans ont eté identifiés comme un facteur déterminant de ces transformations cotiéres.

Enfin, nous avons étudié le Grand Systeme de Récifs de I'Amazone (GARS), un
écosysteme de récifs profonds nouvellement découvert. Cette partie de I'étude révele des
structures remarquables sur le fond marin actuel, qui se sont développées durant le début de la
transgression qui fait suite au dernier maximum glaciaire. Ces structures ne sont pas isolées
mais sont recurrentes depuis les derniers 2.5 Ma. Ce développement n’est possible que grace a
un changement dans les courants le long de la marge qui lors d’épisode glaciaire important
redirige les sédiments Amazoniens vers le bassin profond.

Cette thése démontre l'efficacité d'une approche multidisciplinaire qui intégre la
stratigraphie sismique, la géomorphologie 3D et la cyclostratigraphie pour élucider les
interactions complexes entre la subsidence, les apports sédimentaires, les fluctuations du niveau
de la mer et les courants océaniques. Ces decouvertes améliorent considérablement notre
compréhension de I'évolution stratigraphique et morphologique d'une marge continentale
passive de I'Atlantique Sud.
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The foundation of this PhD project was initially built upon the expectations arising from the
oceanographic cruise IODP 387. However, our research trajectory shifted as we redirected our
focus towards existing data, which, fortuitously, is abundant along the Brazilian Equatorial
Margin. This wealth of data has been collected through extensive exploration efforts by
numerous oil and gas companies. Within the same research team that supervises this project,
other studies have leveraged this dataset to delve into the margin's basement and its history of
opening (Cruz, 2018), as well as the evolution of older post-rift successions (Boulila et al.,
2020; Cruz et al., 2019). Additionally, extensive research has been conducted on the incidence
of landslides along the deep-sea fan and slope (Le Bouteiller et al., 2019; Silva et al., 2016;
Souza et al., 2020), and the recent history, covering less than 0.5 million years, has been
thoroughly investigated through piston core analyses (Hoorn, 1997; Mason et al., 2019; Nace
et al., 2014; Rihlemann et al., 2001). Nevertheless, a significant knowledge gap persists in our
understanding of the Brazilian Equatorial Margin, particularly its evolution since the initial
influx of sediments derived from the Andes. Therefore, our research endeavours are
strategically centred on this crucial interval. This period offers a unique window of opportunity
due to distinct conditions, including substantial subsidence and sedimentation rates, coupled
with minimal erosion along the outer shelf. As we explore this interval, we aim to document

various driving forces and gain valuable insights into global climatic changes and events.
1.1. Amazonian margin, a natural laboratory for climate studies:

1.1.1. The continental shelf: a sensitive recorder of past sea-level changes

The continental shelf is characterised by its gently sloping and shallow seabed with water depth
ranging from 0 to 200 meters, but it increases rapidly along the slope, marking the outer
boundary of the continental shelf. The coast forms the inner edge of the continental shelf. The
relatively shallow bathymetry of the continental shelf is the result of its tectonic nature, as it
represents the transitional zone between continental and oceanic crusts (Smith and Sandwell,
1997). This tectonic history has left the shelf with a generally low altitude and minimal relief,
rendering it susceptible to submergence during periods of rising sea levels. Consequently, the
continental shelf becomes a highly sensitive area for monitoring fluctuations in sea level, thus
making it a vital area for researching historical sea-level changes. Various studies focus on
different eustatic markers to reconstruct past sea-level variations. For instance, analysing
lithological characteristics of sediment cores and studying geophysical parameters, such as
Gamma Ray (GR) data, can provide valuable information on the position of paleo-coastlines
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and paleo-bathymetry. Additionally, modern bathymetric data is utilized to investigate
geomorphic features dating back to previous low sea levels, helping to determine both the
position and depth of ancient coastlines.

1.1.2. Utility of river inputs to record continental climate variation and

pluviometry

In our study, the presence of the Amazon River is of paramount significance for understanding
continental climate variation. The river brings a crucial flux of sediments from the continent,
leading to an accelerated rate of sedimentation within our study area. This heightened
sedimentation rate significantly enhances the resolution of our research conducted along the
continental shelf. Moreover, the nature of these sediment inputs is a treasure trove of
information. It offers valuable insights into their origin, reflecting the climatic conditions on
the continent, and it also reveals variations in erosion rates over time

When the influx of sediment inputs reaches a certain threshold, it triggers subsidence of
the continental shelf, effectively creating space for the deposition of new sediments. This
subsidence mechanism plays a pivotal role in preserving the sedimentary record over time.
Conversely, when the subsidence rate of the continental shelf is insufficient, during periods of
global sea-level drop, a significant portion of the previously deposited marine sediments from
higher sea levels may erode away.

As aresult, only a limited number of coastal margins manage to retain a complete record
of sediment sequences. Our study recognizes the crucial role that river inputs along these
margins play in providing an abundance of additional information and ensuring better sediment
preservation over time. This preservation allows us to delve deeper into the intricate story of

continental climate variation.
1.1.3. Petroleum exploration along the Amazon margin

Since the late 1960s, Petrobras, a government-owned Brazilian company, has been actively
engaged in exploration activities along the Amazonian margin. This extensive exploration
effort persisted for nearly two decades and resulted in the acquisition of a vast dataset consisting
of thousands of 2D seismic profiles that span the entire margin, stretching over 1000 kilometres
from the state of Rio Grande Do Norte to the state of Amapa. The focus of this oil exploration
wasn't limited to the continental shelf alone; it extended into the slope and deep-sea fan of the

Amazon. Over the course of this exploration campaign, close to a hundred exploration wells
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were drilled across various environments, with water depths ranging from a few tens of meters
to well over a thousand meters. The economic significance of the region prompted the Brazilian
government to offer multiple zones along the margin for sale.

As of the present day, there are 47 blocks designated for “permanent offer” by the
National Petroleum Agency (ANP) along the Equatorial Margin. Additionally, an additional
157 blocks are currently under consideration to be auctioned off in the future. In a noteworthy
development in 2013, Petrobras sold six blocks to major international oil companies Total
(40%) and BP (30%) during an auction orchestrated by the National Petroleum Agency.
Notably, most of these blocks were entirely covered by 3D seismic data, reflecting the industry's
commitment to advanced exploration techniques and technologies in this strategically

important region.

1.2. Thesis objectives: How the Amazon margin evolves during the
last 4 Ma

This thesis is part of an ongoing collaborative project jointly between the University of
Sorbonne in Paris, the University of Western Brittany in Brest, and two Brazilian universities:
the Federal Fluminense University (UFF) and the State University of Rio de Janeiro (UERJ).
Several previous theses and master's projects have explored this region using a dataset similar
to the one employed in this thesis. This research builds upon the work of Alberto Cruz, whose
thesis was completed and defended in 2018. Cruz conducted a comprehensive study of the basin
on a larger scale, with a primary focus on the structural aspects, including the evolution of
synrift faults and their impact on the current geometry of the basin. Additionally, he examined
the post-rift series, particularly the Amapa carbonate series. Cruz's work made significant
contributions to addressing the challenges related to the lack of biostratigraphic data along the
plateau. His research facilitated the correlation of several wells and improved dating within the
plateau and during the deposition of the Amapa series.

To advance this research, the focus of this thesis has shifted towards investigating the
relatively recent silico-clastic series that have accumulated on the Amapa platform since the
Amazon River connected to the Andes. This connection has resulted in a significantly increased
sediment volume entering the basin. However, these series currently lack adequate dating.

These sediments, primarily composed of silico-clastic materials, have not been subject
to thorough study or sampling during the drilling of exploration wells, mainly because they lack
economic interest. Consequently, a critical knowledge gap exists regarding their age and

geological history, which this thesis aims to address.
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To enhance our comprehension of silico-clastic sedimentation along the Amazon
margin, we have chosen to focus our analysis on a 3D seismic block owned by the CGG
company, located 400 kilometres north of the mouth of the Amazon River. In pursuit of this
objective, we have identified several key research goals, which are detailed in the following

paragraphs.
1.2.1. Influences of climatic processes and events on the margin

The Amazon margin, being ideally situated, serves as a critical recorder of changes impacting
both the oceanic and continental domains. Its unique position between the sea and the land
raises fundamental questions about the dominant processes influencing sediment deposition
along the margin. A multitude of factors come into play, including climate variations that
significantly affect sea levels, shifting the coastline and influencing sediment distribution across
the plateau. Additionally, Andean orogenesis plays a crucial role by influencing the rate of
Andes uplift and, consequently, the erosion rate, leading to variations in sedimentation within
the basin. Moreover, gravity tectonics can also have a profound impact by modifying the
available space for sediments on the upper part of the slope and within the plateau.

To better distinguish the individual impact of climate, a comprehensive study
encompassing both cyclostratigraphy and sequence stratigraphy was undertaken. This approach
allowed for the precise dating of sediments and facilitated the observation of potential
correlations between significant alterations in sediment geometry and climatic fluctuations, as

well as other relevant factors (as detailed in Chapter 4).

1.2.2. Unveiling Paleoenvironmental Variations Along the Amazon Margin during

the Plio-Quaternary Era

During the initial phase of this thesis, our examination of the 3D seismic block uncovered
striking geomorphological features. Consequently, we made the decision to delve deeper into
the study of paleoenvironmental variations along the Amazon Margin, with a particular focus
on the Plio-Quaternary period. The high-quality data provided us with detailed imaging of the
geomorphology of the silico-clastic layers, allowing for a comprehensive analysis. Through the
integration of previously obtained age data and the examination of sedimentary assemblages
linked to sea-level fluctuations, we have successfully established meaningful connections
between the observed geomorphological features and the past climate changes that have left
their mark on our planet. These findings are extensively discussed in Chapter 5, shedding light
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on the intricate relationship between the Earth's dynamic climate and the evolving landscapes

of the Amazon Margin.

1.2.3. Evolution of Carbonate Sedimentation in a Silico-Clastic Dominated

Environment

Our exploration of the 3D seismic block, incorporating both vertical seismic lines and seismic
horizons, has unveiled a surprising revelation—the presence of extensive carbonate structures.
Remarkably, these structures are significantly larger and more complex than what initial
expectations dictated, especially considering the prevailing conditions that influence the
continental shelf of the Amazon margin.

At present, the Amazon plume, carrying a heavy load of clay, redirected northwards by the
North Brazilian Current, which flows along the Brazilian and Guyanese coasts, extends even to
the Caribbean Sea. Consequently, the waters along the margin exhibit remarkable turbidity,
significantly impacting organisms that rely on solar energy for growth. This led to the long-
held belief that carbonate formation would be improbable under such circumstances. However,
during the drilling of the first wells along the margin, carbonates were unexpectedly
encountered within the predominantly silico-clastic series of Plio-Quaternary age. It wasn't until
2016, when, an oceanographic mission equipped with a submarine ventured to explore the outer
shelf of the Amazon, that the presence of extensive, still-active carbonate structures was
definitively revealed. The geomorphological features associated with the development of these
carbonates, as observed within the 3D seismic block, now offer invaluable insights into the
timing of their existence and how they have evolved over geological time scales. These findings
are comprehensively discussed in Chapter 6, shedding light on the enigmatic history of

carbonate structures within the turbid waters of the Amazon Margin.
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Chapter 2: Geological

context and climatic forcings
on the Amazon Continental

Margin sedimentation
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In this chapter, we examine the diverse set of forcings and events that have influenced, and
continue to influence, the Amazon Continental Margin. These range from broad Earth-system
forcings with a quick historical overview of the astronomical parameter to specific geological
events that have led to the creation and development of the passive margin, and extend to

present-day physical oceanographic influences.

2.1. Earth’s Orbital parameters

2.1.1. Historical overview of the main astronomical parameters and their impact

on Earth’s climate

From prehistoric times, the study of astronomy is evident through the worship of celestial
bodies. The famous Stonehenge (Newall and Atkinson, 1956) in the United Kingdom stands as
one of the most well-known examples of such customs closely linked to the stars. Additionally,
numerous other artifacts, like the ritual golden cones interpreted as headgear for solar cult
priests, and the Goseck Circle (Bertemes et al., 2007), known as the oldest solar observatory,
further emphasize the significance of observing and studying the stars (Figure 2.1).

In antiquity, astronomy played a pivotal role not only in religious cults but also as a
science. During this time, Babylonian astronomers noticed variations in the positions of stars
when observing the sky on the same day of the year and at the same hour, without fully
understanding the underlying cause. Subsequently, the Greeks were the first to separate
astronomy as a scientific pursuit from its associations with religious practices. This led to a
remarkable advancement in astronomy. During this period a Greek astronomer named
Hipparchus hypothesized that the Earth's axis direction changes gradually by more than one
degree per century by comparing representations of the sky made a century earlier with his own
observations (Figure 2.1). This observation, previously made by the Babylonians, is now
known as the precession of the equinoxes, one of the key orbital parameters influencing Earth's
climate. Pytheas, another Greek astronomer, observed the inclination of the Earth's axis with
respect to the ecliptic plane (Figure 2.1). By measuring the length of shadows during the
summer solstice, he deduced that the sun was not aligned with the equator on that day. Later,
he directly witnessed this inclination during his journey above the Arctic Circle, describing the
phenomenon of the midnight sun during the summer solstice, a direct consequence of Earth's
axial tilt. Eratosthenes also demonstrated this phenomenon (Figure 2.1). It was not until the

early 17th century, with the invention of the first telescope and its refinement by Galileo and
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Kepler, that the last of the three major orbital parameters influencing Earth's climate could be
observed. Johannes Kepler, based on his observations of the orbit of Mars, discovered the
eccentricity of the orbits of planets, publishing his findings in his book "Astronomia nova"
(1609) (Figure 2.1).

However, it would take several centuries before a connection was established between
Earth’s orbital parameters and climate. The idea that variations in orbital parameters are
responsible for significant changes in Earth’s past climate emerged primarily in the mid-19th
century. It was first essential to demonstrate the presence and recurrence of glaciations on Earth.
In 1824, the Norwegian, Jens Esmark, suggested that variations in Earth’s orbit cause climate
changes (Figure 2.1). The Swiss geologist Louis Agassiz, in 1837, recognized that glaciations
were the cause of moraines and erratic blocks found in various locations in the Alps, Scotland,
and Scandinavia, echoing his Norwegian colleague (Figure 2.1). A few years later, the French
mathematician Adhémar (in "Révolutions de la Mer: Déluges périodiques,” private publication,
Paris, 1842) proposed that Earth's orbital variations could be responsible for climatic changes
and glacial cycles (Figure 2.1). Adhémar's idea, though deemed absurd by his contemporaries,
strongly influenced the later work of Croll (1875), who developed the first detailed astronomical
theory of paleoclimates (Figure 2.1). Croll's theory made a major breakthrough by
demonstrating the modulation of precession by variations in eccentricity. Although he also
suggested that changes in obliquity could play a role, he was unable to estimate them. The
interest in astronomical theories of climates experienced a resurgence with the work of the
Serbian mathematician Milutin Milankovitch between 1920 and 1941 (Figure 2.1). Utilizing
increasingly improved astronomical solutions, Milankovitch calculated the summer insolation
at the top of the atmosphere for different latitudes, considering variations in Earth's eccentricity,
precession, and obliquity. Nevertheless, similar to Croll's theory, Milankovitch's prediction of
alternating glacial periods, regardless of continental distribution and more detailed climate
considerations related to oceanic and atmospheric circulation, was met with scepticism from
many climatologists and geologists. Over time, the combination of contributions and
improvements from astronomical solutions, particularly from the Paris Observatory (Le
Verrier, 1856, as the precursor), along with geological and geochemical data from the 1950s
onwards, gradually allowed for testing and validating the idea of astronomical influence on
climate variability. In 1976, Jim Hays and his colleagues demonstrated for the first time the
presence of Milankovitch cycles (eccentricity, obliquity, and precession) in the variation of

continental glacier volume over the past 500,000 years (Hays et al., 1976; Figure 2.1).
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Figure 2.1: Timeline of discovery of the main astronomical parameters impacting the Earth’s climate.

Ap means approximatively.

2.1.2. Earth’s orbital eccentricity cycles

The eccentricity of an orbit is a measure of the difference between a hypothetical perfectly
circular orbit and the actual orbit of a celestial body (Figure 2.2). Eccentricity is expressed in
dimensionless values. This variation in a planet's orbit is caused by the gravitational forces of
other celestial bodies nearby, which slightly alter its trajectory. The eccentricity of Earth's orbit
ranges from a nearly circular trajectory (~0) to a more elliptical orbit (~0.06). The multitude of
celestial bodies influencing Earth's trajectory results in quasi-periodic variations in Earth's
eccentricity (Laskar et al., 2011, 2004). The main cycles of Earth's eccentricity variations occur
at approximately 95,000, 125,000, and 405,000 years (Figure 2.2). The 405,000-year
eccentricity component, which is called the “long” eccentricity cycle, is with the largest
amplitude, and is considered to be the most stable among all of Earth’s orbital eccentricity

cycles (Laskar et al., 2004). It is therefore used to astronomically calibrate the Cenozoic and
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Mesozoic time scales (Hinnov, 2013). However, many other cycles exist. In 2015, a study
demonstrated the presence of a 9-million-year cycle in Earth's orbit, potentially associated with
interaction with the planet Mars (Martinez and Dera, 2015).

Eccentricity significantly influences Earth's climate, particularly when Earth's
eccentricity is at its maximum (0.058) and the planet is at its closest point to the Sun in its
trajectory. During this time, our planet can receive up to 26% more energy compared to the
energy received at its farthest point from the Sun. Unlike other parameters, the effect of

eccentricity is uniform across the globe, independent of latitude (Berger and Loutre, 1994).
2.1.3. Earth’s obliquity cycles

Obliquity refers to the angle between the rotational axis of a celestial body and a perpendicular
axis to the plane of its orbit, passing through the centre of the body (Figure 2.2). This parameter
is influenced by the gravitational interactions between a planet and other celestial bodies in its
vicinity. Earth's obliquity varies between 21.8° and 24.4° over a 41,000-year period (Figure
2.2). At present, Earth's obliquity is gradually decreasing and currently stands at 23.44°,
reaching its lowest value in approximately 10,000 years. The positioning of the tropics is
directly linked to the obliquity parameter, as they represent the latitudes intersecting the plane
of Earth's orbit during the summer solstice in each hemisphere. Similarly, the polar circle is
affected by Earth's inclination, representing the part of the poles illuminated for at least a full
day during the summer solstice and experiencing no sunlight for a complete day during the
winter solstice. The polar circle shifts in latitude with changes in obliquity. Earth's obliquity
plays a crucial role in determining the seasons. For instance, the summer solstice in the Northern
Hemisphere occurs when the North Pole is most inclined toward the Sun. The influence of
Earth's distance from the Sun is relatively minor compared to obliquity when it comes to the
solar energy received, resulting in the possibility of the summer solstice coinciding with the
time when Earth is farthest from the Sun. Notably, the obliquity parameter significantly affects
higher latitudes, intensifying the distinction between seasons with colder winters and hotter

summers (Berger and Loutre, 1994).

2.1.4. Earth’s precession cycles

Precession is the term used to describe the variation in the direction of the rotational axis of a
celestial body (Figure 2.2). The precession of Earth’s spin axis is particularly influenced by the

gravitational forces of the Sun and the Moon (Murray and Dermott, 1999). Its present
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periodicity also called the precession constant is about 25,800 years (Laskar et al., 2004).
However, the astronomical precession that controls Earth’s climate, called the climatic
precession, arises from the combination of the precession constant and the precession of
perihelion. The precession of perihelion is related to the variation of the eccentricity, which
depends on the motion of the other planets. That’s why the climatic precession is modulated by
the eccentricity. If the eccentricity is zero, i.e., the orbit of the Earth follows a circle, the effect
of the precession of the equinoxes is also zero. Earth's climatic precession is characterised by
two main cycles of approximately 19,000 and 23,000 years (Hays et al., 1976). The effect of
precession on Earth's climate depends on the orientation of the rotational axis with respect to
Earth's orbit. If the axis is tilted toward the Sun (with the North Pole closest to the Sun) during
Earth's approach to its perihelion (the point in its orbit closest to the star), the summer in the
Northern Hemisphere will be particularly warm, while the winter in the Southern Hemisphere
will be mild (Figure 2.2). Conversely, when Earth moves towards its aphelion (the point in its
orbit farthest from the star), the Northern Hemisphere will experience a harsh winter, and the
Southern Hemisphere will have a milder summer (Berger and Loutre, 1994). As a result,
seasons will be more pronounced in one hemisphere and less so in the other. The effect of

precession is distinct and significant depending on the hemisphere being considered.
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Figure 2.2: From Imbrie, 1985: Variation in eccentricity, obliquity and precession over the past 800 ka
and their combined effect on insolation. The obliquity scale is in degrees. The insolation scale is in

standard deviation units.

2.1.5. Modelling and limitations of the astronomical parameters through

geological time

Since the significance of Earth’s orbital parameters on climate has been established, some
researchers have been dedicated to reconstructing past astronomical cycles (Williams, 1993).
The initial models that reconstruct the motions of celestial bodies and their implications on
Milankovitch parameters were solely based on physical theories and short-term astronomical
observations. These models are then used in the analysis of sedimentary successions through a
discipline known as cyclostratigraphy. By associating cyclic variations in the sedimentary
record (lithology, sediment colour, rock chemical and physical properties, etc) with orbital
cyclicities, this approach provides a mean to measure relative ages of the sedimentary series
(astrochronology) and insights into how Earth’s past climate responded to orbitally forced
insolation. However, these numerical models do have certain limitations; for instance, even a
minor variation of one meter in the initial position of a planet within the model can result in
significant differences among the analysed astronomical solutions after approximately ten
million years (Laskar, 1999).

Advancements in various astronomical models have given rise to multiple astronomical
solutions: Quinn91, La93, Varadi03, La04, Lal0 (Laskar et al., 2011, 2004, 1993; Quinn et al.,
1991; Varadi et al., 2003). Nonetheless, modelling the motion of celestial bodies beyond 65
million years remains a challenge (Laskar et al., 2011). To enhance these models, the data
acquired can no longer be based solely on astronomical observations. Geological insights now
complement the improvement of the models. Cyclostratigraphy, for example, provides the
duration of Milankovitch cycles, which are then utilized to calibrate the models on very long
timescales (Charbonnier et al., 2023; Westerhold et al., 2015; Zeebe and Lourens, 2022, 2019).
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2.2. Earth’s climate during the Cenozoic:

2.2.1. Mechanisms influencing Earth climate: external (orbital) versus internal

drivers

Various processes influence Earth's climate, and some of them are external to the Earth system
as the Astronomical parameters discussed in previous chapters. However, many other factors
also play a crucial role in shaping Earth's climate on different timescales. For example, the
movement of tectonic plates causes shifts in continental positions, significantly impacting
climate over tens to hundreds of millions of years (Boulila et al., 2018; Hay, 1996). The
formation of mountain ranges leads to increased erosion and dramatic changes in wind patterns,
influencing climate over tens of millions of years. Earth's volcanic activity can cause climate
variations spanning several million years down to just a few years (Nikolov and Petrov, 2014).
Additionally, the amount of CO> in the atmosphere plays a significant role in climate dynamics
over timescales ranging from millions to hundreds of years (Kump et al., 2000). Other factors,
such as cosmic rays and solar activity, have shorter-term effects, spanning up to several
thousand years at most. Some of these parameters create feedback loops, triggering chain
reactions. One such example is the albedo effect, where ice and snow reflect light, reducing
solar energy received on Earth, which in turn promotes further ice growth, leading to a snowball
effect. In contrast, external parameters like orbital cycles do not create feedback loops; they are
entirely independent of Earth's climate system and can cause shifts between glacial and
interglacial phases over periods of hundreds to tens of thousands of years (Berger and Loutre,
1994).

2.2.2. The Northern Hemisphere Glaciation (NHG) and its intensification

Early evidence of Northern Hemisphere glaciation, represented by isolated glaciers and small
ice caps reaching Greenland or Svalbard's coastlines, has been discovered through glaciogenic
microstructures on Palaeocene quartz sand grains (Immonen, 2013), as well as in Ice-Rafted
Debris (IRD) records from the middle Eocene (45 Ma) in the Arctic Ocean (Moran et al., 2006),
and from the middle Eocene (44 Ma) to early Oligocene (38-30 Ma) in the Greenland Sea
(Eldrett et al., 2007). However, it was only during the middle to late Miocene and Pliocene that
small-scale glaciations in the Arctic region became more frequent (e.g., Knies and Gaina, 2008),

and the late Pliocene marked the transition from local to extensive regional-scale glaciations in
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the Northern Hemisphere (Bailey et al., 2013; De Schepper et al., 2014; Kleiven et al., 2002)
(Figure 2.3).

While the first major glaciation in the southern hemisphere occurred around 35 million
years ago, the earliest recorded of major glaciation in the Northern Hemisphere is dated between
15 and 6 million years ago during the late Miocene (e.g., ODP Leg 151, 1994; (Eldrett et al.,
2007; Herbert et al., 2016; Jansen and Sjgholm, 1991; Maslin et al., 1995; Moran et al., 2006)
(Figure 2.3). This period saw a significant build-up of ice on Southern Greenland, but the
process gained more momentum around 3.5-3 million years ago when the Greenland ice sheet
expanded to include Northern Greenland (Figure 2.4). Evidence reviewed in (Maslin et al.,
1998) suggests that the initiation of large-scale Northern Hemisphere glaciation was the
culmination of a longer-term, high-latitude cooling (Maslin et al., 1998, 1996, 1995; Raymo,
1994).

The progressive spread of ice-sheets through the northernmost latitudes occurred during
episodes that seemed to have come on relatively suddenly, at least when considering a timescale
of several million years (Jakob et al., 2020). Stepwise episodes of widespread increase in
iceberg activity, indicated by grit dropped to the sea floor by melting bergs, and corresponding
falls in sea level indicating ice buildup on land surfaces, occurred at various intervals, including
2.74 Ma (corresponding to rapid glaciation of the Eurasian Arctic and Northeast Asia), 2.70 Ma
(glaciation of Alaska), and major glaciation of the North American continent at 2.54 Ma
(Schackleton et al., 1995) (Figure 2.4). However, the step-like nature of the ice rafting records
may conceal a more gradual process of ice build-up inland, as indicated by the progressive
6180 enrichment of deep-sea (benthic) isotope records (Schackleton et al., 1995). The ice-
rafting records only indicate when continental ice sheets were mature enough to spill over the
landmass onto adjacent oceans, and the events may not have been as sudden as they appear.

Numerous gradual processes, spanning millions of years, are believed to have played a
crucial role in setting the stage for Northern Hemisphere glaciation (Maslin et al., 1996; Maslin
et al., 1998). Tectonic changes, including the uplift of the Himalayan-Tibetan Plateau (Raymo,
1994; Raymo and Ruddiman, 1992; Ruddiman and Raymo, 1988; Zhisheng et al., 2001), the
deepening of the Bering Strait (Brierley and Fedorov, 2016; Haywood et al., 2016; Marincovich
and Gladenkov, 1999), and/or the formation of the Greenland-Scotland ridge (Uenzelmann-
Neben and Gruetzner, 2018), as well as the emergence of the Panama Isthmus (Haug and
Tiedemann, 1998; Jaramillo et al., 2018; O’Dea et al., 2016), have been proposed as significant

factors (Brierley and Fedorov, 2016; Raymo, 1994). However, these processes alone seem too
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gradual to fully account for the rapid onset of Northern Hemisphere glaciation, particularly
during the periods of rapid ice growth indicated by ice-rafting events.

In an attempt to explain the apparent abruptness of ice sheet evidence in each region,
Maslin et al. (1998, 1996) suggest that tectonic changes may have gradually brought the global
climate to a critical threshold. At this point, relatively rapid variations in the Earth's orbital
parameters (and thus insolation) triggered extensive Northern Hemisphere glaciation. This
theory is supported by computer simulations of the ice-and-climate system, indicating that it is
possible to build up Northern Hemisphere ice sheets within a relatively brief 200,000 years,
around 2.75 to 2.55 million years ago, by altering only the seasonal solar radiation pattern
controlled by orbital parameters (Maslin et al., 1998). Nevertheless, it is important to exercise
caution due to the relative simplicity of the model and the approximation of certain factors,
such as neglecting the differences in continental arrangement between the Pliocene and the

present.
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Figure 2.3: From Zachos et al., 2001: Global deep-sea oxygen records based on data compiled from
more than 40 DSDP and ODP sites. The 6180 temperature scale was computed for an ice-free ocean
[~1.2/1000 Standard Mean Ocean Water (SMOW)], and thus only applies to the time preceding the
onset of large-scale glaciation on Antarctica (~35 Ma). The vertical bars provide a rough qualitative
representation of ice volume in each hemisphere relative to the LGM, with the dashed bar representing
periods of minimal ice coverage (<50%), and the full bar representing close to maximum ice coverage

(>50% of present). Some key tectonic and biotic events are listed as well.
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2.2.3. The Mid-Pleistocene Transition and its impacts on glacial-interglacial

cycles

The Mid-Pleistocene Transition (MPT) represents a significant shift in Earth's climate system.
Early Pleistocene glacial-interglacial (G-1G) cycles were primarily paced by approximately
40,000-year obliquity cycles. However, after the MPT, G-IG cycles gradually intensified to
reach cycles of 100,000-year. It is still unclear if this cyclicity is related to the eccentricity
parameter or if it is the effect of multiple obliquity cycles (Berends et al., 2021). The precession
also plays an important role either by a combination with eccentricity or obliquity. The longer
G-I1G cycles exhibit an asymmetric pattern with gradual glacial growth and abrupt terminations.
These changes led to longer, colder, and dustier Late Pleistocene ice ages, characterised by
larger continental ice sheets and lower global sea levels (Chalk et al., 2017; Head and Gibbard,
2015, 2005).

The MPT occurred without any notable changes in orbital forcing, indicating an internal
shift within the climate system rather than an external influence. During the early Pleistocene,
subtle signs of this transition appeared, such as the saw-tooth asymmetry in glacial cycles,
which became more pronounced over time. Around 1.4 million years ago, there was a
significant decrease in the relative durations of interglacials, and the glacial cycles ceased to be
modulated only by obliquity forcing, marking a major transition in climate dynamics (Lisiecki
and Raymo, 2007, 2005).

Between 1.25 and 1.2 million years ago, low-frequency variability emerged, along with
increased power in the 70-kyr band and long-term global ice-volume increase (Head et al.,
2008). During this period, various adjustments occurred in the climate system, including the
intensification of the tropical Pacific Ocean and atmospheric circulation, evolution of the Asian
monsoon system, cooling and expansion of subarctic and polar water masses, cooling in
upwelling systems and the deep Atlantic Ocean, and changes to the thermohaline circulation
(McClymont et al., 2013 and references therein).

The progression of the MPT can be seen in the wavelet analysis of the LR04 stack, with
low-frequency variability gaining power at around 1000-900 thousand years ago and
intensifying around 700-650 thousand years ago. The transition from 41 kyr G-IG cycles to
100 kyr is considered complete by approximately 700 thousand years ago, as supported by
various studies (e.g. Clark et al., 2006), or at different points like 640 thousand years ago
(Hodell et al., 2008) or 420 thousand years ago (Billups et al., 2006).
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2.2.4. The enigmatic Mid-Brunhes Transition

Starting around 430,000 years ago (Marine Isotope Stage 11; Figure 2.4), interglacial periods
have experienced higher temperatures (Jouzel et al., 2007a) and increased concentrations of
atmospheric CO2 (Luthi et al., 2008a) compared to earlier interglacial periods within the last
800,000 years. Deep-sea foraminiferal 580 records have also confirmed the transition to
higher-amplitude interglacial periods, indicating reduced ice volume and/or warmer deep-ocean
temperatures (Lisiecki and Raymo, 2005).

Originally labelled as a singular Mid-Brunhes Event, the change in interglacial
amplitude was later redefined by Yin (2013) as the Mid-Brunhes Transition (MBT), denoting
a shift between two distinct climate states. The change from low-amplitude to high-amplitude
100,000-year variability around 430,000 years ago coincides with a period of reduced
eccentricity and precession variations. Similar orbital conditions occurred before and after the
MBT, but no comparable response was observed, suggesting that the MBT was due to an
internal change within the climate system (Barth et al., 2018). Several mechanisms have been
proposed to explain the MBT, including a latitudinal shift in the position of the Southern
Hemisphere westerlies leading to increased upwelling of respired carbon in the post-MBT
Southern Ocean (Kemp et al., 2010). Another proposed mechanism involves changes in
Antarctic Bottom Water formation due to insolation-induced feedbacks on sea ice and surface
water density (Yin, 2013).
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Figure 2.4: From Droxler et al. (2003): The benthic oxygen isotope record at ODP Site 849 from the
eastern equatorial Pacific Ocean in 3839 m of water depth (Mix et al., 1995) can be used as a reliable
proxy for ice volume and, therefore, climate and sea level changes for the last 5 My. Since the onset of
major glaciations in the Northern Hemisphere about 3.0 to 2.7 Ma, the Earth climate evolution displays
three main characteristics: (1) the gradual cooling of the Earth climate in the past 3.0 My, (2) the Earth
climate cyclic fluctuations first at about 41 ky per cycle linked to the variations of the tilt of the Earth
axis (or obliquity) and then at lower frequency of about 100 ky per cycle (or orbital eccentricity), and
(3) the transition from glacial MIS 12 (the heaviest glacial values with MIS 16) to interglacial MIS 11,
characterised by the first lightest values in the late Quaternary, therefore a unique glacial to interglacial

transition due to its extreme amplitude.
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2.3. Opening of the Atlantic Ocean and creation of the Brazilian

Equatorial Margin

The Brazilian Equatorial passive margin is the result of the opening of the Atlantic Ocean.
Evidence for the age and geographical extent of the rifting process can be found in sediment
accumulation along the margin. In the following sections, we offer a review of the primary

phases of this opening.
2.3.1. Phase 1

The Offshore Amazon Basin began accumulating sediments in the Late Triassic-Early Jurassic
period (235-194 Ma), during which it underwent deformation due to the Central Atlantic
opening (Figueiredo et al., 2007) (Figure 2.5). However, the precise impact of this event on the
Offshore Amazon Basin remains uncertain. While some authors propose that the region became
a relatively calm sag basin during the Late Triassic-Early Jurassic (Figueiredo et al., 2007),
others suggest that a branch of the Central Atlantic rift influenced the area (Soares Janior et al.,
2011, 2008). According to the latter group, this rift branch was initially active but got
abandoned near the Triassic-Jurassic transition, only to reactivate during the Early Cretaceous
(Soares Junior et al., 2011, 2008) (Figure 2.5). Soares Junior et al. (2008) termed this potential
early aborted rift as the "First event” within a three-phase model describing the Equatorial

Atlantic's opening.
2.3.2. Phase 2-3

The most significant rifting occurred in the Offshore Amazon Basin during the Early
Cretaceous, coinciding with the breakup of South America and Africa and the creation of the
Equatorial Atlantic Ocean (De Matos et al., 2000; Figueiredo et al., 2007; Soares Janior et al.,
2008). This rifting involved extensional and transform movements that resulted in complex
marginal sedimentary basins along the Equatorial Atlantic Margin (Figure 2.5). These basins
exhibited various subsidence phases and structural styles (De Matos et al., 2000; Soares Junior
et al., 2008). Soares Junior et al. (2011, 2008) divided the Early Cretaceous rifting into two
events (Second and Third events). According to them, during the Berriasian to the Aptian, the
Equatorial Atlantic's initial opening marked the second rifting event (Figure 2.5). This phase
reactivated, expanded, and extended the Late Triassic-Early Jurassic grabens from the First
Event, connecting the northern Offshore Amazon Basin's rift system (Cassipore Graben) with
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the newly formed Marajé Basin in the south (Figure 2.5). Subsequently, a Third Event (Albian)
created a rift system characterised by a sequence of normal faults propagating from SE to NW
along the Equatorial Margin, eventually leading to continental breakup (Figure 2.5). Soares
Junior et al. (2011, 2008) assert that after this third event, by the end of the Albian, oceanic
crust began to form in the Offshore Amazon Basin. Although the model of two Cretaceous
rifting events by Soares Junior et al. (2011, 2008) aligns with the geodynamic Equatorial
Atlantic model proposed by Basile et al. (2005). According to the latter authors, the opening of
the Equatorial Atlantic was dominated by divergent motions until the late Aptian. However,
Basile et al. (2005) states that from late Aptian deformation began to take place along intra-
continental transform faults leading to oceanic crust accretion during the latest Albian, thus
differing from the exclusively divergent rifting model proposed by Soares Junior et al. (2011,
2008) for the Amazon margin. Nonetheless, Basile et al. (2005) also categorises most of the
Offshore Amazon Basin and the conjugate African basin in Liberia as divergent margin

segments.
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Figure 2.5: Brazilian Equatorial Margin extensional events according to Soares Junior et al. (2008):
(A) First Event from Early Triassic to Late Triassic, highlighted in purple; (B-E) Second Event from
Berriasian to Apitian, highlighted in dark green and (F-G) Third Event during the Albian, highlighted
in light green. Note that the rifting the process in the northern part of the Equatorial margin is attributed

to extensional motions associated with normal faults, with no strike-slip faulting.

2.3.3. Syn-rift Formation

Study based on gravity and magnetic anomalies with seismically imaged basement and syn-rift
structures, reveals three distinct structural regions along the Amazon margin (Cruz, 2018)
(Figure 2.6). These regions align approximately with areas displaying varying Neogene
geodynamics-associated post-rift stratigraphic architectures as described by Cruz et al. (2019).
These regions are believed to correspond to distinct sub-basins: the Cassiporé sub-basin, the
Araguari sub-basin, and the Machadinho sub-basin, situated from NW to SE respectively
(Figure 2.6). These sub-basins' unique features are thought to mirror the intricate rifting
processes on the Amazon margin, which led to a diverse structural framework significantly
influencing sediment deposition from syn-rift to post-rift periods. The syn-rift megasequence
formed mainly during the Early Cretaceous, concurrent with the Equatorial Atlantic Ocean's
opening. This megasequence predominantly comprises the Cassiporé Formation's regressive
siliciclastic deposits (including fluvial-deltaic and lacustrine intercalated shales and fine
sandstones) and the Codd Formation's transgressive shales and calcilutites (Brandao and Feijo,
1994; Figueiredo et al., 2007). These formations were laid down within structural lows (grabens
and half grabens) and attain a maximum estimated thickness of 7 km (Branddo and Feijo, 1994;
Figueiredo et al., 2007).
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Figure 2.6: From Cruz (2018): Simplified structural framework of the Offshore Amazon Basin based on
an integrated analysis of seismic reflection and potential field data. Thin lines on the Araguari sub-
basin outer shelf-slope region represent faults recording gravity-driven deformation of the post-rift

sedimentary succession, simplified from Perovano et al. (2009).

2.3.4. Post-rift formation until the Amapa platform

Figueiredo et al. (2007) indicates that post-rift megasequence deposition commenced towards
the late Albian (around 102 Ma), marked by the Limoeiro Formation's onset, reflecting the

beginning of open marine sedimentation (Figure 2.7). Originally characterised by Schaller et
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al. (1971), the Limoeiro Formation constitutes interbedded sandy and muddy sediments that
extend beyond basin structural lows but attain their greatest thickness within them (Figure 2.7).
The Limoeiro Formation's maximum thickness is estimated at 2.5 km (Branddo and Feijo,
1994). Brandao and Feijo (1994) describe varying deposition conditions ranging from fluvial
to bathyal, encompassing diverse depositional environments. The deposition of the Limoeiro
Formation ends during the Early Paleocene (Danian) (Figure 2.7).

OFFSHORE AMAZON BASIN
CASSIPORE SUB-BASIN ARAGUARI SUB-BASIN MACHADINHO SUB-BASIN
region

Northwest region Central region
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Figure 2.7: From Cruz, 2018: Stratigraphic charts of the three sub-basins of the Offshore Amazon
Basin.

Figueiredo et al. (2007) propose that the second post-rift megasequence was deposited
from the Late Paleocene to the Middle Miocene (Figure 2.7). During this phase, Brandao and
Feijo (1994) identify three coeval formations: the proximal Marajéo Formation (comprising
siliciclastic sediments), the laterally extensive Amapa Formation (consisting of shelfal
carbonates), and the distal Travosas Formation (dominated by muddy sediments across the
slope and deep basin).

As per Carozzi (1981), the Amapa Formation likely represents a significant coralgal-
foraminiferal platform, mainly formed through substantial bioaccumulation of red algae and
large foraminifers. The Amapa Formation's carbonate evolution is described by Carozzi (1981)
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and Wolff and Carozzi (1984) in terms of four major depositional cycles (Figure 2.7),
punctuated by widespread subaerial exposure:

* Cycle I: Paleocene to Early Eocene, reflecting the establishment of a mixed carbonate-
siliciclastic platform featuring a broad lagoonal environment, oolitic shoals, and intermittent
foraminifer banks surrounded by mechanically reworked calcarenites. This cycle lacks red
algae deposits and the outer shelf is predominantly composed of nummulitid banks.

* Cycle II: Middle Eocene, indicating the expansion of carbonate-dominated
environments and the development of a wide belt of large foraminifer and red algae banks,
along with their reworked calcarenites. The widening belt leads to a narrower lagoon landward
and promotes the seaward progradation of outer shelf bank deposits over the previous cycle's
slope deposits. Proximal fan delta and lagoonal shale conditions remain restricted behind the
carbonate platform during this deposition.

* Cycle III: Late Eocene to Late Oligocene, showcasing the stabilization and further
expansion of carbonate-dominated environments. However, during this cycle, a series of
canyons/troughs partially filled with olistoliths and shales start to cut through banks/atolls in
the central shelf.

* Cycle IV: Early to Middle Miocene, recording the "destruction" of the carbonate shelf.
The previous large foraminifer belt vanishes, replaced by outer shelf red algae banks. Increased
shelf breaching leads to canyons forming on the central shelf, and the previous lagoonal
environment shifts to open marine conditions.

Numerous studies have proposed that the Offshore Amazon Basin's shelfal carbonate
sedimentation ceased due to significant influxes of terrigenous sediments (Figure 2.8) around
the transition from the Middle to Late Miocene (Branddo and Feijo, 1994; Carozzi, 1981;
Figueiredo et al., 2007; Schaller et al., 1971). This influx of terrigenous material is attributed
to the initiation of a transcontinental Amazon River. Nevertheless, the cause of such a

terrigenous influx into the basin and the timing of this event have sparked debates.
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2.4. Andean orogeny

2.4.1. The main stages of the orogeny

The Andean orogeny, a complex geological event ongoing for approximately 150 million years,
has primarily sculpted the Andes Mountains along the western margin of South America (James
and Sacks, 1999; Sempere et al., 1990). Originating in the Late Jurassic period, this orogenic
system was initiated by the subduction of the Nazca Plate beneath the South American Plate. It
has encompassed a series of intricate deformation events, volcanic activities, and metamorphic
transformations, significantly influencing both the northern and central segments of the Andes
(Bayona et al., 2008; Mora et al., 2010).

Following its inception during the Jurassic to Early Cretaceous periods, the continental
margin underwent substantial deformation. Concurrently, the development of magmatic arcs
and the accumulation of sediments in the forearc and back-arc basins facilitated the formation
of fold-thrust belts (Charrier et al., 2007). Subsequently, from the Late Cretaceous to the
Paleogene, the collision of various terranes with the South American continental margin

resulted in intense crustal shortening and thickening (Cobbold et al., 2007). This compression
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gave rise to the uplift of the Western Cordillera, thereby laying the groundwork for modern
Andean topography (Mpodozis and Ramos, 1990) (Figure 2.9).

Deformation in the northern and central Andes has been generally episodic,
characterized by brief, intense pulses of contraction, interspersed with periods of tectonic
quiescence or extensional collapse (Noble et al., 1990). Following a prolonged period of relative
tectonic inactivity during the Late Oligocene and earliest Miocene (Noble et al., 1990), the
Central Andes experienced two distinct phases of compressional deformation. According to
Steinmann et al. (1999), a major compressional event around 18 Ma affected the Ecuadorian
Andes, while Noble et al. (1990) and Wise et al. (2008) dated the Quechua | tectonic event in
the Peruvian Andes to approximately 19 Ma and 17 Ma, respectively. Steinmann et al. (1999)
also documented a later phase of regional compressive deformation in the Ecuadorian Andes
between 9.5 and 6 Ma, with peak activity occurring from 9 to 8 Ma. Wise et al. (2008) assigned
an age of around 8.7 Ma to the Quechua Il compressive event in the Peruvian Andes.

Concurrently, significant transitions in the Nazca plate's subduction direction and
dipping angle under the Ecuadorian-Peruvian Andes occurred. Rousse et al. (2002) reported
that around 8 Ma, strata in the Peruvian Andes experienced rapid uplift and substantial rotation
when subduction possibly “froze and the entirety of Nazca—South American plate convergence
was accommodated by shortening in the continent”. Around 7 Ma, the Nazca-South American
convergence system transitioned from steep slab subduction under the Peruvian Andes to a low-
angle flat slab subduction (Espurt et al., 2008). This suggests that northern South America
underwent a critical juncture in its geodynamic history around 8-7 Ma, potentially altering the
region's geodynamic behaviour.

In the Quaternary period, the modern Andes have continued to evolve through ongoing
tectonic processes such as earthquakes, volcanic eruptions, and glacial erosion (Figure 2.9).
Recent studies aim to elucidate the intricate relationships among tectonics, climate, and surface
processes in shaping the present landscape (Ehlers and Poulsen, 2009; Montgomery et al.,
2001).
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Figure 2.9: From Horton (2018): Maps of (A) tectonic framework, (B) topography, and (C)
sedimentary basin configuration of South America. (A) Map of plate boundaries, Andean magmatic arc
(including the northern, central, and southern volcanic zones), regions of flat slab subduction, modern
stress orientations from earthquake focal mechanisms, eastern front of Andean fold-thrust belt, and key
segments of the retroarc foreland basin system. Plate velocities are shown relative to stable South
American plate. (B) DEM topographic map showing the Andes mountains and adjacent foreland region,
including the Amazon, Parana, Orinoco, and Magdalena (Mag) river systems. (C) Map of Andean
retroarc basins, showing isopach thicknesses (in km) of Cretaceous-Cenozoic basin fill, forebulge axis,
and locations of 13 sites (8 foreland basins, 5 hinterland basins) considered in this synthesis.

2.4.2. Evolution in drainage basins of northern South America

The Amazon drainage basin represents a region of high heterogeneity, where geological history,
landscape, climate, soils, and biota have evolved in concert with large-scale subduction

processes stemming from the Nazca-South America convergence system (Roddaz et al.,
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2005a). From the Oligocene to early Miocene (approximately 30-20 Ma), uplift of the Andes
significantly influenced drainage systems in northern South America, primarily due to the
subduction of the Nazca Plate beneath the South American Plate (Garzione et al., 2008; Hoorn
et al., 2010). This uplift resulted in the reorganization of major fluvial systems, such as the
Amazon and Orinoco, which were initially westward-draining but later reoriented to their
current eastward and northward flow patterns, respectively (Latrubesse et al., 2010) (Figure
2.10).
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Figure 2.10: From Hoorn et al. (2010): Paleogeographic maps of the transition from “cratonic” (4 and
B) to “Andean”-dominated landscapes (C to F). (A) Amazonia once extended over most of northern
South America. Breakup of the Pacific plates changed the geography and the Andes started uplifting.
(B) The Andes continued to rise with the main drainage toward the northwest. (C) Mountain building in
the Central and Northern Andes (~12 Ma) and wetland progradation into Western Amazonia. (D) Uplift
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of the Northern Andes restricted “pan-Amazonia” and facilitated allopatric speciation and extirpation
[e.g., (21)]. (E) The megawetland disappeared and terra firme rainforests expanded; closing of Panama
Isthmus and start of GABI. (F) Quaternary.

Consensus exists that until at least the Late Miocene, the Purus Arc, a subsurface
structural high in central Amazonia, acted as a barrier separating two drainage systems: a
western system extending from the Andean range to the Caribbean and an eastern Proto-
Amazon River draining the Guiana and Brazilian cratonic shields toward the Atlantic Ocean
(Campbell et al., 2006; Figueiredo et al., 2009; Latrubesse et al., 2010). During the Early
Miocene (from ~23 Myr bp), an inland fluviolacustrine/marginally marine Amazonian system
partially flooded northwest South America, with regional drainage mainly directed northward
toward the Caribbean (Hoorn, 1993; Hoorn et al., 1995; Résanen et al., 1995; Vonhof et al.,
2003). By the Late Miocene (10.5-5.3 Ma), a complex system of rivers, deltas, and estuaries
had evolved along the onshore Amazon basin, flowing toward the Atlantic Ocean, a
development supported by sediment provenance, paleo-transport direction, and biostratigraphic
studies (Hoorn, 1993; Hoorn et al., 1995; Rasanen et al., 1995; Roddaz et al., 2005a) (Figure
2.10).

Mora et al. (2010) suggest that the Late Miocene transition from a filled to an overfilled
Amazonian foreland, followed by the Late Miocene-Pliocene uplift of the Vaupés Swell, led to
the permanent separation of the Orinoco and Amazon drainage basins. Any remaining
Amazonian-Caribbean connection was definitively severed by the Late Miocene (Hoorn et al.,
1995), and the Amazon River reached its present configuration from the Plio-Pleistocene
onward (Figueiredo et al., 2009; Hoorn et al., 1995).

During the Early and Middle Miocene, a restricted eastward-flowing Paleo-Amazon
River likely drained to the Atlantic coast (Figueiredo et al., 2009) (Figure 2.10). Stratigraphic
data suggest that the Purus arch (Figure 2.11) limited this fluvial system westward, separating
the Solimbes and Amazonas basins and confining the Amazonian mega-wetland to the west
and the Paleo-Amazon River to the east. Major Miocene changes in drainage patterns and the
formation of the Amazon River are attributed to uplift in the northwest Andes (Marshall and
Lundberg, 1996; Roddaz et al., 2006, 2005a, 2005b). This uplift caused flexural subsidence in
the foreland basins, redirecting a significant portion of northwest Amazon basin drainage along
the northward-flowing Paleo-Orinoco and Magdalena rivers to the east (Hoorn et al., 1995).
Landscape evolution has also been linked to Early Tertiary to Holocene intraplate tectonics,

which include subsidence linked to a low-rate extension contributing to a structural low (Costa
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etal., 2001). Additionally, the Late Miocene (~11 Myr bp) is marked by a significant sea-level
drop, contributing to the disappearance of the Amazonian mega-wetland (Haq et al., 1987,
Hoorn et al., 1996).

Shephard et al. (2010) propose that the formation of the modern Amazon River was
largely driven by mantle-convection-driven subsidence and uplift of the western regions of
South America. Subsidence of approximately 10-20 m/Myr in eastern South America, due to
its movement over sinking slab material in the lower mantle, facilitated the river's formation.
Paleo-geographic reconstructions indicate significant uplift in the west and subsidence in the
central and eastern basins from 14 Myr bp to the present, with up to 400 m of subsidence
occurring at the Amazon's mouth between 60 Myr bp and the present.

Around the Pliocene to Pleistocene boundary (approximately 5-2 Ma), the closure of the
Isthmus of Panama precipitated significant oceanographic and climatic changes, affecting the
hydrological balance of northern South America (O’Dea et al., 2016). This closure also

impacted sediment supply and fluvial architecture across the region (Sepulchre et al., 2014).
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Figure 2.11: From Albert et al. (2018): Principal landforms controlling basin connectivity in northern
South America. Structural arches (dashed lines) of diverse geological origins partially bounding
sedimentary basins. Sedimentary basins in orange draining to the Caribbean; in yellow to the Atlantic.
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Note the Guiana Shield is composed mostly of the northern Amazon Craton, the Brazilian Shield by the
southern Amazon craton, and the Atlantic Shield by the Sdo Luis, S&o Francisco, Luis Alves and Rio de

la Plata cratons, all overlaid in parts with Palaeozoic sedimentary formations.

2.5. Shift in the Amazon margin sedimentation

2.5.1. The transcontinental Amazon event

The Amazon River, with a drainage basin covering 5.8 million km? and an average water
discharge of 6,642 km3/year, serves as the world's largest river (Dai and Trenberth, 2002;
Roddaz et al., 2005a). Its geological history, particularly the evolution from an intracratonic
drainage system to a transcontinental river, remains an area of active debate. Until the Late
Miocene, the Purus Arc, a structural high in central Amazonia, acted as a barrier between two
distinct drainage systems: a western system flowing from the Andean range to the Caribbean,
and an eastern Proto-Amazon River flowing to the Atlantic Ocean (Campbell et al., 2006;
Figueiredo et al., 2009; Latrubesse et al., 2010). These two drainage systems eventually merged
into the single transcontinental Amazon River, extending from the Andean range to the Atlantic
Ocean. However, consensus on when and how this inversion occurred is lacking.

One of the primary challenges in understanding this history is the limited access to the
modern Amazon drainage basin. The dense rainforest restricts most outcrop investigation,
allowing research only on a few river banks and road cuts (Latrubesse et al., 2010; Nogueira et
al., 2013). Sparse well and borehole data acquired for oil exploration in the western Amazonian
basins also prove to be less than ideal for academic research (Hoorn, 1994; Latrubesse et al.,
2010; Soares et al., 2017). Furthermore, inconsistent naming conventions and different
approaches to sedimentary formations across national borders in the western Amazon
complicate regional geological understanding.

Some of the earliest estimates for the transcontinentalization of the Amazon river were
based on studies of the Offshore Amazon Basin, where evidence of Miocene onset was
identified (Carozzi, 1981; Figueiredo et al., 2007; Hoorn et al., 2010; Schaller et al., 1971).
However, these initial estimates have been revised over time. Carozzi (1981) suggested an early
Middle Miocene onset, whereas Hoorn et al. (2017) later proposed a Late Miocene age between
9.4-9 Ma, a difference of at least 4.4 Ma.

Recent onshore studies have challenged the Miocene assumption, suggesting that the

transcontinental Amazon River may be younger (Campbell et al., 2006; Latrubesse et al., 2010;
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Nogueira et al., 2013; Ribas et al., 2012; Rossetti et al., 2015). For example, Latrubesse et al.
(2010) argued for a connection between western and eastern fluvial systems no earlier than ~5
Ma, leading to a regional integration of the Amazon fluvial system in the early Pliocene.
Conversely, Campbell et al. (2006) proposed a lacustrine environment dominating the western
Amazon until the earliest Quaternary (~2.5 Ma), when eastward flow began. Disagreements
and alternative explanations further add complexity to understanding this transformative phase
in the Amazon's history.

The Amazon's connection with Andean orogeny during the Late Miocene has also been
considered (Damuth and Kumar, 1975; Figueiredo et al., 2009; Hoorn et al., 2017, 1995; Silva
et al., 1999). However, the correlation between Andean orogenic phases and events in the
Offshore Amazon basin is fraught with uncertainty. Varied methodologies and study areas have
led to different estimated ages for Andean orogenic phases, with an overall agreement on the
timing of intense orogeny after 10 Ma, including significant phases around 9-8 Ma and 6-5 Ma
(Bermudez et al., 2011; Garzione et al., 2008; Hungerbuhler et al., 2002; Rousse et al., 2002;
Steinmann et al., 1999).

2.5.2. Age of the Amapa platform burial

In the offshore Amazon basin, the cessation of carbonate sedimentation on the Amapa platform
has been a subject of debate and continuous revision. Initial studies positioned this event within
the middle Miocene, a time frame established through research by Schaller et al. (1971) and
Carozzi (1981). However, more nuanced interpretations emerged with studies by Brand&o and
Feijo (1994) and Wolff and Carozzi (1984), proposing a cessation at the boundary between the
middle and late Miocene.

A critical advancement came with Silva et al. (1999), who were the first to pinpoint a
specific age of 10 Ma for the top of the carbonate platform. Subsequent research based on
calcareous nannofossil zonations further refined this age, with Figueiredo et al. (2009)
estimating between 11.8 and 11.3 Ma. Campbell (2010) challenged this, leading to a revision
to 10.5 Ma by Figueiredo et al. (2010). In a more comprehensive study, Gorini et al. (2014)
found variations across the basin, dating the end of sedimentation between 9.5 and 8.3 Ma on
the Central shelf, with younger dates on the NW shelf. Finally, Cruz et al. (2019) proposed that
terrigenous sediments prograded across the entire NW shelf, leading to the cessation of
carbonate production on the Amazon continental shelf, only after the central embayment was

completely infilled by Amazonian sediments at around 3.7 Ma.
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The nature of the transition from carbonate to terrigenous sedimentation in the Offshore
Amazon Basin remains under dispute. Carozzi (1981) interpreted the top of the carbonate
platform as being marked by a large transgression due to sea-level rise, whereas Figueiredo et
al. (2009) associated it with a “regional unconformity” connected to the Serravallian/Tortonian
eustatic fall as highlighted by Hagq et al. (1987). More recently, Gorini et al. (2014) used seismic
and well data to demonstrate that the carbonates are overlain by shelf clinoforms, suggesting
the carbonate-siliciclastic boundary is a flooding surface.

2.5.3. The Amazon deep-sea fan discovery and study

The continental slope beyond the shelf is characterised by the lobate form of the Amazon fan,
a significant sedimentary depocenter reflecting a rise in siliciclastic influx since the late
Miocene (Silva et al., 1999).

The discovery and understanding of deep-sea fans and turbidity currents have evolved
significantly over time, driven by advances in technology and scientific exploration. The
concept of turbidity currents was initially inspired by observations of 'flysch' deposits in the
Alpine region, where sediment-laden water flowed down the continental slope and deposited
materials on the deep ocean floor. However, the dynamics and mechanisms of turbidity currents
were not fully understood during the early 20th century (Mutti et al., 2009; Shanmugam, 2016).

In the mid-20th century, advancements in oceanography and seafloor mapping allowed
scientists to study the ocean floor in more detail. Direct observations of deep-sea fans and
turbidity currents were made using submersibles and sonar technology, and submarine canyons
were identified as potential pathways for turbidity currents to reach the deep ocean.

The late 20th century saw significant progress with the advent of deep-sea drilling and
coring techniques. Sediment samples from deep sea fans became accessible, providing valuable
insights into the depositional processes and sedimentary structures associated with turbidity
currents.

The Amazon deep-sea fan came into focus during geological and geophysical surveys
conducted by the oil industry in the late 1970s and early 1980s. Seismic data revealed the
presence of a massive submarine sedimentary fan system in the Amazon basin, stretching over
almost 400 km along the slope to depths of more than 4000 m (Damuth et al., 1983; Damuth
and Kumar, 1975; Kuehl et al., 1986; Milliman et al., 1975).

In 1994, the Ocean Drilling Program's expedition (ODP leg 155) significantly increased
data on the Amazon fan region. Researchers studied sediment cores and conducted detailed

analyses of sediment transport, sedimentation rates, and composition, providing valuable
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insights into the fan system's dynamics and evolution (Flood et al., 1995; Haberle, 1999; M.
Maslin et al., 1998).

Since then, numerous studies have looked into the formation and functioning of the
Amazon deep-sea fan. In 2023, the French vessel Marion Dufresne embarked on the Amagas-
Amaryllis mission, focusing on two primary topics: gas hydrates and their potential impact on
submarine landslides if destabilized, and paleoclimate reconstruction along the equatorial
margin. This recent expedition offered valuable data for furthering our knowledge of the deep-

sea fan's complex features.
2.5.4. Age of the deep-sea fan initiation

Historically, the initiation of Amazon fan deposition has been linked to the suppression of
carbonate sedimentation on the shelf (Figueiredo et al., 2009, 2007; Schaller et al., 1971; Silva
etal., 1999).

Early research on the Amazon fan's inception can be traced back to the studies by
Damuth and Kumar (1975) and Damuth et al. (1983). Through an extrapolation of the latest
Quaternary sedimentation rates obtained from core samples, these studies proposed an initiation
between 16.5 and 8 Ma during the middle to late Miocene. This broad range was later narrowed
down through correlation techniques involving well data and seismic profiles.

Silva et al. (1999), alongside Figueiredo et al. (2009, 2007), used these correlations to
propose more constrained ages between 11.8 and 10.5 Ma for the base of the Amazon fan. This
methodology allowed for a more refined understanding of the stratigraphy and sedimentological
characteristics of the fan.

However, further refinement came with Hoorn et al. (2017), who used planktonic
calcareous nannofossil zonations in a single well, calibrated to the international time scale of
Gradstein et al. (2012). This approach provided an even more specific age range of 9.4 to 9 Ma
for the base of the fan. Hoorn et al.'s findings also led to an intriguing hypothesis that the
Amazon fan could post-date the cessation of shelfal carbonate sedimentation by 1 to 1.5 Myr.

2.5.5. Deposition of the silico-clastic series along the margin

The characteristics of the third post-rift megasequence in the Offshore Amazon Basin are
distinct from the coeval units in other basins of the Brazilian Equatorial Margin, such as the
Parad-Maranhdo, Barreirinhas, Ceard, and Potiguar basins. In these other basins, tectonic

stability coupled with a low terrigenous sediment supply allowed the continued deposition of
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shelfal carbonates up to the Recent period. Conversely, in the Offshore Amazon Basin,
carbonate production was interrupted during the Late Miocene by a substantial influx of
terrigenous sediments, leading to the burial of the existing carbonate platform and the

subsequent development of the Amazon Fan on the slope and abyssal plain (Cruz et al., 2019;
Figueiredo et al., 2007) (Figure 2.12).
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Figure 2.12: From Cruz et al. (2019): A - Structural framework compiled from Schaller et al. (1971)
and Perovano et al. (2009). Faults associated to gravity tectonics are compiled from Perovano et al.
(2009) and Reis et al. (2010). B to E - Two-way travel time (s) maps of stratigraphic surfaces mapped
in the work of Cruz (2018), coupled with bathymetric maps (m) of the present-day Amazon shelf. Paleo-
shelf edge positions defined from interpreted seismic data are shown as thick coloured lines. In B, note
that the shelf edge position in the central region at ca. 24 Ma was nearly coincident with the most
proximal gravity tectonic-related faults. Also note that the large embayment formed due to shelf-edge
retrogradation in the Central shelf was filled between ca. 8-3.7 Ma and only then was carbonate

sedimentation completely suppressed on the NW shelf.

This sedimentary influx shaped the uppermost megasequence, comprising the
formations of the Para Group, which include the proximal Tucunaré Formation characterised

by coarse to fine sands, the laterally continuous Pirarucu Formation composed mainly of fine
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sands and muddy sediments, and the Orange Formation, distinguished by distal muddy
sediments with interspersed layers of fine sands deposited by turbidity currents (Figueiredo et
al., 2007).

Silva et al. (1999) portrayed the third post-rift megasequence as a fluvial deltaic-
continental slope progradational prism with variable thickness—up to 9 km thick in the
northwest part of the Amazon Fan, and around 1.2 km thick elsewhere in the basin. These
authors also revealed that the Offshore Amazon Basin experienced significant flexural isostatic
subsidence as a result of the sedimentary load of the Amazon Fan (Figure 2.13). This finding
aligns with the flexural subsidence models developed by Driscoll and Karner (1994), who
discovered that the load of the Amazon Fan induced subsidence of up to 2.3 km beneath the
primary depocenter and a corresponding peripheral bulge, leading to an onshore uplift of as
much as 50 meters. Additionally, Driscoll and Karner (1994) hypothesized that the flexural
subsidence prompted by the load of the Amazon Fan could have created roughly 200-300
meters of accommodation space near the present-day coastline since the Middle Miocene.
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Figure 2.13: From (Cruz et al., 2019): Graphs summarizing calculations of the non-eustatic
accommodation space required for the deposition of each Neogene sedimentary unit on the Amazon
shelf.
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2.5.6. The Great Amazon Reef System, from hypothesis to proof

The existence of a carbonate reef structure along the Amazon Continental Margin (ACM) was
initially hypothesized in the 1970s by Kempf (1970) and Milliman et al. (1975). This idea
gained support from observations of reef-associated fish and sponges made by Collette and
Ritzler (1977) and Moura et al. (1999). Finally, Moura et al. (2016) published crucial findings
from a significant campaign that unveiled the composition and extent of the so-called "Amazon
extensive reef system™ (Figure 2.14). This discovery challenged conventional perceptions, as it
revealed the possibility of carbonate development despite the challenging conditions posed by
the large amount of sediment carried by the Amazon River (with an annual suspended-sediment
load of 1.2 109 tons, Meade et al., 1985). This reef system is currently active, and humerous
studies have documented a diverse array of reef-associated living organisms along the entire
margin at depths ranging from 70 to 220 m (Banha et al., 2022; De Mahiques et al., 2019;
Francini-Filho et al., 2018; Vale et al., 2022, 2018) (Figure 2.14). This reef system primarily
consists of black corals, sponges, and red algae (De Mahiques et al., 2019; Francini-Filho et al.,
2018; Moura et al., 2016; Vale et al., 2022, 2018).

Since the revelation of the Amazon Reef System in the past decade, there has been a
noticeable decrease in oil exploration and exploitation activities along the ACM, sparking
debates regarding the size and age of the reef. Moura et al. (2016) initially proposed an
extension of over 9,500 km? for the Amazon Reef System (Figure 2.14). Subsequently,
Francini-Filho et al. (2018) significantly increased the estimated living reef area by a factor of
five, suggesting a size of 56,000 km? for the Amazon Reef System (Figure 2.14). In contrast,
dos Santos Filho et al. (2022), relying on bathymetric, surface sediments, and 2D seismic
reflection data, conducted a revision of the extension, ultimately reducing the size of the reef
system to 13,478 kmz2 (Figure 2.14).
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Figure 2.14: Bathymetric map of the NW Equatorial Brazilian Margin, a thick blue arrow shows the
North Brazilian Current (NBC). The extension of the Great Amazon Reef System calculated by Moura
etal. (2016) Francini-Filho et al. (2018) and dos Santos Filho et al. (2022) is represented by superposed
coloured area in light blue, dark blue and yellow respectively. The 3D seismic block studied is

delimitated by red geometry.
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2.6. Physical parameters influencing marine deposition along the

Amazon Margin

Equatorial continental shelves are very dynamic regions, as they are affected by distinct
forcings. These include wind, tides, river input, surface waves, western boundary currents, and
large-scale ocean circulation (Aguiar et al., 2022; Lentz and Fewings, 2012; Nittrouer and
Wright, 1994; Parra et al., 2016). The Brazilian Equatorial Shelf is subject to these energetic
forcings, such as resonant semidiurnal macrotides, significant buoyancy flux from the Amazon
River, northeasterly and southeasterly trade winds, and intense flow along the continental
margin associated with the North Brazilian Current. These forces play a crucial role in the
dispersion of the Amazon freshwater discharge and its associated suspended sediment (Muller-
Karger et al., 1988; Nikiema et al., 2007). Moreover, the Brazilian Equatorial Shelf, with its
unique features, plays a significant role on Earth; its circulation is a major component in the
interhemispheric exchange of freshwater (Stramma et al., 2003), as well as heat, and energy
(Dengler et al., 2004; Johns et al., 2003), thereby exerting a substantial influence on global

ocean circulation.
2.6.1. Winds

Trade winds are a prominent feature of intertropical atmospheric circulation, forming the
surface portion of the Hadley cells. These winds are characterised by a flow directed from the
tropics to the equator in both hemispheres, culminating in the formation of the Intertropical
Convergence Zone (ITCZ). The ITCZ's position fluctuates seasonally in response to variations
in Sea Surface Temperature (SST). During the boreal winter, an increase in SST in the South
Atlantic causes the ITCZ to shift southward. Conversely, during the boreal summer, the ITCZ
moves northward (Adam et al., 2016; Ruggiero, 2008; Schneider et al., 2014). This seasonality
in the ITCZ leads to changes in the wind pattern over the Brazilian Equatorial Shelf. During the
boreal winter and spring, winds tend to blow preferentially from the northeast, while
southeasterly winds are prevalent during the boreal summer and fall. These shifts in wind
dynamics subsequently influence the circulation and distribution of upper ocean parameters
(Aguiar et al., 2022).

68



2.6.2. Tides

Tides along the Brazilian Equatorial Shelf are primarily driven by deep ocean tides (Geyer et
al., 1996). The semidiurnal tidal components (M2, S2, and N2), are generally recognized as
dominant in the equatorial Atlantic Ocean (Nittrouer and DeMaster, 1996), and they exhibit
strong fortnightly modulations, such as spring and neap tides. The Amazon Continental Shelf's
response to these semidiurnal ocean forces is highly intricate, owing to both the Amazon
mouth's geography and the shelf bathymetries. Specifically, the M2 tidal wave propagates
perpendicular to the coast, influencing the Amazon and Tocantins rivers, as well as the Amazon
River mouth and the Amazon Continental Shelf between latitudes 1° N and 4 N. Within this
region, the M2 wave achieves its maximum amplitude at the point where the shelf width is at
its greatest, thereby creating quasi-resonant conditions (Geyer et al., 1996). A study by
Beardsley et al. (1995) revealed that the M2 component plays a critical role in the Amazon
Continental Shelf circulation, accounting for approximately 70% of tidal variability. This force
induces potent currents, which can reach 2 m/s during spring tides, and elevations with
amplitudes surpassing 1.5 m near the coast. Additionally, the M2 amplitude has been observed
to increase to 1.75 m at around 2° N (Fontes et al., 2008). In contrast, the lunar diurnal
constituent of tides in the ACS, primarily represented by K1 and Ol components, have
markedly smaller amplitudes, generally ranging from 0.06 to 0.08 m over the shelf (Aguiar et
al., 2022).

2.6.3. Currents

The surface circulation in the ocean region adjacent to the Brazilian Equatorial Shelf (BES) is
dominated by the North Brazil Current (NBC) (Figure 2.15). The NBC is responsible for the
transport of heat and water mass across the equator. The NBC is a well-established western
boundary currents formed by the bifurcation of the South Equatorial Current (SEC), and it
exhibits seasonal variability (Johns et al., 1990; Richardson and Walsh, 1986; Silvaet al., 1999).
NBC velocities can exceed 1 m/s, as observed in previous studies (Flagg et al., 1986; Geyer et
al., 1996; Geyer and Kineke, 1995). According to Johns et al. (1998), the NBC ranges from a
maximum transport of 35 Sv in July and August to a minimum of 13 Sv in April and May in
the upper 300 m at 4°S. This current feeds the equatorial countercurrent system and exports
surface waters from the South Atlantic into the North Atlantic (Johns et al., 1998; Stramma et
al., 2003).
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The NBC is intermittent at the surface. Flowing off the BES, it can take two paths: it
flows northwestward or retroflects eastward, feeding the North Equatorial Counter Currents
(NECC; see Figure 2.15). Retroflection occurs with greater magnitude in the boreal summer
and fall, weakening in winter, and may even disappear in spring (Garraffo et al., 2003; Johns et
al., 1998). The NBC retroflection system comprises retroflections at different times, latitudes,
and depths, as well as eddies shed along the western boundary (Richardson et al., 1994). These
retroflections contribute to the transport of the Equatorial Undercurrent (EUC) and the North
Equatorial Countercurrent (NECC) (Bourles et al., 1999; Goes et al., 2005; Schott et al., 1995;
Stramma and Schott, 1999).

Regarding the vertical structure of the BES circulation, the NBC core is shallow (20 m)
and found over the shelf in May. In November, however, the core is observed off the shelf break
and becomes deeper (100 m). Just north of the Amazon River mouth (2°N), a well-mixed region
extends over the shelf to about 120 km in both May and November, followed by a 10 m deep
plume, which reaches 220 km and 200 km in May and November, respectively. South of the
river mouth (1°S), the mixing zone and the plume are observed only in May. In the retroflection
region (5°N), the freshwater core is close to the coast in May, while it is more advected eastward
by the NBC retroflection in November (Aguiar et al., 2022). The results of Aguiar et al. (2022)
showed that the NBC exhibited the strongest flow when all forcings, including winds, tides,
and river discharge, were included in the simulation. Thus, these factors work in concert with
NBC dynamics (Aguiar et al., 2022).
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Figure 2.15: From Dengler et al. (2004): Circulation in the western tropical Atlantic. Schematic
representation of mean currents and eddy generation at the western boundary of the tropical Atlantic
with warmwater pathways in red and North Atlantic Deep Water pathways in blue. Current branches
indicated are the south equatorial current (SEC), the north Brazil current (NBC), the equatorial
undercurrent (EUC), the north equatorial undercurrent (NEUC) merged with the north equatorial
counter current (NECC) and the deep western boundary current (DWBC) with alternating zonal flows

marked at the Equator. Depth contours are also shown.

2.6.4. River inputs

The Amazon drainage basin represents 6.1 x 10° km?, and the Amazon River discharges 1.7 x
10° m¥s into the Equatorial Atlantic Ocean (Dagg et al., 2004; Dai and Trenberth, 2002;
Milliman and Meade, 1983; Wright and Nittrouer, 1995). The maximum flow (2.2 x 10° m?/s)
occurs in May, while the minimum flow (on average 10° m%/s) occurs in November (Richey et
al., 1986). This plume influences the salinity distribution hundreds of kilometers along the coast

71



(Lentz, 1995). The freshwater plume forms after a mixing zone and maintains most of its
characteristics even as it enters the open ocean (Figure 2.16).

Molleri et al. (2010) investigated the space-time variability of the Amazon River plume
using satellite data from 2000 to 2004. They found that the freshwater plume (waters with a
salinity lower than 34) is transported by the North Equatorial Countercurrent (NECC) in the
Equatorial Atlantic Ocean, between approximately 5°N and 10°N, during September and
October. In contrast, the plume remains confined to the coast during other months. From August
through October, typically 70% of the Amazon plume is deflected eastward in the NECC along
the NBC retroflection (Lentz, 1995). This pattern is correlated with the regional wind field.
Indeed, during the boreal winter and spring, the Brazilian Equatorial Shelf is influenced by
northeasterly trade winds, with a strong component towards the coast, resulting in a net
alongshore transport to the northwest in the northern hemisphere. Conversely, during the boreal
summer and fall, southeasterly trade winds blow with a component parallel to the coast, leading
to a net cross-shore transport to the northeast (Ruggiero, 2008).

According to Geyer et al. (1996), the Amazon plume is the top layer of brackish water,
typically less than 10 m thick, extending over the outer shelf and off the front zone. This plume
flows through various areas of the shelf, each possessing distinct hydrological and dynamic

characteristics.
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Figure 2.16: From Molleri et al. (2010): Examples of synthetic Sea Surface Salinity maps calculated
from the empirical model for the following periods: (A) 25 January — 07 February 2004; (B) 17 — 31
June 2001; (C) 22 August — 04 September 2004; and (D) 21 September — 04 October 2003. The numbers
in parentheses in each image indicate: (1) north westward dispersion of the Amazon River plume; (2)
NECC transport of the Amazon River plume water into the Central Equatorial Atlantic Ocean; (3) NBC
retroflection; and (4) rings formed by this retroflection.

2.6.5. Climate

Numerous studies have examined the consequences of climate change on Amazon deposits.
These studies reveal that during the Last Glacial Maximum (LGM) or Marine Isotope Stage 2
(MIS 2), there was increased precipitation in the Andes (Baker and Fritz, 2015; Harris and Mix,
1999; Mason et al., 2019) and a migration of the coastline towards the basin (Figure 2.17). This
migration results in variations in base level which allow a more efficient transfer of the Amazon
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sediments across the South American continent to the deep sea. This was potentially facilitated
by South America hydroclimate anti-phasing: enhanced precipitation and erosion of the central
Andes during glacial maxima, while increased aridity in much of the Amazon Basin led to
decreased weathering and erosion rates. Enhanced Andean sediment loads in the Amazon River
during glacial lowstands would have coincided with incision and increased channel gradients
along the lower 1200 km of the Amazon River (Mason et al., 2019). Similar configurations
have been observed during Marine Isotopic Stage 6 (MIS 6), suggesting that these variations in
sediment provenance, sedimentation rates, and the position of the depocenter are valid for each
glacial cycle of the Pleistocene (Mason et al., 2019). These observations align with studies on
the morphology of the deep-sea fan (Lopez, 2001; Maslin et al., 2006), which indicate that the
development of submarine channel systems occurs primarily during glacial phases, while
interglacial phases witness the covering of channels by hemipelagic sediments. Palynological
studies (Hoorn, 1997; Hoorn et al., 2017) support these findings by revealing increased
concentrations of pollen from species residing at high altitudes in the Andes during glacial
periods compared to interglacial periods. However, these studies are limited to the past few

hundred thousand years.
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Figure 2.17: From Mason et al. (2019): Interpreted relationships between sea level, Andes-Amazon
hydroclimate, and resultant changes in sediment production and transfer through fluvial network to
deep-sea across glacial (A) and interglacial (B) phases. Arrows indicate direction of change in erosion

rate in the Andes and the Amazon craton (up = increase in erosion, down = decrease).
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Chapter 3: Data and

methods



3.1. Seismic data and methods

3.1.1. Seismic acquisition principle

Seismic acquisition is a comprehensive and multifaceted technique utilized to explore the
Earth's subsurface layers. This investigation begins with the generation of seismic waves,
through impulsive sources like explosives or non-impulsive sources like vibratory mechanisms,
known as vibroseis trucks (Sheriff and Geldart, 1995). The specific frequency and energy of
these seismic waves are adjusted based on the target's depth and resolution (Yilmaz, 2001). The
frequency and energy of the seismic waves are chosen based on the depth and resolution of the
target. Lower frequencies can penetrate deeper but offer lower resolution, while higher
frequencies provide finer resolution but might not penetrate as deep.

As the seismic waves travel through the Earth, they interact with various geological
layers; experiencing changes in speed and direction depending on the properties of the material,
they encounter (Telford et al., 1990). When the waves reach a boundary between two layers
with contrasting acoustic impedances, a portion of the energy is reflected back to the surface
(Sheriff and Geldart, 1995).

The detection of these reflected seismic waves is performed using geophones on land or
hydrophones in water, converting ground motion or pressure changes into electrical signals
(Yilmaz, 2001). The organization of these detectors is often carefully configured to ensure that
signals from various depths are accurately captured (Sheriff and Geldart, 1995).

The raw data must undergo extensive processing to derive a coherent image of the
subsurface. This includes preprocessing to correct known biases, migration to reposition
seismic events accurately, filtering to enhance the signal-to-noise ratio, and stacking to fortify
the true signal (Yilmaz, 2001). Velocity analysis is a vital step, providing information about the
speed of seismic waves through different subsurface layers, crucial for translating travel times
into accurate depth measurements (Sheriff and Geldart, 1995).

In conclusion, seismic acquisition is a complex yet invaluable method for exploring the
subsurface, utilized across various scientific and engineering fields. Its methodologies continue
to evolve, thanks to technological advancements and computational innovations (Yilmaz,
2001).

3.1.2. Evolution of seismic from 2D to 3D
The origins of seismic acquisition can be traced back to the early 20th century. Initially

developed for geological and mining exploration, 2D seismic acquisition used dynamite or
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other impulsive energy sources to generate seismic waves, capturing the reflections with a linear
array of geophones (Sheriff and Geldart, 1995). Over time, the technique was adapted for both
land and marine environments. On land, the geophones would be placed in straight lines across
the terrain, while at sea; hydrophones were towed in a straight line behind a survey vessel.
While offering valuable insights into subsurface structures, 2D seismic acquisition provided
only a limited, cross-sectional view of the Earth's subsurface along the survey line (Telford et
al., 1990).

The first 3D seismic survey was shot over a field in Texas in 1967. Since then, there has
been an increasingly rapid expansion in the application of this technology (Bakker, 2002). The
development of 3D seismic acquisition from this 2D foundation greatly influenced how
geophysicists visualize and interpret the Earth's subsurface. One of the most striking differences
between 2D and 3D seismic acquisition lies in their spatial coverage. While 2D acquisition
provided a cross-sectional view, 3D seismic acquisition arranges detectors in a grid pattern,
encompassing a significantly larger area and leading to a volumetric representation of the
subsurface.

The increased size and complexity of 3D seismic acquisition have made it particularly
suitable for marine environments. Offshore, specialized vessels equipped to handle large arrays
of hydrophones, known as "streamers" or "flutes,” enable coverage of large areas (Cordsen et
al., 2000). These streamers can be kilometers long, containing thousands of individual
hydrophones, a scale challenging to achieve on land.

The transition from 2D to 3D seismic has not been without challenges, demanding
significant investment in equipment, computational resources, and expertise. However, the
depth and breadth of insight gleaned from 3D data have justified these challenges, particularly
for complex geological structures (Cartwright and Huuse, 2005) (Figure 3.1).

Finally, the development of 3D seismic has laid the groundwork for 4D seismic or time-
lapse seismic. By repeatedly conducting 3D surveys over the same area at different times, it's
possible to observe changes in the subsurface over time (Lumley, 2001). This ability to track
temporal changes represents an evolution of seismic acquisition, demonstrating how the shift
from 2D to 3D has expanded our capabilities in spatial terms and opened new dimensions in

understanding dynamic subsurface processes.
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Figure 3.1: Comparison between 2D and 3D seismic lines. Both lines show exactly the same area.

3.1.3. Seismic interpretation from line drawing to automatic picking

In the early years, geoscientists would delineate subsurface structures manually using paper
sections, a process that demanded substantial time and effort. With the advent of computer
technology and digital processing during the latter half of the 20th century, seismic data
interpretation was revolutionized, allowing specialized software to facilitate more precise and
efficient mapping of subsurface geological features. This technological advancement gave rise
to semi-automatic picking methods. Although algorithms generated initial interpretations,
human experts are still needed for validation and refinement. While this method provided a
quicker way to process 2D seismic data, its true power was realized in the interpretation of 3D
data. The manual interpretation of 3D data is limited by the constraints of 2D viewing windows,
such as seismic lines or time slices. In contrast, automatic picking considers all nearby
information in 3D, enabling better and finer picking. More recent breakthroughs in machine
learning and artificial intelligence have opened doors to fully automatic horizons picking, which
can quickly analyse vast seismic datasets with minimal human intervention. This progression
not only signifies a remarkable reduction in time and effort but also ensures more consistent
and objective interpretations. Such innovations contribute to an enhanced and comprehensive
understanding of the Earth's subsurface. However, it remains essential to carefully refine and
verify the results produced by the software.

3.1.4. The seismic block, position and parameters

The 3D seismic block used in this thesis was acquired by Compagnie Génerale de Géophysique
(CGG) in 2008. This block is located along the outer shelf of the Equatorial Brazilian Margin,
to the north of the Amazon Canyon (Figure 3.2). Covering an approximate area of 1700 kmz,
the seismic block measures around 60 km in length and 40 km in width. It has been migrated

from the time to the depth domain. However, this migration is not sufficient for the purpose of
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the thesis. The seismic block was initially acquired for petroleum exploration, with target series
more than one kilometer deep. As a result, the block was processed to enhance deep reflectors,
compromising the resolution and the time-depth model near the subsurface. Therefore, the 3D
Pre-Stack Time Migration (PSTM) survey was employed, featuring a grid spacing of 25 meters,
encompassing 2387 Inlines and 1733 Xlines. The data has a sampling interval of 4 ms, and the
full-stack signal exhibits a dominant frequency of 37 Hz. This provides a vertical resolution of
10-20 m for velocities ranging from 1500 to 3000 m/s.
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Figure 3.2: Map showing seismic reflection data and wells available from the Offshore Amazon Basin.
Note that seismic profiles cover the entire region between the continental shelf-slope, where industry

wells are located, and the distal Ceara Rise region, where ODP/DSDP scientific wells are located.
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3.1.5. Seismic and Sequence stratigraphy principles

Initially, a seismic interpretation approach was employed on the seismic block, focusing on the
recognition and mapping of seismic facies as described by (Mitchum et al., 1977) (Chapter 4).
The methodology adopted in this study centers on identifying seismic patterns based on the
following parameters: (1) the character of the reflectors, including amplitude, continuity, lateral
correlation, scattering, and frequency; (2) the bathymetric expression or morphology of the
reflectors; (3) the configuration of the reflectors, whether subparallel/parallel, even/wavy,
divergent, disrupted, chaotic, lenticular, or shingled; and (4) the terminations of the reflectors,
such as downlap, onlap, offlap, and toplap/truncation.

Subsequently, a sequence stratigraphy analysis was conducted (Chapter 4). Sequence
stratigraphy is a branch of geology that plays a crucial role in understanding the geological
evolution of sedimentary basins. This approach facilitates the interpretation of depositional
systems, tectonic history, and paleogeography. Initially developed in the mid-20th century, the
concept has since been refined (Mitchum et al., 1977; Posamentier and Vail, 1988; Vail et al.,
1977).

The primary aim of sequence stratigraphy is to correlate and predict sedimentary strata
packages, utilizing the concept of sequences which are stratigraphic units bounded by
unconformities or their correlative conformities. Seismic sequence stratigraphy, building on
these foundational principles, employs seismic data to further the understanding of depositional
history and goes beyond surface observation by probing beneath the Earth's surface (Van
Wagoner et al., 1988).

Unconformities are critical to this methodology as they represent breaks in the geologic
record indicative of erosion or non-deposition, providing clues about the history and shifts in
geological conditions (Payton, 1977). In seismic sequence stratigraphy, these unconformities
are significant for dividing the sequences into different system tracts, which carry distinct
geological meanings.

Three primary system tracts are generally recognized: Lowstand Systems Tract (LST),
which corresponds to falling relative sea levels; Transgressive Systems Tract (TST), reflecting
the rise of relative sea levels; and Highstand Systems Tract (HST), associated with the highest
relative sea levels (Catuneanu, 2006; Posamentier and Vail, 1988; Posarnentier and Allen,
1999). In addition, at the beginning of the 1990s, a new system tract was added: the Falling
Stage Systems Tract (FSST) (Ainsworth, 1994, 1992, 1991; Hunt and Tucker, 1992; Hunt,
1992). The Falling Stage Systems Tract represents a critical phase within sequence stratigraphy,
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reflecting the period of sediment deposition during falling relative sea levels, but prior to
reaching the lowest level. This concept was introduced to capture the transitional phase between
highstand and lowstand conditions, offering a more nuanced understanding of depositional
sequences (Catuneanu et al., 2009). Each tract aids in interpreting various aspects of geological

history, such as tectonic setting, paleoclimate, and sea-level fluctuations (Figure 3.3).
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Figure 3.3: From Catuneanu (2006): Regional architecture of depositional systems, systems tracts, and
stratigraphic surfaces. Systems tracts are defined by stratal stacking patterns and bounding surfaces,
with an inferred timing relative to the base-level curve at the shoreline. Abbreviations: e-FR—early

forced regression; I-FR—Iate forced regression; e-T—early transgression; I-T—late transgression.
3.1.6. Paleoscan workflow

PaleoScan is a specialized software allowing loading and interpreting 3D seismic data. Its main
differences compared to other software like OpendTect (DGBES) or Petrel (Schlumberger) lie
in the automation of various processes that are typically time-consuming (Figure 3.4). Indeed,
PaleoScan allows for a simple and straightforward automatic picking of horizons and faults
along an entire seismic block or only part of it. The fault sets generated are also used to avoid

incorrect correlations during horizon picking due to fault offset (Figure 3.5).
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Figure 3.4: Synthesis diagram of the different steps used in the Paleoscan 3D seismic interpretation

workflow. The main objective of the workflow is to build a 3D Geomodel, to do that, the first step consists
in fault interpretation to better constraint the next step which is the model grid creation. The most
important part is the manual refinement of the model grid to obtain the best 3D Geomodel possible.
After this step, the computation of the Geomodel allows us to create different objects as horizons,

horizons stacks, layers.
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Figure 3.5: Paleoscan automatic faults interpretation workflow. Faults interpretation could be directly

assessed from the seismic data, three steps are necessary, computation of a Variance seismic block
associated with a 3D scan, fault thinning and finally the extraction and filtering.

PaleoScan's new horizon-picking feature also provides an innovative and more effective
methodology to explore 3D seismic blocks (Gupta et al., 2008; Lutome et al., 2022; Paumard
et al., 2018). Specifically, PaleoScan offers a full-volume, semi-automatic, seismic
interpretation using advanced algorithms-based methods to autotrack simultaneously horizons
throughout the seismic volume and compute geological models. This approach constitutes a
revolution in seismic interpretation as this method permits to fully appreciate the three
dimensionality of the data by comparing several horizons in parallel and potentially providing
more accurate solutions than classic manual picking (Paumard et al., 2018). Manual picking
achieved through extraction of 2D sections around closed loops such that the beginning and end
are coincident is a commonly used-process known as loop tying but it is time-consuming and
have a very low resolution (Lomask and Guitton, 2007). The model-grid created with Paleoscan
is calculated by establishing links between elementary horizon patches which are based on
signal amplitude of neighbouring traces throughout the 3D data (Figure 3.6). The model-grid
can subsequently be used to create a 3D Geo-model (Figure 3.7). From the 3D Geo-model, it
is possible to automatically extract horizons, the software correlates nearby points if they share
common parameters, such as positive high-amplitude reflection. This automated computation
however needs a careful checking from the interpreter in order to help the software in

tectonically complicated areas or poorly resolved seismic.
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Figure 3.7: Paleoscan 3D Geo-Model workflow, the upper pair of pictures represent a 3D Geo-Model
created without constraints while, the lower pair of pictures show the connected patches forming
horizons in red used to constraint the Geo-Model visible on the right. The faults represented by black
lines are not used to constraint the model as layers are still connected.

Finally, set of horizons (i.e. horizon stack) can be extracted from the 3D Geo-model.
Thanks to the high-resolution of the interpretation and its full propagation in 3D, the user can
scroll up and down through the horizon stacks to conduct stratigraphic and structural analysis.
Horizon stacks are highly valuable for better understanding and interpreting a 3D seismic block,
as they allow imaging of the block by examining each reflector's geometry. This replaces the

old-fashioned timeslice viewer. Paleoscan also offers real-time visualisation of various
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attributes (as Root Mean Square Amplitude or Dip Attributes) on both the 2D lines and the
horizon stacks, which significantly aids in the interpretation of the seismic block. However,
refinement and checks are still mandatory, and some corrections are always necessary to obtain
an accurate horizon stack that allows 3D seismic interpretation.

In this word, 300 horizons were generated along the siliciclastic Plio-Pleistocene series.
These horizons were initially used to correlate observations from one well to another (Chapter
4) but also to observe geomorphologies and their correlation with sequence stratigraphy
(Chapter 5). Ultimately, the horizons revealed the evolution of carbonate structures along the

margin (Chapter 6).
3.2. Boreholes data and methods

3.2.1. Principles of drilling and coring

In academic geosciences, drilling and coring are indispensable techniques used to investigate
the subsurface, each with distinct purposes and capabilities. While drilling allows for reaching
deeper structures, it is considered a destructive method. Coring, on the other hand, involves
extracting undisturbed samples known as cores from ice or rocks. The depth attainable by
gravity or piston cores is significantly constrained compared to drilling. The longest core
obtained using this technique is around seventy meters and was acquired with the Marion
Dufresne's Calypso-core tool in soft offshore sediments. In contrast, onshore coring rarely
reaches such depths due to harder lithology. Drilling can easily attain several hundred meters
and up to several kilometers, as demonstrated by the Kola Superdeep Borehole, a scientific
drilling project of the Soviet Union that reached a depth of 12,262 meters (Popov et al., 1999).

Coring within a borehole is also possible, enabling the extraction of representative core
samples for detailed examination. These samples provide unparalleled insights into lithology,
mineralogy, and sedimentary structures at greater depths than gravity or piston cores, thereby
shedding light on processes such as climate change and tectonics in older rocks. In contrast,
drilling aims for a broader exploration of subsurface formations and quaternary sediments,
utilizing sophisticated offshore vessels equipped with dynamic positioning systems or onshore
truck-mounted rigs.

Given the requirement for precise retrieval of intact samples, coring often takes longer
than drilling. For instance, a coring operation to reach 30 meters depth might require several
hours, whereas drilling to a similar depth could be accomplished more quickly. However,
drilling is a larger operation that requires much more equipment. It is also substantially more
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expensive and is therefore mainly utilized by private companies. In the academic domain, the
International Ocean Discovery Program allows scientists to drill for scientific purposes. In sum,
the differences between drilling and coring are evident in their respective methodologies,
outcomes, depth limitations, time requirements, and applicability across different
environments. Coring, with its focus on retrieving pristine samples, plays a crucial role in
nuanced subsurface investigations, while drilling facilitates a more comprehensive view of
geological formations. Together, these techniques contribute to expanding our understanding
of the Earth's subsurface and fostering new avenues of scientific exploration (Lisiecki and
Raymo, 2005).

3.2.2. Borehole data inventory

Borehole data acquired during the drilling process encompass a wide range of measurements
that inform various scientific and industrial objectives. These data often include information
such as temperature, pressure, fluid content, resistivity, and sonic velocities, among others,
within the geological formations being drilled.

Temperature and pressure measurements are essential in understanding the subsurface
conditions and can reveal information about the geothermal gradient and formation pressures.
Fluid content analysis helps in identifying the presence and types of liquids or gases, such as
water, oil, or natural gas, within the formations. Resistivity measurements are utilized to
distinguish between different rock types and their saturation levels with fluids. Sonic velocities,
through the recording of sound waves, provide insights into rock's elastic properties and
structure, which are valuable in characterizing the subsurface's geological features. Density
logs, measure the bulk density of the subsurface formations. By sending a gamma-ray source
into the borehole and detecting the scattered gamma rays, the density of the material
surrounding the borehole can be deduced. These logs yield insights into the porosity and
mineral composition of the rocks. Gamma-ray data are collected by measuring the natural
gamma radiation emitted from subsurface formations. This radiation primarily emanates from
radioactive isotopes of potassium, uranium, and thorium present in the rocks. Gamma-ray logs
are valuable in differentiating between various rock types, particularly in distinguishing shale
from non-shale formations.

Collectively, the data obtained from borehole drilling contribute to a comprehensive and
multifaceted perspective on subsurface formations, yielding valuable insights that advance both

scientific knowledge and practical applications in various fields.
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3.2.3. Wells acquired along the Amazon Margin

More than 40 exploration wells have been acquired along the Brazilian Equatorial Margin,
primarily by oil and gas companies between the early 1970s and the late 1980s (Figure 3.2).
Most of these industrial wells are located on the shelf, with only a few on the slope and the
Amazon fan. Some wells have reached depths of almost 5000 meters. These exploration wells
mainly targeted the Amapa and Limoeiro Formations, and as a result, most of the geophysical
data were acquired only within these intervals. Consequently, the siliciclastic Plio-Pleistocene
series is largely devoid of geophysical data, except for Gamma-Ray data, which were acquired
in all wells along the Plio-Pleistocene series. Lithological descriptions are available, but within
the Plio-Pleistocene series, these descriptions are sparse and often lack precision. Detailed
chronostratigraphic data, based on micropaleontological findings, are available from four
exploratory wells (Cruz et al., 2019).

Additionally, two Ocean Drilling Program (ODP) legs explored the nearby region of the
Brazilian Equatorial Margin in 1994. The first one, ODP Leg 154, focused on the Ceara Rise,
an aseismic rise located 800 km from the coast, in front of the Amazon River Mouth (Curry et
al., 1995). The second ODP leg, Leg 155, explored the Amazon Deep Sea fan but only drilled
the superficial series. The deepest well acquired during ODP Leg 155 extends 433.80 meters in
length and is located at a water depth of 3586 meters (Flood et al., 1995).

3.2.4. Cyclostratigraphy on borehole data

Cyclostratigraphy is a subfield of stratigraphy that deals with the identification and
investigation of repetitive, cyclic variations within sedimentary successions. These cyclic
variations often result from environmental changes driven by astronomical forcing factors, such
as Earth's orbital parameters (Berger, 1984; Hinnov, 2013). By analyzing these cycles,
cyclostratigraphy helps in interpreting climatic and environmental changes over geological
timescales.

The concept of cyclostratigraphy emerged in the latter half of the 20th century, with
significant advancements made since the 1980s (Weedon et al., 2004). Scientists began
recognizing the significance of astronomical cycles in sedimentary records (Berger, 1984; Hays
et al., 1976), and the development of numerical tools and analytical methods has allowed for
more sophisticated analysis (Hilgen et al., 2015; Weedon et al., 2004). Cyclostratigraphy is

based on the notion that a signal comprises a sum of various wavelengths (Figures 3.8 and 3.9).
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Cyclostratigraphy's primary utility lies in its ability to correlate sedimentary sequences
across vast distances and in various environments (Strasser et al., 2006). By recognizing and
measuring cycles, it allows for the development of highly refined time scales (Boulila et al.,
2020). It can also aid in understanding the depositional environment and climatic changes by
revealing how sedimentation rates and patterns have evolved through time (Hinnov, 2013).

Cyclical or periodic processes in Earth's history extend across a broad spectrum, ranging
from twice-daily tidal cycles to plate-tectonic movements that recur over tens of millions of
years (House, 1995). Among these, the cycles most often utilized in cyclostratigraphy are the
Milankovitch cycles, caused by perturbations in the Earth's orbit and changes in the inclination
of its axis (Hays et al., 1976).

Cyclostratigraphy employs astronomical cycles of known durations as a temporal
framework (Berger et al., 1989). The fundamental prerequisite for this approach is the
identification of patterns in the sedimentary record that can be confidently linked to
astronomical cycles. These patterns often manifest as repetitive sedimentary, biological, and/or
geochemical changes, serving as proxies for cyclical processes within the geosphere-
hydrosphere-biosphere-atmosphere system, influenced by orbitally induced changes in solar
radiation (Laskar et al., 2004). To seek these patterns, detailed examination of the studied
sections or cores is essential, and they must be as complete as possible.

Numerous studies have affirmed that orbital cycles are recorded within sedimentary
rocks and can be employed to refine the timing of Earth's history (Weedon et al., 2004).
Typically, two methods are synergistically used to attain reliable results:

- Independent Time Control: This method constrains the time frame for the
cyclostratigraphical study through direct radiometric age dating or via
biostratigraphy, chemostratigraphy, magnetostratigraphy, and/or sequence
stratigraphy, all calibrated to radiometric age dates (Gradstein et al., 2012). Even
with substantial error margins, an approximate duration of a sedimentary cycle can
be gleaned, forming the basis for further exploration.

- Analysis of Hierarchical Stacking Patterns: In studying Phanerozoic sediments, it is
often assumed that the precession of the equinoxes corresponds to 20 kyr, and the
short and long eccentricity cycles to 100 and 405 kyr, respectively. This
correspondence yields a 1:5:20 ratio for analyzing the stratigraphic record. For
obliquity, and to a lesser extent also for precession, the periodicity has to be selected

based on the geological age of the studied sediments.
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Testing the anticipated ratios between orbital periodicities often involves time-series
analysis. The success of such analysis hinges on the judicious selection of measured parameters
and sampling density (Fischer et al., 2004; Weedon et al., 2004). Stratigraphic gaps must be
identified and factored into the study.

In cyclostratigraphy, converting the initial depth-domain record into the time domain
using age calibration points is a critical aspect of time-series analysis. These points may
originate from radiometrically dated ash layers, bio-events, or magnetostratigraphic calibration
to the geomagnetic polarity time scale (Hinnov, 2000). Several techniques, such as Fourier
analyses, wavelet analysis, or neural-net-aided detection, can detect orbital periodicities
(Brescia et al., 1996; Hinnov, 2000; Preto et al., 2004; Weedon and Jenkyns, 1999; Ziihlke,
2004). Notably, Fourier spectral analysis decomposes a time series into sinusoids with defined
frequencies, amplitudes, and phases. The outcome is typically represented in a frequency-
domain spectrum. This understanding of frequency dependence may unlock vital insights into
underlying natural phenomena (Strasser et al., 2006).

Upon identifying a Milankovitch signal in the stratigraphic record and associating
sedimentary, biological, or geochemical cycles with specific orbital cycles, the astronomical
forcing of climate change can be reconstructed. Furthermore, for more recent stratigraphic
records, astronomical time scales can be derived by tuning the orbitally controlled proxy cycles
to astronomical target curves based on Solar System solutions (Laskar et al., 2011, 2004;

Weedon and Jenkyns, 1999). These time scales offer unparalleled accuracy and resolution.

90



10.00m + 2.78m = Sum
24012 24012 24012
1001 1 1 1 L1 11 L1111

%- ] i
30_- _ _
70- i ]
50_- _ _

50 — -

Metres

40 - .
30 - 4 i
20 - 4 i

10 4 - -

0.20 - 10 00 m
12 78 m

Relative power
(=] (== o
(=] - -
o o o
1 1 1

0.00
0.0 02 04 06 DB 10 12 14

Cycles per metre

Figure 3.8: From Weedon et al. (2004): Adding sinusoids with different wavelengths produces a time
series with multiple frequency components. Power spectra are used to: (a) identify which frequency
components are present (frequency = 1/wavelength); and (b) determine their relative amplitudes. In this
case two sine waves of equal amplitude, but different wavelengths, have been added to produce the time
series labelled “Sum”. The corresponding power spectrum has peaks that occur at frequencies
corresponding to the component wavelengths. The peaks are equal in height because the components
have the same amplitude. Note that it is impossible to tell from the spectrum whether the components

are sine or cosine waves — in other words the spectrum is independent of the phase of the components.
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Abstract

The Brazilian Equatorial Margin is a setting where the stratigraphic architecture of the
continental margin is strongly influenced by sediment supply from the Amazon River, but
where the Plio-Pleistocene succession lacks geochronological data. This study examines a
shelf-edge area of the Brazilian Equatorial margin when siliciclastic deposition, around 4 Ma,
starts, above the well-known Amapa carbonate platform. The study employs a coupled
approach of sequence stratigraphic analysis of a 3D seismic block, and cyclostratigraphic
analysis of gamma-ray (GR) log data from three exploration wells. We identify nine main
seismic sequences from the start of siliciclastic deposition, which is dated at 3.7-4.1 Ma from
the only biostratigraphic age available at the base of the serie. As a first approximation, each
sequence therefore likely corresponds to a long 405-kyr eccentricity cycle. Internal
characteristics of the seismic sequences support their grouping into three major depositional

mega-sequences (MS-I to MS-I111). The correlation between orbital cycles and seismic sequence
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is supported by a cyclostratigraphic age-model based on spectral analyses of GR data and tuned
on obliquity cycles, which allow us to propose ages for each sequence. Our results suggest that
the primary driver of changes in stratal architecture observed along the Brazilian Equatorial
shelf edge during the last 4.0 My is the well-established long-term increase in the amplitude of
sea-level fluctuations. Mega-sequence boundaries likely reflect major steps in the Earth's
Quaternary climate at 2.4 and 0.8 Ma, specifically overall cooling that led to the intensification
of Northern Hemisphere Glaciations (INHG) and the Mid-Pleistocene Transition (MPT). A
further significant change in shelf edge architecture at around 0.4 Ma corresponds to a change
from mostly prograding patterns since 0.8 Ma to mostly aggrading ones during the last 405 kyr.
This shift in the depositional system is likely related to the prominent high amplitude sea-level
rise characterizing the long-lasting Marine Isotopic Stage 11. We conclude that changes in the
Brazilian Equatorial shelf edge geometry over the last 4.0 Myr were likely paced by orbitally
forced climate which affect sea-level changes and sediments supply from the Amazon at the
405 kyr and 100 kyr Earth orbital eccentricity cycles. Major changes observed in geometries
are being correlated with main global climatic events. This nice preservation of high-resolution
cycles is due to high total subsidence rates (~300 m/Myr) most probably related to the loading
effect of the Amazon deep-sea fan.

Keywords: Brazilian Equatorial Margin, Offshore Amazon Basin, Plio-Pleistocene,
cyclostratigraphy, seismic and sequence stratigraphy, astro-climate.

4.1. Introduction

The Amazon River plays a significant role in Earth’s hydrologic budget, contributing to 20%
of global fluvial input to the oceans (Dai and Trenberth, 2002). Covering 35.5% of the South
American continental surface, the Amazonian hydrographic basin is the world's largest drainage
basin (Milliman, 2001; Nittrouer et al., 1986), and contains the Amazonian Forest and
ecosystem, which serve as vital indicators of Earth's climate (Malhi et al., 2008). The Amazon
River further acts as a biological barrier on land and at sea due to its prominent sediment plume
of low salinity (< 35) and high concentrations of suspended material and nutrients that spreads
for thousands of kilometres over the North Brazilian Continental Shelf and adjacent open waters
(Giachini Tosetto et al., 2022). As a result, the intricate relationship between climate, its effects
on the supply of water and sediment along the Amazon River, and the record of this in the
stratigraphic succession of the adjacent continental margin concerns a broad scientific

community, including geoscientists, oceanographers, and biologists.
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The stratigraphic succession of the Amazon continental margin records a variety of
climate change aspects, including but not limited to cyclic sea-level fluctuations and
precipitation variations which influence sediment supply over time. Previous research based on
2D seismic and cores analysis by Damuth and Kumar (1975) underscored the dominance of
sea-level variations in shaping the Amazon offshore sedimentary system. During sea level
highstands, sedimentary deposits primarily accumulate nearshore, while suspended sediments
are transported by longshore currents, partially accumulating along the northern Brazilian
coastline or reaching the French Guiana shelf and beyond (Eisma and van der Marel, 1971,
Jacobs and Ewing, 1969; Milliman et al., 1975). Milliman et al. (1975) proposed that the
subaqueous delta, comprising a mud wedge, mainly expands during sea levels ranging from -
20 to -80 meters below the present-day level. Ultimately, as sea level decreases and reaches the
shelf edge, terrigenous sediments from the Amazon are intercepted by the Amazon Canyon,
bypassing the outer shelf and accumulating directly on the well-developed Amazon deep-sea
fan along the Brazilian margin's slope (Damuth et al., 1983; Damuth and Kumar, 1975).

Gaining a deeper comprehension of the impact of sea level fluctuations and the broader
influence of climate has been the central theme of numerous studies (Behling et al., 2000;
Crivellari et al., 2018; Hoorn, 1997; Nace et al., 2014; Rihlemann et al., 2001; Zhang et al.,
2015). Notably, orbital parameters exert a distinct influence on global climate, particularly the
dominant effect of eccentricity during the last million year. This influence extends to the
Amazon drainage basin and margin. As highlighted by Mason et al. (2019), the last two glacial
stages were characterized by increased precipitation in the Andean Mountains, accompanied by
drier conditions in the Amazon Basin. However, our understanding of the impact of climate
change on sediment accumulation over longer time spans remains less clear due to limited data
availability and quality near the Amazon River mouth. Due to high offshore sedimentation
rates, piston cores from the Amazon shelf and upper slope provide information on sediments
younger than 100-405 kyrs (Behling et al., 2000; Crivellari et al., 2018; Hoorn, 1997; Nace et
al., 2014; Riihlemann et al., 2001; Zhang et al., 2015). Although more than 40 exploration wells
have been drilled on the Amazon shelf, they typically target deeper sedimentary formations and
contain limited information on the Plio-Quaternary succession. Gamma-ray and other log data
from upper well sections offer insight into lithologies, but only a few studies have focused on
chronostratigraphic analyses of the Plio-Pleistocene (e.g. (Cruz et al., 2019; Cruz, 2018;
Figueiredo et al., 2009, 2007; Gorini et al.,, 2014). Cruz et al. (2019) established a
geochronological framework for the Neogene succession on the Amazon margin using

biostratigraphic data available from three wells. Biostratigraphic data for the Plio-Pleistocene
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succession are otherwise scarce, resulting in an insufficiently defined chronology and evolution
of continental margin architecture during this period.

This study examines the Plio-Pleistocene stratigraphy of a part of the Amazon margin,
using a 3D seismic block and log data from three nearby wells. Our approach involves two
distinct methods. On one hand, utilizing gamma-ray logs, we develop cyclostratigraphy to
identify dominant cycles and establish an age model for the shelf edge sedimentary succession.
In parallel, the analysis of the 3D seismic block, within a sequence stratigraphic framework,
permits the integration of shelf edge architecture evolution over time. Finally, the aim of our
study is to test the recognition and impact of climate cyclicities in the record of sediments, their

effect on sediment architecture and propose a more detail chronostratigraphic framework.

4.2. Regional setting

The Brazilian Equatorial Margin (Figure 4.1) formed during the opening of the Equatorial
Atlantic Oceans-in two phases: an early phase in the Triassic-Jurassic period (225-145 Ma)
leading to the opening of the Central Atlantic Ocean, and a later phase associated with
continental rifting during the Early Cretaceous (~120-105 Ma) (Darros de Matos, 2000). Open-
marine deposition began around the Albian with the clastics Limoeiro Formation
(approximately 102 Ma) and persisted until the Palaeocene Figueiredo et al. (2007). From the
late Palaeocene (around 59 Ma) to the late Miocene, the basin was dominated by mixed
carbonate-siliciclastic shelf sediments (Marajo and Amapa Formations) (Figueiredo et al.,
2007). From the late Miocene onward, increasing clastic sediment influx led to the burial of the
carbonate platform (Gorini et al., 2014), resulting in the formation of the present-day Offshore
Amazon Basin including continental shelf deposition and the Amazon Fan laying on the slope
and abyssal plain. The events triggering the transition from carbonates to silico-clastic
sedimentation remain a subject of ongoing debate (Campbell, 2010; Cruz et al., 2019;
Figueiredo et al., 2010, 2009; Gorini et al., 2014).
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Figure 4.1: Bathymetric map of the NW Equatorial Brazilian Margin along with the location of sites of
the studied data. The 3D seismic block is shown with the sea floor topography. The North Brazilian
Current (NBC) is indicated with a thick blue arrow (Note the current also sweeps the continental shelf,
the arrow is only indicative). In the expanded view, three wells are displayed in green (well #1 and #2
inside the 3D block, and well #3 outside the 3D block); two inlines A and B in dark blue are interpreted
in figures 4 and 5, in addition to two 2D seismic lines C and D (also shown) used to tie the well #3 with

the 3D seismic block.

Various studies of the stratal architecture of the Offshore Amazon Basin have proposed
a Late Miocene age for the cessation of carbonate sedimentation, marked by the top of the
Amapa Formation, linked to an increase in siliciclastic sediments due to the initiation of the
transcontinental Amazon River (Branddo and Feijo, 1994; Campbell, 2010; Carozzi, 1981,
Figueiredo et al., 2010, 2009; Silva et al., 1999; Wolff and Carozzi, 1984). However, recent
research suggests that carbonate sedimentation persisted in the Offshore Amazon Basin well
after the Late Miocene (Cruz et al., 2019; Gorini et al., 2014). In particular, Cruz et al. (2019)
used calcareous nannofossil zonations in well data to re-evaluate the study of Figueiredo et al.
(2009), taking into account the variability in the cessation of carbonate deposition proposed by
Gorini et al. (2014). This led to the establishment of a Late Miocene age (8 million years) for
the cessation of carbonate sedimentation in the southern part of the Brazilian Equatorial shelf,
versus an Early Pliocene age (3.7-4.1 Myrs, Figure 4.2) in the northern sector of the basin (near
well #3).

98



The Offshore Amazon Basin lies in the northwestern portion of the Brazilian Equatorial
Margin (Figure 4.1) and encompasses an area of approximately 360,000 km? (Silva et al.,
1998). The basin corresponds to a depocenter in front of the Amazon River Mouth, containing
up to 9 km of siliciclastic sediments. Between 8 to 3.7 million years, most of the clastic
sediments were trapped in a paleo-embayment in front of the Amazon River mouth (Cruz et al.,
2019). Following the embayment's completion, sediment progradation commenced, primarily
toward the northeast due to the influence of the North Brazilian Current (NBC), which
continues to impact the Amazon plume and facilitate sediment migration toward the northern
part of the margin (Gensac et al., 2016; Hu et al., 2004). During periods of falling sea levels,
the slope and basin experience significant influence from Amazon-derived sediments deposited
into the Amazon deep-sea fan via the Amazon Canyon (Flood et al., 1995; Maslin et al., 2006).
In proximity to the canyon, the deep-sea fan expands to around 380 km in width and extends to
the abyssal plain at depths reaching approximately 4850 m (Damuth and Kumar, 1975). The
thickness of sediment within the Amazon fan (reaching up to 9 km) has prompted isostatic
subsidence and lithospheric flexural deformation beneath the fan and surrounding regions,
including the outer shelf (Cruz, 2018; N. W. Driscoll and Karner, 1994; Rodger et al., 2006;
Silva et al., 1998).
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Figure 4.2: Lithology and gamma ray (GR) data of Wells #1, #2 and #3, displaying their Plio-
Pleistocene sections shown in these figures from left north (Well #1) to right south (Well #3). The purple
interval at the beginning of the Plio-Pleistocene section, just above the top Amapd, in well #3 was dated
by biostratigraphy at 3.7 to 4.1 Ma (Cruz et al., 2019). Some unusual changes in the GR values, due to

technical issues such as the presence of casing or tool change, are noted in light grey along the wells.
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4.3. Data and methods

4.3.1. 3D seismic and downhole datasets

This study uses a 3D seismic block up to 60 km long and 40 km wide, covering an approximate
area of 1700 km?2 (Figure 4.1). The block features a grid spacing of 25 meters, encompassing
2387 inlines and 1733 crosslines. The seismic volume was processed using a standard sequence
that included pre-stack time migration (PSTM). The data has a vertical sampling interval of 4
ms, and the full-stack signal exhibits a dominant frequency of 37 Hz, offering a vertical
resolution of 10-20 m for velocities from 1500 to 3000 m/s.

Downhole data were used from three wells situated within or near the 3D seismic block
(Figure 4.1), which span the entire Plio-Pleistocene series (Figure 4.2). The wells, labelled as
APS 44, APS 29, and APS_45B, are referred to as Wells #1, #2, and #3, respectively. Wells
#1 and #2 lie within the 3D seismic block, Well #3 lies <20 km outside the 3D seismic block
(Figure 4.1). Gamma-ray (GR) log data have a vertical resolution of 15-20 cm; values are
presented in APl (American Petroleum Institute) units. GR logs are available from seafloor in
Well #2, and below depths of 75 m and 49 m in Wells #1 and #3, respectively. Significant shifts
in GR values around 560 m in Well #1 and 600 m in Well #2 are associated with the presence
of casings in the upper intervals rather than lithological variations. Lithological descriptions
thanks to mud sampling analysis are available for the Plio-Pleistocene series in wells #1, #2,
and #3, however the sampling rates is between 3 to 5 meters and does not provide good
representation of the lithological changes. In Well #3, a biostratigraphic age based on the Last
Occurrence (LO) of calcareous nannofossils, Sphenolithus Neoabies (LO: 3.7-3.92 Ma), is
observed at 1910 m, along with the First Occurrence (FO) of Discoaster tamalis (FO: 3.92-4.13
Ma) at 1940 m. This biostratigraphic data point as been correlated from the well to the 3D

seismic dataset (Figure S4.1).
4.3.2. Seismic sequence stratigraphic methods

A standard seismic analysis approach (Mitchum and Vail, 1977) was used for the 3D seismic
data based on the recognition of reflection termination such as onlap, erosional truncations,
seismic facies/configuration and vertical stacking patterns. This method led to the creation of a
seismic facies and architectural element catalogue (Figure 4.3).

101



Seismic data Seismic interpretation Description Interpretation

SF1: Mostly aggrading, continuous,

sub-parrallels, medium amplitude SF1:Transgressive System Tract

reflectors with onlap {sm

SF2: Prograding and aggrading

continuous, convergent, SF2: Highstand System Tract (HST)
medium amplitude reflectors

with downlap

SF3: Only prograding, continuous,

low amplitude reflectors with SF3: Falling Stage System Tract

(FSST) along the outer shelf

offlap and downlap

SF4: Mostly prograding, SF4: Falling Stage System Tract
continuous, medium to low (FSST) and/or Lowstand System
amplitude reflectors with high Tract (LST: if there is aggrading
inclination, offlap and downalp pattern) located on the slope

SF5: Mostly prograding and
slightly aggrading, low amplitude
reflectors with onlap and downalp

SF5: Lowstand System
Tract (LST) located on the slope

SF6: Chaotic, discontinuous, SF6: Submarine Landslide (SL)
medium amplitude reflectors

SF7: High amplitude reflectors SF7: Transgressive carbonates
with build-up geometries

Figure 4.3: Seismic facies classification and architectural elements interpretation.

In addition to the seismic analysis, a sequence stratigraphy model has been developed
(Figure 4.4). Each of the observed facies is interpreted in terms of system tracts, following the
stratigraphic sequence definition put forth by Catuneanu (2019, 2006) and Catuneanu et al.
(2011, 2009). According to this definition, a stratigraphic sequence consists of a succession of
strata deposited during a complete cycle of change in accommodation space or sediment supply.
Accommodation, representing the relative volume available for sediments at a given time, is
primarily influenced by two mechanisms: eustatic fluctuations and subsidence (Catuneanu et
al., 2011). This definition is particularly evident in the shelf to upper slope areas with relatively
shallow environments. In deeper settings, such as the lower slope and deep basin, the effects of
hydrodynamics and currents must be considered more carefully, as they could generate

significant deposits such as turbidites or contourites.
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Consequently, a sequence is composed of various system tracts, each corresponding to
different stages in the variation of the ratio between accommodation rate and sediment supply
(A/S ratio). We used the Depositional Sequence 1V, introduced by Hunt and Tucker (1992) and
Helland-Hansen and Gjelberg (1994) to define each system tract. According to this model, a
complete sequence cycle comprises four distinct system tracts: The Transgressive System Tract
(TST), The Highstand System Tract (HST), The Falling Stage System Tract (FSST), and the
Lowstand System Tract (LST).

Moreover, since progradation typically takes place as a continuous depositional process
from Highstand to Lowstand conditions, identifying and correlating the Sequence Boundaries
(SBs), limiting the FSST to the LST, on a regional scale can be challenging. As a result, we
prefer to use the reflectors corresponding to the Transgressive Surface (TS) as markers for
sequence boundaries.

In pursuit of a comprehensive understanding of the study area's evolution, the
interpretation and analysis of stratigraphic sequences were conducted using specialized 3D
seismic interpretation software, PALEOSCAN (https://www.eliis-geo.com).

4.3.3. Cyclostratigraphic methods of time-series analysis

We used GR data as a proxy of sea level fluctuations. In prior studies, GR well log data has
effectively served as an indirect paleoclimatic proxy for characterizing orbitally-driven
continental and marine sediments (e.g., Ruffell and Worden, 1999; Weedon et al., 2004; Wu et
al., 2013).

The workflow starts by extending the GR signal in Well #1 and #3 to the seafloor to add
a geochronological anchor of 0 kyr or 20 kyr if we consider the sea floor as an erosive surface
resulting of the last glacial maximum. Afterward, we detrend the GR dataset using the
weighted-average lowess method (Cleveland, 1979) to mitigate abrupt changes resulting from
acquisition issues like tool changes and cased intervals as well as to eliminate long-wavelength
components that could minimize the amplitude of higher frequencies. Subsequently, we use
multi-taper method (MTM) spectral analysis to seek sedimentary cyclicities within GR data
(Thomson, 1982). The manual frequency ratio method; such as the 5:2:1 relationship among
short eccentricity (~100 kyr), the obliquity component (~41 kyr), and precession (~20 kyr); aids
in identifying potential astronomical cyclicities. We used a Gaussian filter to detect and
highlight recorded astronomical cycles (Paillard et al., 1996). Two filters are made on each
well, on the potential short eccentricity and obliquity, which are the most prominent

astronomical cycle in our datasets. We then construct age model for the Well #1 and #3 by
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aligning the minima of the different filter with minima of Earth’s short eccentricity and
obliquity. Well #2 cross in the lower siliciclastic series, a highly deformed area, therefore the
GR dataset of Well #2 is not suitable to build an age model (Figure 4.4). As well #1 and #3 do
not start at the sea floor, we use Lastly, we compare our age model with the outcomes of the
“eCOCO” method. The “eCOCO” tool is based on the COrrelation COefficient method (Li et
al.,, 2019) and allow to study sedimentation rate evolution across datasets. The COCO
technique, inspired by the average spectral misfit (ASM) method of Meyers and Sageman
(2007), is an automatic frequency ratio method. It estimates the correlation coefficient between
the power spectra of an astronomical target signal and paleoclimate proxy series across a range
of tested sedimentation rates. Similar to ASM, a null hypothesis of no astronomical forcing is
assessed through Monte Carlo simulation. Prior to validating our results. The age models
obtained are compared with the only available biostratigraphic data from Well #3 (Cruz et al.,

2019). The analysis steps were performed using Acycle v2.0 software (Li et al., 2019).

4.4. Results

4.4.1. Dating the starts of the siliciclastic deposition

A prominent and continuous high-amplitude reflector (Figure 4.4) marks the top of the Amapa
Formation. In the wells, this reflector corresponds to a lithological change from sand-sized
carbonates to fine-grained siliciclastic sediments. Notably, this horizon covers nearly the entire
surface of the seismic block. Additionally, a second thick, continuous, high-amplitude reflector
represents the seafloor, defining the top of the Plio-Pleistocene series.

As explained in the Data and Methods section, only one biostratigraphic age spanning
3.7-4.1 Ma is available at the base of siliciclastic deposition studied in well #3 (Figure 4.2).
This well is just outside our 3D block, but we followed the position of the biostratigraphic point
from well #3 along seismic reflexion of a 2D seismic line crossing the well #3 towards our 3D
seismic block (see Figure S4.1). The correlation falls just above the Amapa carbonate platform
and in the first reflections of the siliciclatic sediment in Well #2 (Figure S4.1). Therefore, we
suggest an age of around 4 Ma for the start of post Amapa siliciclastic sediments deposition in

our study area.
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4.4.2. Stratigraphic sequences

4.4.2.1. Seismic facies and associated sedimentary architecture

We identified seven seismic facies (SF1 to SF7, Figure 4.3) through an analysis of the
geometry, terminations, and impedance of seismic reflectors, and provided an interpretation in
terms of depositional architecture.

- SF1 consists of stacked horizontal and parallel reflectors with high amplitude and good
lateral continuity (corresponding to a high impedance contrast between beds). SF1 overlaps
other seismic facies, displaying onlapping terminations. SF1 is capped by a distinct prograding
clinoform surface (base of the HST), therefore it corresponds to a Transgressive System Tract
(TST).

- SF2 comprises seismic reflectors of medium amplitude and low lateral continuity, with
mostly sub-horizontal and sub-parallel reflectors. Sigmoidal to oblique reflections
corresponding to basinward prograding foresets allow clear differentiation of this seismic unit
from the TST. This seismic facies is linked to a Highstand System Tract (HST).

- SF3 is characterized by clinoforms (oblique) towards the basin of low to medium
amplitude reflectors with steep angles. Reflectors are toplapping and outward building into the
basin, exhibiting downlaps at the base of the seismic unit. This facies displays progradation
only with a clear downward shift of toplaps that links it to the Falling Stage System Tract
(FSST).

- SF4 is defined by inclined reflectors of medium to low amplitude with steep angles,
and is topped by one or two high-amplitude reflectors. Reflectors show progradation, while a
minor aggradational component is visible in some parts. This seismic facies is hence linked to
a Falling Stage System Tract (FSST) or/and a Lowstand System Tract (LST) on the slope,
contingent on the presence or absence of aggradation.

- SF5 is marked by very low amplitude reflectors that prograde and aggrade. This facies
exhibits onlap and downlap terminations and is associated with the Lowstand System Tract
(LST) or early Transgressive System Tract (TST).

- SF6 features discontinuous and deformed reflectors of medium to high amplitude. Due
to its internal geometry and position along Submarine Landslide scar (SLi), it is linked to mass
transport deposits.

- SF7 is characterized by high amplitude and low-frequency reflectors, sometimes
presenting a lateral shift in polarity. This seismic facies is also associated with topographic high
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features. The combination of these characteristics suggests the occurrence of carbonate build-
ups.
4.4.2.2. Lithologies and general settings

Within the wells, the Pliocene-Pleistocene series is primarily composed of shales,
accounting for approximately 90% of the drilled lithologies, with sandstone being the second
most abundant lithology (Figure 4.2). Some siltstones are also observed in the lower part of the
series, closer to the Amazon River mouth (Wells #2 and #3; Figure 4.2). Finally, calcarenites
constitute around 1% of the recovered sediments.

The thickness of the Plio-Pleistocene series varies based on the distance from the
Amazon River mouth. It is thicker in the southern part of the seismic block, reaching 1822 m
at Well #3, and 1514 m at Well #2, while it decreases to 1026 m at Well #1 in the northern part
of the seismic block. The primary morphology of the Plio-Pleistocene series features slightly
tilted reflectors prograding towards the North-East (Figure 4.4).

4.4.2.3. Seismic sequences and their organization into mega-sequences
Stratigraphic interpretation of the 3D seismic data allowed the identification of nine seismic
sequences (S1 to S9, Figure 4.4) defined as a succession of strata deposited during a complete
cycle of change in accommodation space or sediment supply and identified by the succession
of various system tracts, each corresponding to different stages in the variation of the ratio
between accommodation rate and sediment supply (A/S ratio). The TS is used as sequence
boundary and is defined by the change from mostly prograding to mostly aggrading condition.
The surface is characterized by extensive retrogradational stacking patterns showing numerous
onlap terminations. Based on common characteristics, the nine seismic sequences were grouped
into three different mega-sequences, referred to as MS-1, MS-1l, and MS-IIl. Extensive
descriptions of each seismic sequence are available in supplementary material.

MS-I comprises seismic sequences S1, S2, and S3 which encompass the lower part of
the Plio-Pleistocene series, with a thickness of 374 m below 820 m in Well #1 (Figure 4.4).
Transgressive System Tracts (TSTs) are not clearly identified within S1 to S3, as the onlap
terminations that typically define these seismic sequences are not discernible in this mega-
sequence. Nevertheless, thick high impedance reflectors cover the top of the underlying
regressive pattern. Sometimes, these intervals appear notably thicker toward the continent with
apparent onlap. These reflectors were thus identified as TSTs, and the higher impedance
contrast may be linked to sand deposits (Figure 4.2, Well #1). Highstand System Tracts (HSTS)
and Falling Stage System Tracts (FSSTs) within S1 to S3 exhibit reflectors with low steepness.

Furthermore, the foresets of the clinoforms within S1 to S3 are well-developed and can extend
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over tens of kilometers in length. Erosion within S1 to S3 remains limited (Figure 4.4). Notably,
the thicknesses of S1 to S3 exhibit a clear decrease over time in Well #1 (Figure 4.4) due to
important progradation.

MS-11 comprises seismic sequences S4 to S7, which measure 366 m in thickness in Well
#1 (Figure 4.4). These seismic sequences share common features, including increased TST
thicknesses compared to MS-I. In MS-11, within S4 to S7, the TSTs are characterized by stacked
sub-parallel reflectors with onlapping terminations, displaying a thick aggrading pattern.
Internal reflectors within clinoforms show a notable increase in steepness and a reduction in
bottomset extension relative to MS-1. The most significant change from MS-I is extensive
erosion observed in MS-I1 (Figure 4.4). S4 to S7 are significantly affected by erosion, both on
the outer shelf and on the slope. Submarine landslides along the slope have removed substantial
sediment volumes, while on the outer shelf, the Transgressive Surface (TS) is marked by erosive
unconformities.

MS-I11 comprises seismic sequences S8 and S9 and measures only 286 m in thickness
in Well #1 (Figure 4.4). MS-I11 is distinguished by a shift of sediment accumulation into the
slope area, leading to a substantial increase in progradation rates. On the slope, sub-seismic
cycles are evident, corresponding to nine smaller-scale Falling Stage System Tracts (FSSTs)
(referred to as FR1 to FR9 in Figure 4.4). These sub-cycles are only observed within S8 and
S9. Consequently, S8 and S9 have been classified under a separate mega-sequence. Their
morphologies and distribution notably differ from the seven main FSSTs observed in MS-I and
MS-I1. The nine FSSTs can be categorized into two groups. The first five regressions (FR1 to
FR5) only exhibit progradations with a shift toward the basin (Figure 4.4). Conversely, the four
younger regressions (FR6 to FR9), situated at the top of the Plio-Pleistocene series, display a
distinct high aggradation pattern. Their geometries vary markedly from the south to the north,
featuring very steep reflectors along Inline B (Figure 4.4) and low-angle reflectors along Inline
A (Figure 4.4). MS-I11 is also distinctive for the emergence and development of steep canyons
along the slope and the abundance of carbonate build-ups (SF7; Figure 4.3).
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Figure 4.4: Inlines A and B crossing respectively Wells #1 and #2 (See location in Figure 1). Lithology
and GR data are shown along the wells. Black stars show the check shots position used for the time-
depth relationship. The three intervals in orange, green, and yellow at the left side of the lower profiles,
depicts the three interpreted mega-sequences (labelled MS-I to MS-111). In the interpreted profiles, along
the wells, grey-shaded intervals noted S1 through S9 depicts the nine identified seismic sequences.
Brown lines in the lower profiles (labelled SLil1 and SLi2) emphasize two Submarine Landslides scars
and deposits. Light blue dots highlight potential shoreline position during lowest sea level. In the
interpreted Inline B, labels FR1 through FR9 depicts the identified regressive prisms (Forced
Regression 1 to 9) inside the last two seismic sequences.

4.4.3. Cyclostratigraphy

In this chapter, figures from only Well #1 are shown; figures from the other wells can be found
in the supplementary section.

The Multi-Taper Method (MTM) spectral analysis reveals numerous frequencies within
the Gamma-Ray (GR) dataset (Figure 4.5). Through manual frequency ratio analysis, we
identified three sets of frequencies in each well that align with Earth's short eccentricity (97-
128 kyr), obliquity (41 kyr), and precession (19-23 kyr). In Well #1, these frequencies
correspond to cycles of 35 m and 25 m for short eccentricity, 11 m for obliquity, and 6 m for
precession. In Well #2, cycles of 32 m are associated with short eccentricity, 12 m with
obliquity, and 6 m with precession (Figure S4.2). Lastly, in Well #3, cycles of 46 m correspond
to short eccentricity, 21 m to obliquity, and 11 m to precession (Figure S4.3). The increase in
cycle length from north to south, from Well #1 to Well #3, aligns with an increase in sediment
thickness and input closer to the mouth of the Amazon River. Broad bandpass filters have been
applied to the potential Earth's short eccentricity and obliquity frequencies for each well (Figure
4.5). Although Earth's long eccentricity cycle is not strongly expressed in the dataset, it appears
to correspond to wavelengths of 132 m in Well #2 and 172 m in Well #3 (Figures S4.2 and
54.3).
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Figure 4.5: Cyclostratigraphic analysis of GR data of Well #1 (depths 168 to 1194 m KB, siliciclastic
series). On the left-side panel: (A) Raw GR dataset extended to the seafloor; (B) Detrended GR data;

700

200

300

400

500

600

— (w) yidag

800

900

1000

1100

110



(C) Filter on the 35 to 25 m (0.024 to 0.046) cycles potentially associated with the Earth’s short
eccentricity; (D) Filter on the 11 m (0.065 to 0.097) cycles potentially associated with the Earth’s
obliquity. The graph below presents the MTM analysis of the curve B with the interpreted orbital
cyclicities using manual frequency ratio method. Red, green, yellow and black lines represent the 99%,
95%, 90% and median Robust AR(1) confidence levels respectively. The right-side panel present
eCOCO results compared to the sedimentation rates obtained after a tuning on short eccentricity (curve
C) and obliquity (curve D), respectively in purple and red.

Two independent age models were constructed for Wells #1 and #3 based on the minima
of Earth's short eccentricity and obliquity, as illustrated in Figure 4.6. These age models are
anchored on the closest minima of short eccentricity or obliquity, around 250 kyr for Well #1
and 100 kyr for Well #3 (Figure S4.4). These anchoring points are determined using the median
sedimentation rate along each well and correspond to the start of the Gamma-Ray (GR)
acquisition in time.

In Well #1, the median sedimentation rate is calculated as 1194 m - 168 m divided by
either 3.7 Ma or 4.1 Ma, yielding sedimentation rates of either 277 m/Myr or 250 m/Myr. The
GR acquisition in this well commences at a depth of 242 m, which is 74 m below the seafloor.
Based on the calculated sedimentation rate, this depth corresponds to an age range of 267-296
kyr.

In Well #3, the median sedimentation rate is obtained by dividing (1954 m - 132 m) by
either 3.7 Maor 4.1 Ma, resulting in sedimentation rates of 444-492 m/Myr. The GR acquisition
starts at a depth of 180 m, 48 m below the seafloor, and thus corresponds to an age range of
108-97 kyr.

The age models for Well #1 indicate a base for the siliciclastic series at 3688 kyr when
tuned on Earth's short eccentricity, and at 3692 kyr when tuned on Earth's obliquity (Figure
4.6). Ages of each seismic unit limit are also available in the Figure 4.6. These findings are
consistent with the global sea-level curve proposed by Miller et al. (2020), in which global sea
level lowstands corresponds to seismic sequence boundaries, associated with transgressive
surfaces, marking the shift from regressive to transgressive conditions. For Well #3, the age
models suggest a base for the siliciclastic series at 3960 kyr and 3981 kyr when based on short
eccentricity and obliquity, respectively (Figure S4.4). Significant declines in Gamma-Ray (GR)
values are likewise correlated with major lowstands in the global sea level curve (Miller et al.,
2020). Due to the suboptimal quality of the available 2D seismic lines, the limits of seismic
sequences could not be accurately extended to Well #3. Nonetheless, it is postulated that

significant drops in the GR dataset of Well #3 are in close alignment with those in Wells #1
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and #2. These significant drops have been correlated with seismic sequence boundaries thanks
to the time-depth relationship.

Each of the age models allows for the calculation of variations in sedimentation rates
along the well bore. These calculated sedimentation rates were compared with rates determined
using the eCOCO tool. The sedimentation rates inferred from both the age models and the
eCOCO tool exhibit high variability. Along Well #1, sedimentation rates range from less than
15 cm/kyr to up to 40 cm/kyr (Figure 4.5). Similar ranges of variability are observed for Wells
#2 and #3, with rates varying from 18 to 45 cm/kyr and 25 to 65 cm/kyr, respectively (Figures
S4.2 and S4.3). This high variability in sedimentation rates accounts for the multiple frequency
peaks observed in the Multi-Taper Method (MTM) spectral analysis (Figure 4.5). The MTM
analysis also reveal a stronger short eccentricity component compared to the obliquity power
(Figure 4.6 and Figure S4.4).
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Figure 4.6: Cyclostratigraphic results of GR data of Well #1 (depths 168 to 1194 m KB, siliciclastic
series). The upper panel shows; (A) global sea level variation from Miller et al. (2020); (B) the GR data
of Well #1 in time after a tuning between the Earth’s short eccentricity minima and the minima of the
filter on the 35 to 25 m frequencies, (C) the GR data of Well #1 in time after a tuning between the Earth’s
obliquity minima and the minima of the filter on the 11 m frequency. Ages noted along the curves
corresponds to seismic sequence boundaries and the potential eustatic lowstand associated. The lower
panels present the Multi-Taper-Method of curves B and C (see corresponding colours), with the main
astronomical cyclicities. Red, green, yellow and black lines represent the 99%, 95%, 90% and median

Robust AR (1) confidence levels respectively.
4.4.4. Comparison between seismic observations and cyclostratigraphy

As a first approximation, we can assume that each seismic sequence has developed over the
same amount of time and corresponds to the same cyclicity response. Thus, we divide the
duration of the siliciclastic series in the study area (given by biostratigraphy: 3.7-4.1 Ma) by
the number of seismic sequences observed. We obtain a duration of 411-456 ka for each of the
seismic sequences (9 sequences/3.7-4.1 Ma; Figure 4.4). This approximation is also consistent
with the observation of 4 to 5 short eccentricity cycles (97 to 128 kyr) obtained in the
cyclostratigraphy study within each major seismic sequence (Figure 4.5) and the presence of
long eccentricity cycle (405 kyr) in Wells #2 and #3 (Figures S4.2 and S4.3). Therefore, we
conclude that long eccentricity (405 kyr) is the main orbital parameter influencing the sediment
architecture on the Amazon continental margin as observed on our seismic data.

Within seismic sequences S8 and S9, nine smaller scale sequences are observed (FR1
to FR9 in Figure 4.4). The seismic sequences (S1 to S9) being associated with long eccentricity
cycles (405 kyr), the time interval during which the S8 and S9 form is estimated at ~810 kyr.
This gives us a duration for each of the nine higher resolution sequence deposition of (810 kyr
divided by 9) ~90 kyr. We can also use the age obtained through cyclostratigraphy for the base
of Sequence S8 inside the Well #1: 858-902 ka (Figure 4.5) and inside the Well #3: 901-1005
ka (Figure S4.4) to calculate the cyclicity of these smaller scale sequences. We obtain two ages
of: (Well #1: 858 or 902/9) ~95.3 or 100 kyr and (Well #3: 901 or 1005/9) ~100 or 112 kyr.
This cyclicity is also clearly visible along the Well #3. Indeed, nine cycles identified as short
eccentricity (97-128 kyr) influence the GR data, the amplitude of the GR signal along these

cycles is more important compared to the rest of the signal (Figure S4.4).
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4.5. Discussion

4.5.1. Cyclicity record in well and seismic data

Our results highlight the impact of Milankovitch cycles on the nature and architecture of
sediments in the offshore Amazon Basin. The results of our cyclostratigraphic analysis isolate
three major peaks related to eccentricity (97-128 kyr), obliquity (41 kyr) and precession (19-23
kyr). Furthermore, seismic sequences are correlated to the leading 405 kyr eccentricity term
(Figure 4.6).

Previous studies of the sedimentary architecture of continental margins using seismic
and well data have proposed a correlation between depositional sequences and the 405 kyr
orbital eccentricity cycles (e.g., (Chima et al., 2020; Gorini et al., 2014). On the Amazon
margin, Gorini et al. (2014) proposed that the 405 kyr cycle drove the deposition of clastic
sequences overlying the Amapé carbonate platform from 2.4 Ma on the area. The improved
astronomical age model proposed in our study indicate that the outbuilding of the shelf due to
deposition of Amazon-derived clastics began earlier, at 3.7 Ma (Figure 4.7).
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Figure 4.7: Sequence stratigraphy interpretation of the inlines A and B (see their location in Figure 1).
The sea level curve of Miller et al. (2020) (raw data in dark blue and smoothed data in light blue) is
shown on the right side of wells #1 and #2. The dashed white line represents the present-day sea level.
The red and green triangles along Well #1 depicts the relative sea level variation interpreted through
seismic observation. Red triangles represent regressions while the green ones transgressions. Estimated
ages of seismic sequence (S1 to S9) boundaries (corresponding to the Transgressive Surface) are
labelled on the left side of the inlines.

In the two youngest seismic sequences (S8 and S9, Figure 4.7), a cyclicity of 100 kyr is
proposed and explains the presence of 9 Falling Stage System Tracts or forced regression (FR1
to FR9; Figure 4.7). These forced regressions in the late Quaternary are well known features in
many places in the world (e.g. Lobo and Ridente, 2014; Rabineau et al., 2006, 2005; Ridente et
al., 2009 in Mediterranean case studies or Anderson and Fillon, 2004 in Gulf of Mexico). In
Well #3, this cyclicity is apparent in the GR records, and its greater preservation could be
explained by the position of the well closer to the main depocenter of the Amazon deep-sea fan
(Figure 4.1). Indeed, the flexural deformation of the lithosphere associated to the deep-sea fan
loading can be recognized by changes in the rate of subsidence in the adjacent areas and an
increased accommaodation space favourable to the aggradation and preservation of shelf-edge
deltas (Cruz, 2018; Neal W. Driscoll and Karner, 1994; Rodger et al., 2006; Silva et al., 1999).

Our study also indicates that lithological variation along the offshore Amazon Basin is
mainly influenced by short eccentricity (97-128 kyr) as depicted by the MTM analysis (Figure
4.6). This contrasts with the widely accepted idea that obliquity is the main parameter
influencing the Earth’s climate prior to the Mid-Pleistocene Transition (0.7-1.2 Ma) (Raymo et
al., 1997). This difference could be explained by the location of the study area close to the
equator, a latitude more sensitive to precession-eccentricity forcing (Berger and Loutre, 1994).
So, astronomically driven climate is the dominant parameter influencing the sedimentation
pattern in the study area, whereas the flexural subsidence likely remains the main factor
preserving the higher frequency climatic variations recorded in the deltaic sequences of the
Amazon margin (Cruz, 2018; Figure 4.7).

4.5.2. The starts of siliciclastic deposition

Mega-sequence MS-I is bounded at its base by the transition from Amapa carbonate sediment
to clastic sediments from the Amazon River, we date this transition to 3.7 Ma based on

cyclostratigraphy along Well #1 (Figures 4.6). Further south in Well #3, the basal age of the
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Plio-Pleistocene series shows an earlier age of 4 Ma (Figure S4.4). These diachronous ages are
consistent with the work of Cruz et al. (2019), who showed that the age of carbonates demise
decreased northward across the offshore Amazon Basin, with a longer carbonate growth
towards the north (and therefore a younger age of cessation). This result is also consistent with
the observation of NE migration clinoforms by Gorini et al. (2014), which cover the Amapa
carbonate platform. This is consistent with our results revealing a 10m layer of sandy sediments
covering the last occurrence of Amapa carbonates (Figure 4.2). This sandy unit is covered by
a Highstand System Tract (HST), consisting of muddy bottomsets of delta-scale subaqueous

clinoforms downlapping the previous surface (Figure 4.7).
4.5.3. Mega-sequences correlation to climate and sea-level changes

Here, we suggest to correlate changes observed in seismic geometries and dated by
cyclostratigraphy, with trends of now well recognised global sea level curves (Miller et al.,
2020).

Within MS-I, the first identified Falling Stage System Tract (FSST) inside the seismic
sequence S1 is probably associated with a climatic change between 3.5 to 3.3 Ma and a global
sea level fall (Mammoth 2 event or MIS M2; (De Schepper et al., 2013). During the Sequence
1 (S1) deposition, the main sea level fall, is fast with high amplitude (60 m in 100 kyr; Miller
et al., 2020). During this time span, FSST observations reveal clear migration of the coastline
towards the basin with a large (marine) erosional surface at its base. Seismic Sequence 2 (S2)
corresponds to a period of relatively high sea level defined by the development of a HST that
last from 3.3 to 3.0 Ma based on the cyclostratigraphic age model. This time interval matches
with the timing of the Mid-Pliocene warm period, ranging from 3.264 to 3.025 Ma (Dowsett
and Caballero Gill, 2010; Haywood et al., 2009). This interval is recorded as a thick aggrading
and prograding Highstand System Tract (HST) inside S2 (Figure 4.7). This warm period is
followed by a cooling event and a long period of sea level fall (from 3.0 to 2.8 Ma; Miller et
al., 2020) with shorter amplitude compared to S1 (50 m in 200 kyr: speed of 25 m/100 kyr,
Miller et al., 2020) and could explain the difference of geometries recorded in the sequence
with a basinward shift of the S2 FSST (and less erosion at its base and top). The third FSST
inside S3 corresponds to a global sea level fall standing from 2.75 Ma to 2.51 Ma with an
amplitude of almost 80 m (Miller et al., 2020). Even if it represents the biggest sea level fall in
terms of height, it is also the longest in duration (320 kyr), thus implying a very low rate of sea
level fall. This explains the well-developed FSST, with a larger volume of sediments than in

the previous two FSST.
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MS-I1 is delimited at its base by a drastic change in the shape of FSSTs, and the
preservation of thicker TST. In addition, well developed erosional truncations as well as giant
submarine landslides scars have been recorded. The transition from MS-1 to MS-I11 is dated at
2.4 Ma according to cyclostratigraphy which could be related to the intensification of Northern
Hemisphere Glaciation (iNHG) occurring between 3.0 to 2.5 Ma (Bartoli et al., 2005; Kleiven
etal., 2002; M. A. Maslin et al., 1998; Wohlfarth et al., 2008). The thicknesses and volumes of
the FSST and TST are greater during MS-11 than MS-I which might be correlated to higher
sedimentation rates. The increased sedimentation rates may be due to enhanced erosion since
the iINHG, due to enhanced Andean glaciation and variation in precipitation on the Amazon
drainage basin during colder glacial stages (Harris and Mix, 1999; Mason et al., 2019). This
change is also observed in pollen data (at 2.6 Ma) (transition between zone C to D described by
Hoorn et al., 2017) which reflects an increase in the sedimentation rates and the development
of open vegetation in the high Andes from 2.6 to 0.8 Ma. During MS-II (2.4 to 0.9 Ma),
Transgressive System Tracts (TST) are more developed and we correlated the first two with sea
level rise events from 2.5 to 2.2 Ma (MIS 95-91, Lisiecki and Raymo, 2005) and from 1.64 to
1.44 Ma (MIS 57-47, Lisiecki and Raymo, 2005). The last Transgressive System Tract observed
in S7 is probably associated with MIS 31 (1.07 Ma, Lisiecki and Raymo, 2005). These sea level
rise events are considered as super interglacials stages by Melles et al., (2012). Other studies
prove the impact of these super interglacials on geological records with increased carbonate
productivity (Droxler and Jorry, 2021, 2013).

Two main Submarine Landslide (SLi) scars are also observed in the MS-II interval of
the Plio-Pleistocene series. The triggering mechanisms of megaslides on passive continental
margins can be multifaceted and may include various pre-conditioning factors (Garziglia et al.,
2008; Urlaub et al., 2013; Vanneste et al., 2013). In the study area, submarine landslides seem
to have been instigated by significant sea level falls. Indeed, the scars affect the Falling Stage
System Tract and are also covered by the Lowstand System Tract, indicating that the landslides
occurred during a relative sea level fall and before reaching the relative minimum sea level.
SLil is dated, thanks to the age model, between 2.1 to 1.6 Ma, while SLi2 is dated between 1.2
to 0.9 Ma. The age of SLi1 coincides with horizon H, as noted by Reis et al. (2016). Horizon H
(1.8 Ma) has been used to date AM2-AM6 mass transport deposits, all of which occurred during
the mid to late Pleistocene along the slope of the Amazon deep-sea fan (Reis et al., 2016).

During MS-I11 (0.9 to present-day), the shape of the FSST changes drastically as well
as their location along the passive margin (Figure 4.7). This could be explained by the variation

of the dominant orbital parameter on the climate. Indeed, after the MPT, the Earth is dominated
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by 97-128 kyr cyclicity and sea level variation has increased drastically (Berger and Loutre,
1994; Chalk et al., 2017; Clark et al., 2006; Pisias and Moore, 1981; Willeit et al., 2019). This
leads to shorter seismic sequences associated with short eccentricity cycles, in contrast to the
405 kyr cycles observed previously. The successive decline in sea level related to glacial stages
led to high variation of the coastline position which results in regressive prisms along the slope
(forced regression). Indeed, the available space for sediments is considerably reduced on the
outer shelf during strong sea level falls and the sediments migrate towards the slope. During
the S8 seismic sequence, the FSSTs mainly prograde and the aggradation remains very low
(Figure 4.7). However, during seismic sequence S9, aggradation overcomes progradation. This
correlates with the Mid-Brunhes transition, which shows over the last 405 kyr, interglacial
stages with warmer temperatures (Jouzel et al., 2007a) and higher concentrations of
atmospheric CO2 (Lthi et al., 2008) and an overall increase in the mean sea level (Barth et al.,
2018; Mitsui and Boers, 2022). This association between FSST and the short eccentricity (97-
128 kyr) after the Mid-Pleistocene Transition has also been observed in other deltas (Lafosse
etal., 2018; Rabineau et al., 2006). These FSSTs are also accompanied by an increase in erosive
patterns. Indeed, during low sea levels, the shoreline reaches the outer shelf and most of the
shelf is then exposed to aerial erosion. During transgression, patch reef extensively grew around
the outer shelf on top of the shelf edge deltas (forced regressions). During the transition between
S8 to S9 sequences, we observed an increase in carbonate production, we associate this with
the MIS 11 event at 0.45 Ma (Droxler and Jorry, 2021).

4.5.4. Subsidence: a vital factor for preservation

The observation of 97-128 kyr short eccentricity cycles as well as the record of obliquity and
precession parameters in our dataset reveals the good preservation of the sedimentary deposits
on the north-western Brazilian Equatorial margin. Indeed, most stratigraphic sequences seem
to be preserved with limited seismic evidence of erosion. Such high preservation is only
possible through subsidence. Two types of subsidence affect the Brazilian equatorial margin
(Bott, 1992): thermal subsidence due to post-rift (<100 Ma) cooling; and sediment loading by
the Amazon fan since 8 Ma, which can be 10 times higher.

We can calculate this total subsidence rate around Well#1 with simple approximations.
If we consider that the top of Amapa formation is at Om water-depth, as well as the top of S9 at
MIS2 (20 ka). We measure a thickness of sediment deposition of 1090 ms TWTT, which
corresponds to about 1090 m, considering an average velocity within the sediments of 2000m/s.

Therefore, we obtain an average total subsidence rate of: 1090m deposited in (3.7 — 0.02) =
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~300 m/Myr. This value is rather high, but has been observed on other margins in the world
(e.g. in the Mediterranean Sea: Rabineau et al., 2014) and is, in fact, a pre-conditioning factor
for the record of Pliocene and Quaternary high resolution sequences on the shelf. The same
calculation on Well#3 leads to an average subsidence rate of: 1822m/4 Ma = ~450m/Myr. Note
that Well #2, which is in between, well #1 and well#3 shows an intermediate subsidence rate
of ~375m/Myr. Therefore, the variations between the northern and southern geometries can be
explained by differential subsidence rate. The southern part of the seismic block being closer
to the Amazon deep sea fan, is more impacted by sediment loading. The relative sea level rise
(or increase in water depth) is faster in the southern part due to the additional subsidence and
absolute sea level rise. As a result, the transgressive system tract reaches the inner shelf faster
and less sediment associated with transgression is deposited on the outer shelf. This might
explain the difference in thickness of the transgressive system tract, greater in the north end tip
of our seismic block, compared to the south. Seismic sequences S8 and S9 reveal an opposite
pattern with steeper reflectors at the southern edge of the seismic block. However, this is due
to the presence at the base of the S8 sequence of a submarine landslide, which changes the
shape of the slope. At the southern edge of the seismic block, the landslide washed away an
important volume of sediment along the slope. The steepness of the slope increases due to this
event, forcing sediments to settle in higher water depths on the upper slope. While at the
northern part, the submarine landslide removed a smaller volume of sediments creating a less

steep slope, the sediments infilling this area show more continuous reflectors with smaller dips.

4.6. Conclusions

This study provides new information on the possible effects of climate variations on the
architecture of Plio-Quaternary sedimentary deposits along the Brazilian Equatorial Margin
influenced by terrigenous inputs. A 3D seismic sequence stratigraphic study reveals the margin
to include 3 mega-sequences and 9 seismic sequences, deposited during the last 3.7-4.1 Ma
based on biostratigraphic data from wells. A cyclostratigraphic analysis of gamma ray data in
3 wells yields an age model in which the seismic sequences correspond to the 405 kyr
eccentricity cycle. The first mega-sequence (MS-I) is dated between 4.0 to 2.4 Ma and its
characteristics are interpreted to record sea level variations of low amplitude (~40 m) preceding
the intensification of Northern Hemisphere Glaciation. The second mega-sequence (MS-II) is
dated to 2.4-0.9 Ma and is characterized by the development of major erosive surfaces and an
increase in the slope of clinoform forests. This change in the overall geometry of the shelf is

potentially due to an increase in the amplitude of sea level variations coupled with an
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intensification of the erosion rate within the Amazon basin. The third mega-sequence (MS-I11)
Is dated to 0.9-0 Ma and is characterised by nine lowstand prisms, of which the oldest five are
prograding, while the youngest four become aggrading. The age model allowed us to ascribe
these prisms to a cyclicity of 100 kyr matching the short eccentricity (97-128 kyr). The
abundance of lowstand packages is related to a change in the orbital forcing regime at the Mid-
Pleistocene Transition. Moreover, ~405 kyr ago during MIS 12-11 transition, the average
temperature of the Earth increased, raising the average sea level and allowing the lowstand
prisms observed in the seismic record to become aggrading. Correlation with the absolute sea
level curve indicates that the 9 prisms within MS-111 correspond to glacial-interglacial cycles
and correlate with MIS 6, 8, 10, 12, 14, 16, 18, 20 and 22. In summary, the sedimentary
architecture of the North-western Brazilian Equatorial Margin records significant changes in its
overall geometry at 2.4 Ma, 0.9 Ma and 0.4 Ma due to the intensification of Northern
Hemisphere Glaciation, the Mid Pleistocene Transition and the Mid-Brunhes Transition,
respectively. The nice record and preservation of these climate-related sequences is due to a
significant total subsidence rate in the area of ~300m/Ma on the outer shelf. We related this

important subsidence rate to the loading effect of the Amazon deep-sea fan.
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4.7. Supplementary contents

4.7.1. Data and methods:

The cyclostratigraphic method is based on gamma ray (GR) well-log data. GR variations in
geological formations are connected to the concentrations of radioactive atomic nuclei, mostly
uranium, thorium and potassium, which in general are higher in shale and clay intervals than
sandy sediments, and very low in limestones. Therefore, GR logs are a good proxy for
lithological variations in a siliciclastic and mixed siliciclastic-carbonate sedimentary
environments. In shelf settings, sediment sorting is mostly related to variations in ocean energy,
which to a first approximation decrease seaward. Thus, GR well log data can provide a reliable
proxy of distance from the shore during sea-level variations (Merkel, 1979). GR well log data
has already been used as an indirect paleoclimatic proxy to characterize orbitally-driven sea
level variation (e.g. Ruffell and Worden, 1999; Weedon et al., 2004; Wu et al., 2013).

To correlate well logs to seismic data in the time domain, downhole check-shots were
used and an additional statistical wavelet was created on Paleoscan Software. A more accurate
deterministic wavelet could not be generated due to the lack of geophysical well log data from
the Plio-Pleistocene succession. The time-depth relationship therefore has an uncertainty
estimated at 30 m, except for certain lithological transitions, e.g., from Amapéa carbonates to
overlying siliciclastics, which are well defined in both the well and seismic data.

4.7.2. Sequence and seismic stratigraphic methods

Catuneanu et al. (2011) redefined a sequence as "a succession of strata deposited during a full
cycle of changes in accommodation or sediment supply.” In this study, we adopted this
definition, using the terms "sequence" or "seismic sequence."

Below, additional information regarding system tracts and their boundaries is presented:

The Transgressive Surface (TS) corresponds to the transition from a coastline shifting
toward the basin to a coastline migrating toward the continent. The Maximum Flooding Surface
(MFS) represents the top boundary of the Transgressive System Tract (TST) and is
characterized by a shift in the migration of the coastline from the coast towards the basin,
opposite to the TS.

The Highstand System Tract (HST) is initiated by normal regression when sea-level rise
decelerates, and sediment starts to prograde due to a decrease in the A/S ratio. Although the

global sea level is still rising, the coastline migrates basinwards due to the dominant role of
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sediment influx. The upper limit of the HST is defined by the Sequence Boundary (SB). The
SB consists of a subaerial erosive surface that develops as sea level falls and the coastline starts
to migrate towards the basin, although the foresets of the HST can still remain under submarine
conditions.

The Falling Stage System Tract (FSST) wedge shows only a series of downward
progradations due to the dominant role of eustatic sea-level fall.

The Lowstand System Tract (LST) continues to develop even after eustatic sea level
starts to rise. As long as sediment supplies remain greater than accommodation, the shoreline
continues to migrate basinwards. When accommodation overcomes the rate of sediment supply,
the shoreline starts to move towards the coastline, which marks the Transgressive Surface.

To distinguish each package, four important factors were considered during seismic
facies interpretation (Figure 4.3):

» Morphology of the horizons (erosion, steepness, extent, position)
» Stratal terminations (Onlap, Offlap, Toplap, and Downlap)

» The offlap break position (topset edge), when preserved

» Stacking patterns of successive sedimentary units

To obtain horizons instead of time slices, a geo-model was built in the specialized 3D
seismic interpretation software, PALEOSCAN (https://www.eliis-geo.com), with an automatic
tracking of reflections, conversion to horizons, and stratigraphic organization. A manual
interpretation of the main horizons was conducted to check, refine, and update the geo-model.
In this case study, throughout the Plio-Pleistocene series, 300 seismic horizons were generated
and correlated between wells inside the seismic block. Furthermore, the identification and
extent of the main limits of our seismic sequences across the entire study area were based on

those multiple horizons.
4.7.3. Identification and definition of seismic sequences

Nine seismic sequences were identified through seismic interpretation (S1 to S9, Figure 4.4).
Each seismic sequence was interpreted as a full cycle of depositional system tracts by analysing
their respective seismic architecture (Figure 4.4). In addition, when the identification of
depositional systems tract could also be achieved all together by analyses of wireline log motifs
and cyclostratigraphy (Figures 4.5 and 4.6), we can define with more confidence a sequential

stratigraphy for the Pliocene-Pleistocene Amazon shelf. For instance, we can observe an

124



excellent correlation between Transgressive Surface (TS), drops in GR values and lithological
transitions from shale to sandstone. It should be noted that TST are not well developed along
the area and LST are absent on the shelf. During lowstands, much of the sediments of the
Amazon are probably directly funnelled to the deep-sea fan, therefore, bypassing the outer shelf
and are not transported by the longshore current to our study area. This implies that the
Sequence Boundary (SB), the Transgressive Surface (TS), and the Maximum Flooding Surface
(MFES) are either a common horizon or a small seismic interval in some part of the seismic
block.

Sequence S1 displays a thickness of 140 ms TWTT in Well #1 (Figure 4.4). Deposition
of S1 starts on top of a high amplitude reflector associated with carbonate lithology. This
reflector marks the transition from the Amapa Fm to the Plio-Pleistocene siliciclastic series. On
top of this reflector, the first sediments part of the sequence S1 begins to downlap the area,
lithological log reveals that these siliciclastic sediments are sandstone (Figure 4.2). Above these
sands, the lower part of S1 seismic sequence shows very low amplitude and poorly continuous
reflectors with downlapping character, able to build outward and upward into the available
space, with very low slope angles. This seismic facies; SF2 (Figure 4.3), is associated with
fine-grained sediments on the logs and is interpreted as prodeltaic units of a HST. Two or three
reflectors at the end of the HST present toplapping terminations with only progradational
behaviour (SF3; Figure 4.3); it seems to be part of a distal FSST with a very small thickness
(30 ms TWTT at its thickest part). Above this depositional system tract, the S1 sequence
presents moderate to high amplitude reflectors with a rapid increase of steepness and a better
continuity of the reflectors. Its base is erosive (red line inside the S1 on Figure 4.4). This unit
is interpreted as a SF3 (Figure 4.3) and thus corresponds to a FSST with a rapid shift of the
sedimentation towards the basin. However, this FSST begins at a proximal position compared
to the two or three reflectors below showing similar seismic facies. It is possible to separate,
therefore, this Sequence S1 in two different seismic sequences, yet we interpret the small
interval as a sub-sequence related to a smaller scale cyclicity.

Sequence S2 displays a thickness of 120 ms TWTT in Well #1 (Figure 4.4). S2 consists
mainly of a thick aggradational sedimentary interval, which downlap the top of the S1 FSST.
Low to medium amplitude reflectors are observed in Sequence S2, and are interpreted as a SF2
(Figure 4.3), which corresponds to a HST composed of shales (Figure 4.2). On top of this HST,
clinoforms associated with SF3 (Figure 4.3) with only progradational behaviour reveal the
presence of a FSST (Figure 4.4). Compared to the FSST of sequence S1, this FSST begins at a

distal position and the offlap break position (blue circle in Figure 4.4) is closer to the slope.
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Sequence S3 displays a thickness of 100 ms TWTT in Well #1 (Figure 4.4). Contrary
to the previous sequence, a high amplitude reflector covers the previous S2 FSST. This reflector
Is associated with SF1 (Figure 4.3) and represents a small transgressive interval. Prograding
and aggrading reflectors associated with HST (SF2; Figure 4.3), overlay the transgressive
interval. Clinoforms with only progradational behaviour begins to cover the HST (SF3; Figure
4.3). Compared to the same transition inside sequence S2, the transition from HST to FSST
occurs at a proximal point, the offlap break position shows the same proximal migration (Figure
4.4). Foresets of the FSST present elongated shapes that extend towards the shelf and reach the
slope (Figure 4.4).

Sequence S4 displays a thickness of 100 ms TWTT in Well #1 (Figure 4.4). At first
sight, S4 is mostly composed of stacked sub-parallels reflectors (SF1; Figure 4.3) reaching a
thickness of 75 ms TWTT in Well #1 (Figure 4.4). On top of this TST, an interval presents
progradational clinoforms (SF4; Figure 4.3) and is associated with a small FSST (30 ms TWTT
thick at its thickest part along the Inline 1, FSST inside S1, S2 and S3 reach thickness of 50 to
100 ms TWTT). However, at a finer scale, S4 is composed at its base by three stacked reflectors
of high amplitude, which covers the FSST inside sequence S3. This set of sub-parallels
reflectors correspond to a thick transgressive interval (SF1; Figure 4.3). Above, on the proximal
part of the inline 1 (Figure 4.4), packages of aggrading and oblique reflectors compose a small
HST (SF2; Figure 4.3). However, the HST is highly eroded (see orange line corresponding to
a Transgressive Surface, inside S4 in the Figure 4.4), the erosive boundary cut through almost
the entirety of the HST leaving a gap of 70 ms TWTT of sediments on the most distal part of
the outer shelf. The Transgressive Surface (TS), which corresponds to the erosional
unconformity, reveals two different reflector amplitude domains. Indeed, the proximal part
displays a flat reflector of high amplitude, while the distal part exhibits a highly eroded
unconformity with low amplitude reflection. The gap created by this erosion is filled by
reflectors of low to medium amplitude with onlap termination toward the coast with sub-parallel
and continuous nature (SF1; Figure 4.3). S4 could be separated, therefore, in two different
seismic sequences but we decided due to its size to interpret the small HST package in the
proximal part of the seismic block as a sub-sequence associated with a smaller scale cyclicity.

Sequence S5 displays thickness of 170 ms TWTT in Well #1 (Figure 4.4). S5 starts with
three reflectors corresponding to a SF1 (Figure 4.3) and are characteristics of a TST. The
following reflectors show low amplitude associated with intense progradation and low
aggradation (SF2; Figure 4.3). The angle of foresets is particularly high (compared to the same
feature in the older sequences) while the bottomsets extension is limited (Figure 4.4). It is
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difficult to identify the point at which aggradation ceases, and the system tract gradually evolve
froma HST to a FSST. Finally, FSST progrades through high angle clinoforms along the outer
shelf (SF3’; Figure 4.3). The thickness of the FSST is more constant along the outer shelf in
this sequence compared to the FSST inside S1, S2 and S3. Closer to the slope, a scar from a
submarine landslide affects the foresets of FSST clinoforms but is also buried under the foresets
of newly generated clinoforms part of the same FSST inside S5. On the slope, chaotic reflectors
(SF5, see Figure 4.3) are visible and correspond to displaced sediments remaining at the foot
of the landslide scar. These chaotic reflectors are covered by clinoforms of very low amplitude
with mostly prograding nature. However, the aggrading nature of some reflectors could indicate
that these clinoforms are part of a LST (SF4; Figure 4.3), which is younger than the Submarine
Landslide 1 (SL1, Figure 4.4).

Sequence S6 displays thickness of 90 ms TWTT in Well #1 (Figure 4.4). Transition
between Sequence S5 and S6 reveals a highly erosive unconformity that is topped on the slope
by sub-parallels reflectors of medium to high amplitude, which correspond to a TST (SF1;
Figure 4.3) (Figure 4.4). This TST is the thickest transgressive package observed in the seismic
block during the deposition of the Plio-Pleistocene series. It reaches a thickness of more than
100 ms TWTT along the Inline A at its thickest area. The TST is also at a very distal part of the
seismic block, which implies a prior important relative sea-level fall. Along the Inline B (Figure
4.4), multiple landslides and deformation affect the slope domain, and therefore the TST
reflectors. Above this system tract, reflectors of medium amplitude downlap the previous
reflectors and prograde towards the basin with an important aggradational behaviour (SF2;
Figure 4.3). Finally, aggradation cease and only prograding reflectors are visible near the slope
(Figure 4.4). Along the inline B (Figure 4.4), the erosive unconformity delimiting the S6 and
S7 has eroded the most distal part of the regressive cortege, so, the S6 FSST is not visible.

Sequence S7 displays a thickness of 120 ms TWTT in Well #1 (Figure 4.4). The first
reflectors associated with S7 are based on an erosive unconformity (Orange line at the interface
of S6 and S7 in Figure 4.4). A set of reflectors of high amplitude, associated with SF1, covers
this unconformity, and are, therefore, part of a TST. Above the TST, clinoforms prograde
towards the basin, most of the clinoforms are only prograding and are related to SF3 (Figure
4.3) and are part of a FSST. Only bottomsets of the previous HST appear inside the seismic
block possibly due to its position closer to the continent. Close to the slope, a Submarine
Landslide scar cut the end of the FSST. This second Submarine Landslide (SL2) shows the

same pattern as the one observed in SL1. Stacked reflectors of low amplitude also cover it,
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which could be associated with a LST. However, the lack of data towards the basin prevents a
clear identification.

Sequence S8 displays a thickness of 70 ms TWTT in Well #1 (Figure 4.4). Along the
slope, the thickness of S8 increases drastically. Along the Inline A (Figure 4.4), only clinoforms
with extended bottomsets cover the slope. The Inline B (Figure 4.4), reveals more precise
patterns, five intervals with clear progradation topped by a high amplitude reflector are
identified as SF4 (Figure 4.3) and correspond to FSST/LST (FR 1 to FR 5 in the Figure 4.4)
developed on the slope. These regressive systems are at a smaller scale compared to the FSST
observed during the previous seismic sequence; indeed, FSST/LST only extend along the slope
on stretch of one or two kilometres in width, whereas the previous FSST can extend along the
entire width of the all the outer shelf for five to ten kilometres. On the outer shelf, data quality
declines and most of the reflectors have poor continuity. However, some area along Inline A
reveal a clear stacking of high amplitude reflectors along a stretch as wide as one kilometre. It
is associated with SF7 (Figure 4.3) and are related to carbonate build-up.

Sequence S9 displays a thickness of 180 ms TWTT in Well #1 (Figure 4.4). On the
outer shelf along the Inline A (Figure 4.4), reflectors of high amplitude highlight topographic
features which are associated with SF7 (Figure 4.3) and are characteristic of carbonated build-
ups during TST. Poor data quality prevents more detailed interpretation of this area. However,
along slope in the Inline B, four intervals: FR 6 to FR 9 (Figure 4.4) which show aggradation
and progradation, are topped by high amplitude reflector and correspond to SF4 (Figure 4.3).
These intervals correspond to FSST and LST of smaller scale compared to the ones observed
in the Sequences S1 to S7. Finally, the sea floor reveals topographic highs along the outer shelf
which could be associated with SF7 (Figure 4.3).

128



4.7.4. Supplementary Figures
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Figure S4.1: 3D seismic viewer revealing the correlation used to propagate the biostratigraphic age
from Well #3 to the seismic block through two 2D seismic lines named C and D. The small box in the
bottom left shows the position of the different lines and wells compared to the seismic block position.
The top of Amapa is eroded by a major canyon avoiding an easy propagation. However, the bottom part
of the canyon is fulfilled by reflectors with onlapping terminations noted canyon infill in the figure.
While the upper part shows easy to propagate and correlate sandy layers which are highlighted in
yellow. The position of the samples used for biostratigraphy correspond to the first set of reflectors

which covers the canyon and the adjacent shelf (purple dashed line).
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Figure S4.2: Cyclostratigraphic analysis of GR data of the upper non-deformed interval of Well #2
(depths 120 to 596 m KB, upper siliciclastic series). On the left-side panel: (A) Raw GR dataset; (B)
Detrended GR data; (C) Filter on the 32 m cycles potentially associated with the Earth’s short
eccentricity; (D) Filter on the 12 m cycles potentially associated with the Earth’s obliquity. The graph
below presents the MTM analysis of the curve (B) with the interpreted orbital cyclicities using manual
frequency ratio method. The right-side panel present eCOCO results compared to the sedimentation
rates obtained after a tuning on short eccentricity (curve (C)) and obliquity (curve (D)), respectively in

purple and red.
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Figure S4.3: Cyclostratigraphic analysis of GR data of Well #3 (depths 132 to 1954 m KB, siliciclastic
series). On the left-side panel: (A) Raw GR dataset extended to the seafloor; (B) Detrended and
corrected GR data; (C) Filter on the 46 m cycles potentially associated with the Earth’s short

eccentricity, (D) Filter on the 21 m cycles potentially associated with the Earth’s obliquity. The graph
132



below presents the MTM analysis of the curve (B) with the interpreted orbital cyclicities using manual
frequency ratio method. The right-side panel present eCOCO results compared to the sedimentation
rates obtained after a tuning on short eccentricity (curve (C)) and obliquity (curve (D)), respectively in

purple and red.

Well #3 Time (kyr)
40 0 500 1000 1500 2000 2500 3000 3500 4000
A
0
g I
o)
30 | ' 3333
(1]
S 1948 1637 2070 ‘439 2802
80 873
1436
-120
10
I | L o
|
-10
1587 2381
] } 901 1990 -65"
2799 3403
10 48 f
0 --C |
104
349 2371
1 o1 1005 2p42 3981
10000 2715 3405
435-304ka /435-3D4ka
105.8ka
-
1

0 0,02 0,04 006 O 0,02 0,04 0,06
Frequency (cycles/kyr) —

Figure S4.4: Cyclostratigraphic results of GR data of Well #3 (depths 132 to 1954 m KB, siliciclastic
series). The upper panel shows; (A) global sea level variation from Miller et al. (2020); (B) the GR data
of Well #3 in time after a tuning between the Earth’s short eccentricity minima and the minima of the
filter on the 46 m frequency, (C) the GR data of Well #3 in time after a tuning between the Earth’s
obliquity minima and the minima of the filter on the 21 m frequency. Ages noted along the curves
corresponds to potential seismic sequence boundaries. The lower panels present the Multi-Taper-

Method of curves B and C (see corresponding colours), with the main astronomical cyclicities. Red,
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green, yellow and black lines represent the 99%, 95%, 90% and median Robust AR(1) confidence levels

respectively.

4.8. Previous attempts and upcoming improvements

Various age models have been developed for wells #1, #2, and #3, all employing
cyclostratigraphy based on gamma-ray (GR) data. Here after, we present distinct methodologies

that lead to age models with highly comparable results.

4.8.1. Age model based on intervals

4.8.1.1. Method

The GR data have been subdivided into different intervals based on sequence stratigraphy. This
subdivision allows reducing the effects of variations in sedimentation rate on the record of
sedimentary cycles. Along Well #1, we decided to use the limits of the seismic sequences as
well as the important variations of GR as limits of our intervals. The sharp changes of GR
directly result from a variation of lithology (and therefore acoustic impedance) and are thus
well visible in seismic reflection (since great variations of acoustic impedance results in
increased seismic wave reflection). In the case of Well #2, we decided to use the same GR
intervals as in Well #1. To do this, we extended the limits of these intervals via the 3D seismic
block using horizons constructed by Paleoscan. Lastly, as Well #3 is located outside the block,
we could not use a similar method. We decided, therefore, to use only the significant GR drops
as interval boundaries. However, we relied on a visual correlation between wells to get the most
similar cut-off possible across available wells.

The astronomical time calibration (or tuning) was done on the short (100 kyr)
eccentricity cycle because it is well expressed throughout the Plio-Pleistocene series. We first
established a floating timescale based on a pure 100 kyr periodicity. Then, the 100 kyr tuned
GR was anchored at minima of the 405 kyr eccentricity cycles, based on the La2004
astronomical model (Laskar et al., 2004) assuming that some major shifts in GR match
boundaries of prominent seismic sequences. Finally, we correlated the absolute-age tuned GR
to the La2004 raw eccentricity, and checked the validation of our age model by considering the
available biostratigraphic data at Well #3 (Cruz et al., 2019).

4.8.1.2. Results
Well #1
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The MTM spectral analysis performed per intervals on GR data (Figure S4.5) shows two to
three distinct peaks of frequency ratios close to the short eccentricity, obliquity and precession.
The strongest peak for each interval corresponds to the short eccentricity cycle (97-128 kyr). In
most of the intervals, the two other peaks match the obliquity (41 kyr) and precession (19-23
kyr). The short eccentricity wavelength ranges from 17 to 45 m, pointing to a significant change
in sedimentation rate through Well #1. The COCO results further support the manual frequency
ratio method (Figure S4.6).
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Figure S4.5: Cyclostratigraphic analysis of GR data of Well #1 (depths 242 to 1194 m, Plio-Pleistocene
section). (A) Raw and detrended GR data along with the analysed stratigraphic intervals (labelled 11
through 19 from the oldest to the youngest). The filtered wavelength of the short eccentricity is also
shown along with the detrended data. (B) 2z~-MTM power spectra of the detrended stratigraphic
intervals (mentioned by the color codes). Red, orange and blue stars on spectral peaks indicate possible
short eccentricity, obliquity and precession related wavelengths. (C) The 100 kyr tuned GR data (blue:
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tuned to a pure 100 kyr sine curve, orange: the 100 kyr tuned GR curve is anchored to 405 kyr
eccentricity cycle minima) along with the raw La2004 eccentricity data (yellow curve) and the filtered
405 kyr cycle band (light blue curve). The red-dashed curve depicts sedimentation rate inferred from
the 405 kyr anchored curve. (D) 22-MTM power spectra of the tuned GR data to a pure 100 kyr sine (in
blue) and those retuned to 405 kyr cycle minima (in orange), along with the robust red noise levels

(median, 90%, 95% and 99% confidence levels).
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Figure S4.6: COCO results for each interval of the Well #1 compared with the sedimentation rates
obtain through manual frequency ratio methodology. The calculation of sedimentation rate through
manual frequency ratio method is represented by the black boxes in each interval. The black stars
highlight the most probable sedimentation rate obtain with the comparison with both methodologies
and the number is in cm/kyr.

The interval 7 reveals a similar pattern within the three wells. The amplitude of the peak
corresponding to short eccentricity cycle (see the vertical axis entitled “power” in the Figures
4.8.1, 4.8.3 and, 4.8.5 for the interval 7; 17) decreases drastically by at least one order of
magnitude making the other two cycles, related to obliquity (41 kyr) and precession (19-23
kyr), comparatively stronger (Figures 4.8.1, 4.8.3 and, 4.8.5). While the next two intervals (18
and 19) contrast with a peak corresponding to short eccentricity parameter (97-128 kyr) with a
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power 5 to 20 times greater than in 17 (Figures 4.8.1, 4.8.3 and, 4.8.5). Interval 4 in the wells
(Figures 4.8.1, and 4.8.5), shows the same pattern with a decrease in the power of short
eccentricity and an increase in precession and obliquity comparatively to adjacent intervals.

The 100 kyr tuning of the whole GR data (Figure S4.5) yields a duration of 3.4 Ma for
the Plio-Pleistocene series in Well #1. The MTM spectral analysis of the tuned GR time series
(Figure S4.5) reveals several peaks at 660, 240, 180, 123, 101, 87, 64, 53, 46 and 38 kyr. Then,
we retuned the 100 kyr GR time series to the 405 kyr eccentricity cycle assuming that their
minima correspond to the sharp drops in GR which correlate to boundaries of seismic sequences
and major changes in the lithology.

Anchoring the 100 kyr floating time scale to the 405 kyr eccentricity minima allows an
absolute age model for Well #1 (Figure S4.5). The MTM spectral analysis of this tuned dataset
detects peaks of 125, 105, 90, and 40 kyr (Figure S4.5). The inferred sedimentation rate curve
reveals lower values of 20, 18 and 23 cm/kyr for intervals 18, 17 and 16 respectively (from 0.6
to 1.5 Ma), and greater values of 31 cm/kyr and 35 cm/kyr for respectively 19 and 12 (Figure
S4.5). In the Figure S4.10, we compare the sedimentation rates inferred from the 100 kyr tuned
GR curve with the sedimentation rates estimated with the “eCOCQO” approach. We observe an
overall good correlation between the two method outputs, further supporting our
cyclostratigraphic interpretation based on the manual frequency ratio method. Finally, we
obtained an age for the first appearance of Amazon-related terrigenous sediments of 3.65 Ma
in Well #1 (Figure S4.5).

Well #2

Within the Plio-Pleistocene series of Well #2, only its upper part is tectonically undeformed
(Figure 4.4). Thus, we focused on cyclostratigraphy of its upper part (Figure S4.7). We
extended the seismic intervals created within Well #1 using 3D seismic to separate the GR data
of Well #2 with the same intervals (Intervals 16 through 19; Figure S4.7). The MTM spectral
analysis of these intervals (Figure S4.7) shows two to three relevant GR peaks, with elevated
power (Figure S4.7). The frequency ratio method allows attributing each of the three peaks,
from the lowest to the highest frequency, to short eccentricity, obliquity and precession (Figure
S4.7). The COCO results further support the manual frequency ratio method (Figure S4.8). The
100 kyr tuning of Well #2 (Figure S4.7) yields a duration of 1.67 Myr for the upper part of the
Plio-Pleistocene series. Finally, the 100 kyr tuned GR data were anchored to the minima of 405
kyr eccentricity cycles (Figure S4.7). The MTM spectral analysis of the 100 kyr tuned GR time

series is almost identical to the 405 kyr retuned GR time series. Therefore, only the MTM of
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the 405 kyr retuned GR is presented (Figure S4.7). It reveals cycles of 440, 250, 116, 100, 55
and 38 kyr. The estimated sedimentation rate from tuning shows lower values of 20 cm/kyr,
within interval 17 (from 0.8 to 1.2 Ma), and a higher value of 40 cm/kyr within Interval 19.
Results of the “eCOCO” method reinforce the obtained sedimentation rates from the 100 kyr
tuned GR data, with possibly one exception at the transition from Interval 17 to Interval 18
where the eCOCO fails in the detection of the optimal sedimentation rates (Figure S4.11).
However, the COCO method applied per intervals (17 and 18) highlight significant optimal

sedimentation rate, especially within I8 (Figure S4.8).
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Figure S4.7: Cyclostratigraphic analysis of GR data of Well #2 (depths 120 to 596 m, upper Plio-
Pleistocene section). (A) Raw and detrended GR data along with the analysed stratigraphic intervals
(labelled 16 through 19 from the oldest to the youngest). The filtered wavelength of the short eccentricity
is also shown along with the detrended data. (B) 27-MTM power spectra of the detrended stratigraphic
intervals (mentioned by the color codes). Red, orange and blue stars on spectral peaks indicate possible
short eccentricity, obliquity and precession related wavelengths. (C) The 100 kyr tuned GR data (blue:
tuned to a pure 100 kyr sine curve, orange: the 100 kyr tuned GR curve is anchored to 405 kyr
eccentricity cycle minima) along with the raw La2004 eccentricity data (yellow curve) and the filtered
405 kyr cycle band (light blue curve). The red-dashed curve depicts sedimentation rate inferred from
the 405 kyr anchored curve. (D) 22MTM power spectra of the anchored GR data to 405 kyr cycle
minima (in orange), along with the robust red noise levels (median, 90%, 95% and 99% confidence

levels).
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Figure S4.8: COCO results for each interval of the Well #2 compared with the sedimentation rates
obtain through manual frequency ratio methodology. The calculation of sedimentation rate through
manual frequency ratio method is represented by the black boxes in each interval. The black stars
highlight the most probable sedimentation rate obtain with the comparison with both methodologies
and the number is in cm/kyr.

Well #3

In Well #3, the MTM of each interval reveals a good correlation between the main GR peak
with the lowest frequency and the short eccentricity parameter (97-128 kyr; red stars in Figure
S4.9). The second and third peaks, with high power compared to mean value, correlates with
the obliquity (41 kyr) and precession parameters (19-23 kyr; respectively orange and blue stars
in Figure S4.9). The COCO results further support the manual frequency ratio method (Figure
$4.10). The highlight of the short eccentricity cycles allows tuning GR data in depth with a pure
100 kyr periodicity signal to obtain a GR curve in time (blue curve, Figure S4.9).

The new GR curve in time indicate a time span of 4.23 Ma for the Plio-Pleistocene series
along the Well #3 (blue curve, Figure S4.9). Finally, after the anchoring on the minima of the
long eccentricity cycles, we obtain an age model for the GR data of the Well #3 (orange curve,
Figure S4.9). This model generates an age of 4.3 Ma for the arrival of the first terrigenous
sediments brought by the Amazon along Well #3 (orange curve, Figure S4.9). The MTM of
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this curve attributes main cyclicities for 830, 350, 162, 114, 96 and 44 kyr (Figure S4.9). We
also calculated sedimentation rates by comparing curves in time and depth; it highlights low
sedimentation rates of 39 cm/kyr during 17 (0.8 to 1.2 Ma), and 35, 25 and 38 cm/kyr during
15, 14 and 13 respectively (from 1.6 to 2.8 Ma). Interval 11 (from 3.2 to 4.3 Ma) also reveal low
sedimentation rates of 27 cm/kyr (Figure S4.9). Other intervals present high sedimentation rates
between present-day to 0.8 Ma (19 and 18) with value of 52 and 55 cm/kyr respectively as well
as interval 16 (1.2 to 1.6 Ma) with a sedimentation rate of 54 cm/kyr and interval 12 (2.8 to 3.2
Ma) with the highest sedimentation rates recorded of 74 cm/kyr (Figure S4.9). Finally, the
eCOCO inferred sedimentation rates track those estimated from the 100 kyr tuned GR data
(Figure S4.11).
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Figure S4.9: Cyclostratigraphic analysis of GR data of Well #3 (depths 181 to 1954 m, Plio-Pleistocene
section). (A) Raw and detrended GR data along with the analysed stratigraphic intervals (labelled 11
through 19 from the oldest to the youngest). The filtered wavelength of the short eccentricity is also
shown along with the detrended data. (B) 27-MTM power spectra of the detrended stratigraphic
intervals (mentioned by the color codes). Red, orange and blue stars on spectral peaks indicate possible
short eccentricity, obliquity and precession related wavelengths. (C) The 100 kyr tuned GR data (blue:
tuned to a pure 100 kyr sine curve, orange: the 100 kyr tuned GR curve is anchored to 405 kyr
eccentricity cycle minima) along with the raw La2004 eccentricity data (yellow curve) and the filtered
405 kyr cycle band (light blue curve). The red-dashed curve depicts sedimentation rate inferred from
the 405 kyr anchored curve. (D) 22MTM power spectra of the anchored GR data to 405 kyr cycle

minima (in orange), along with the robust red noise levels (median, 90%, 95% and 99% confidence
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Figure S4.10: COCO results for each interval of the Well #3 compared with the sedimentation rates
obtain through manual frequency ratio methodology. The calculation of sedimentation rate through
manual frequency ratio method is represented by the black boxes in each interval. The black stars
highlight the most probable sedimentation rate obtain with the comparison with both methodologies
and the number is in cm/kyr.
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for the three wells.

4.8.2. HMM-Match

In the future, we would like to use the HMM-Match methodology, to obtain a better age model.
We already tried on the Well #1 which cross the less deformed siliciclastic stratification. Here

after, you will have a presentation of the methods and results associated with the HMM-Match.

4.8.2.1. Method

The HMM-Match is a probabilistic approach for aligning a single record with a
designated target. In our study, the record refers to the gamma-ray (GR) dataset of Well #1, and
the target is the sea level curve proposed by Miller et al. (2020), which is primarily based on
the widely-used 6180 compilation by Lisiecki and Raymo (2005). The HMM-Match method
has found applications in a variety of disciplines including speech recognition (Levinson et al.,
1986), music classification (Pardo et al., 2004), and notably in computational biology (Durbin

etal., 1998). Recently, Lin et al. (2014) adapted this methodology to facilitate the alignment of
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stratigraphic records. While this method has been successfully employed by other researchers
primarily to correlate 6180 records (Ahn et al., 2017), we propose its application to other
geophysical datasets. The comprehensive methodological details of the HMM-Match are
available in Lin et al. (2014).

To validate the aligned GR curve generated, we assessed the Confidence Limits and
Median Solution, which disclose: the uncertainty in thousands of years (kyr) and; any stretching
or squeezing applied to the initial GR data, respectively. Additionally, we performed MTM
spectral analysis (Thomson, 1982) on the GR data before and after the HMM-Match procedure
to compare cyclicities of both signals.

The HMM-Match method requires two age boundaries for operation, as the GR dataset
does not start at the seafloor along the Well #1, we employed median sedimentation rates
calculated by dividing the total age of the series by its thickness to infer the age at which the
GR record begins. The second boundary corresponds to the beginning of the siliciclastic deposit
which is dated between 3.7 and 4.1 Myr based on biostratigraphy. For our analysis, we chose
an age of 3.7 Myr in Well #1. Indeed, due to its localization distant from the Well #3 and the
Amazon River mouth, we can emit the hypothesis that the age of the first appearance of the
siliciclastic series will be younger in Well #1 than in Well #3; where we have the only

biostratigraphic age of 3.7-4.1 Myr.

4.8.2.2. Results

The Hidden Markov Model (HMM) match for Well #1 exhibits a strong correlation between
the sea level curve by Miller et al. (2020), and the Gamma-Ray (GR) dataset (Figure S4.12).
This match was established over the time interval of 0.3 to 3.7 Ma, but the software recalibrated
the curve to starts at 0 Myr. The correlation could potentially be refined by choosing a younger
starting point for the beginning of the GR acquisition. Indeed, the GR acquisition begins 74 m

below the seafloor, corresponding to a time range of 250-277 kyr.
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Figure S4.12: HMM-Match: Well #1 was correlated with the sea-level curve from Miller et al. (2020)

spanning from 0.3 to 3.7 Myr. The starting age of the gamma-ray (GR) dataset from Well #1 was
determined based on the mean sedimentation rate along the well. The upper age limit of the series was
inferred from the projected biostratigraphic age data of Well #3. Both curves were normalized to zero.
The first graph presents the sequences before alignment while the second graph present the results of
the HMM-Match alignment.

The most significant result is the calculation of uncertainties, which reveals an exceptionally
low mean uncertainty of 2-3 kyr (Figure S4.13). The highest level of uncertainty occurs around
1000 kyr and corresponds to a 30 kyr shift in the signal during alignment. This outcome
underscores the strong correlation between the two curves and suggests that global sea-level
changes exert a substantial influence on the sedimentary architecture of the Amazon
Continental Margin.
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Figure S4.13: HMM-Match uncertainties. The 7 iterations of Run 3 attempted to minimize the
adjustments between the Well #1 and sea level for the alignment (Match). The iterative procedure gives
information about time assignments where multiple test alignments have high probability, which leads
to greater uncertainty. In this case, the maximum uncertainty is +30 kyr at 1 Ma; otherwise,
uncertainties are extremely low, on average around + 2 to 3 kyr.

Adjustments performed using the HMM-Match method are presented in Figure S4.14. The
figure reveals predominant squeezing in the lower part of Well #1 and stretching in the upper
part. This indicates that the sedimentation rate is higher at the base compared to the top of the
series. This observation aligns with the initial infilling of the shelf edge during the early stages

of formation deposition. As clinoforms reach the shelf edge, most sediments are subsequently
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deposited along the slope and in the deep basin, thus limiting the sedimentation rate along the
shelf.

Run 3
4

3.5

Accumulation Rates (m/kyr)

| | | |
0
0 500 1000 1500 2000 2500 3000 3500
Stack Age (kyr)

Figure S4.14: Adjustments of initial time scale assigned to Well #1 relative to the sea level time scale.
A value of 1 indicates no adjustment; values greater than 1 indicate squeezing of Well #1 initial time
scale; values less than 1 indicate stretching was required.

Finally, MTM analysis of the data before and after alignment, as well as MTM of the sea-level for the
last 3.7 Myr, are presented in Figure S4.15. Prior to alignment, the GR dataset exhibits multiple
frequencies, although it is already evident that astronomical frequencies at 106, 39.7, and 21.5 are
present in the signal. However, following alignment, the power of the other frequencies substantially
diminishes. This suggests that these other frequencies were also influenced by astronomical forcings but
were not previously aligned due to significant variations in sedimentation rates. The power levels of
obliquity and eccentricity are nearly equal, while the ~405 kyr frequency appears with low power. A
strong 222 kyr frequency persists, but it is also present in the MTM analysis of the sea-level curve for
the last 3.7 Myr.
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Figure S4.15: 2pi MTM spectrum of different set of data. The first graph presents MTM of Well #1
assigned to time span of sea level target before HMM-Match. The second graph presents MTM of Well
#1 after the HMM-Match. The third graph presents the MTM of Miller’s Sea level curve (2020) between
0.3to 3.7 Myr.

We believe that this method is highly effective, revealing a robust correlation and, consequently, a
significant influence of eustatism on the margin's architecture. We plan to apply this methodology to

Well #3 to generate another age model and assess its compatibility with existing models.
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Abstract

The development of 3D seismic acquisition has introduced a new method for visualising past
morphologies. This advancement is accompanied by the enhancement of interpretative software
over the last decade, which enables the automatic picking of horizon stacks. The multitude of
horizons generated allows for the observation of all geomorphological changes during sea-level
variation cycles. This study employed this new methodology to explore a 3D seismic block
located north of the Brazilian Equatorial Margin with the aim of deciphering the
geomorphological evolution of the outer shelf since 3.7 million years (Myr). Indeed, 3.7 Myr
corresponds to the first arrival of a substantial volume of sediments transported by the Amazon,
in the study area, burying the ancient Amapa carbonate shelf. The high sedimentation rate,
inducing significant accommodation due to flexural loading, ensures excellent preservation of
the structures in the area, making the Brazilian Equatorial Margin a particularly suitable region
for studying the evolution of past morphologies.

The study of the horizons reveals a succession of coastline morphologies, more than

120 km from the present-day shore, which evolves depending on sea level variation. Indeed,
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during high sea-level, lagoonal environments are observed, with channel inlets connecting the
lagoon to the ocean, sedimentary waves inside the lagoon, and tidal channels. During sea-level
fall, the lagoon becomes disconnected from the ocean while sand ridges prograde. Lagoons
therefore evolve to lakes. While sea-level keeps dropping, drainage channels erode the ridges
deeply.

During the beginning of the transgression, after 2.5 Myr, erosion significantly affects
the area, and cliffs are formed by wave action. The formation of these cliffs implies an absence
of sediment supply from the Amazon at this time, leading to a change in current circulation
during glacial periods around the area. The north-westward flow of the North Brazil Current
could have been deflected to the east due to the migration of the Inter Tropical Convergence
Zone to the south. However, when the current circulation returned to its present-day path, a vast
amount of sediments buried the cliffs and allowed the preservation of this structure. These
coastline morphologies are observed inside seismic sequence of 405,000 years and are induced
by particularly significant sea-level falls associated with long eccentricity cycles.

Keywords: Brazilian Equatorial Margin, Amazon River Mouth Basin, Plio-Pleistocene,
geomorphology, seismic and sequence stratigraphy, paleo-climate, sea level, coastline, Pirarucu

Formation.

5.1. Introduction

Sea level has been rising over the past century due to climate change, and the rate has been
increased in recent decades due to an increasing anthropogenic pressure. With the rapid growth
of the human population, the impacts related to climate change, including sea level rise, will
increase especially in coastal areas. To better understand how sea level variation impacts coastal
morphologies, it is valuable to examine historical climate events and their effects on the planet.
Notably, rapid sea level variation like Heinrich Events, which have caused significant changes
in thermohaline circulation, shifts in the position of the Intertropical Convergence Zone (ITCZ),
and alterations in global climate patterns (Lynch-Stieglitz et al., 2007). Other events, such as
the super-interglacials (Droxler and Jorry, 2021, 2013; Melles et al., 2012) correspond to
unusually warm interglacials associated with exceptionally high sea level. Both of this super-
interglacial, Marine Isotope Stages (MIS) 11c and 31, reveal maximum summer temperatures
and annual precipitation values ~4° to 5°C and ~300 millimeters higher than those of MIS 1
and 5e (Melles et al., 2012).

The continental shelf serves as a remarkable laboratory for studying the influence of

climate variations. Its shallow bathymetry makes it highly susceptible to eustatic variations
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leading to changes in coastlines position and morphology. Additionally, its location at the
interface of land and sea allows for recording global sea level changes and alterations in erosion
rates within the river basins flowing along the margin.

The passive margin of Equatorial Brazil provides an exceptional example due to the
combined effect of subsidence and a continuous influx of sediments transported by the Amazon
River, the world's largest watershed (Dai and Trenberth, 2002; Milliman, 2001; Nittrouer et al.,
1986). These massive sediment inputs have led to the deposition of a considerable volume of
sediments on the continental shelf and within the deep Amazon Cone (Damuth and Kumar,
1975). The region exhibits a high subsidence rate and significant sedimentation rates along the
shelf (Cruz, 2018; Figueiredo et al., 2009), enabling exceptional preservation of ancient
morphologies, and allowing detailed studies using high-resolution 3D seismic data and well
information presented in this paper.

While many studies focus on geomorphologies along the amazon deep sea fan, its
channels, landslides scars or mud volcanoes (Damuth et al., 1988, 1983; Jegou et al., 2008;
Lopez, 2001; M. A. Maslin et al., 1998), few geomorphologies have been identified and
described along the shelf. Lastly, carbonates construction has been identified and have
concentrate a lot of attention from the scientific community (Banha et al., 2022; dos Santos
Filho et al., 2022; Francini-Filho et al., 2018; Giresse et al., 2022; Moura et al., 2016; Vale et
al., 2022, 2018). However, studies focusing on the geomorphologies along the outer shelf of
the Brazilian Equatorial Margin at a larger time scale remain unknown.

This study focuses on a 3D seismic block located northward of the Amazon canyon and
covering mostly the outer shelf. Seismic horizons have been generated with a software
specialised on 3D seismic interpretation: Paleoscan. The numerous horizons created allow a
full interpretation of the geomorphological evolution of the silico-clastic sediments brought by
the Amazon River during the last 3.7 Myr along the outer shelf (Cruz et al., 2019; Gorini et al.,
2014; Chapter 4).

5.2. Geologic and stratigraphic framework of the Equatorial
Brazilian Margin and the Amazon River Mouth Basin

The Brazilian Equatorial Margin is a dynamic region influenced by numerous physical factors.
Winds, prominently easterlies and the seasonal shift of the Inter Tropical Convergence Zone
(ITCZ), influence wind patterns and upper ocean parameters (Adam et al., 2016; Aguiar et al.,
2022; Ruggiero, 2008; Schneider et al., 2014). The Intertropical Convergence Zone (ITCZ)

moves between latitudes of 14°N to 2°S (Waliser and Gautier, 1993). So, during the boreal
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winter and spring (i.e. DJF and MAM), winds blow predominantly from the northeast, while
southeasterly winds are prevalent in the boreal summer and fall (i.e. JJA and SON) (Aguiar et
al., 2022; Ruggiero, 2008). Tides, particularly the semidiurnal components, are dominant along
the shelf, with M2 amplitudes reaching 1.75 m near 2° N (Fontes et al., 2008; Geyer et al.,
1996). While, diurnal tidal constituents have smaller amplitudes of 0.06 to 0.08 m over the shelf
(Nittrouer and DeMaster, 1996).

Surface and subsurface currents such as the North Brazil Current (NBC) and North
Brazil Undercurrent (NBUC) display seasonal variability. In the upper 300 m of the water
column at 4°S, the NBC ranges from a maximum transport of 35 Sv (Sv= 1 million m®s) in
July and August to a minimum of 13 Sv in April and May (Johns et al., 1998). This current
system can flow north westward or retroflect eastward, with retroflection more pronounced
during boreal summer and fall (Garraffo et al., 2003; Johns et al., 1998).

The Amazon River's significant input discharges an average of 1.7 x 10° m%/s into the
Equatorial Atlantic Ocean, with maximum flow reaching 2.2 x 10° m®/s in May and minimum
flow around 1.05 x 10° m%/s in November (Milliman and Meade, 1983; Wright and Nittrouer,
1995). This plume affects salinity distribution and can be transported north westward by the
North Brazilian Current (NBC) between 5°N and 10°N, especially from September to October
(Lentz, 1995; Molleri et al., 2010).

Climatic factors also play a role, with evidence from the Last Glacial Maximum (LGM)
indicating increased precipitation in the Andes and changes in sediment transfer and deposition
patterns across the South American continent and deep-sea fan (Baker and Fritz, 2015; Harris
and Mix, 1999; Mason et al., 2019).

The present-day shore is characterized by a muddy coastline that spans nearly 1500 km
from the Amazon River mouth to the Orinoco River (Anthony et al., 2010). This stretch gives
rise to mangroves and wetland areas. These environments are distinctive features of a coast
dominated by tides and fluvial inputs, receiving significant volume of sediment from the
Amazon River, and being carried northward by the North Brazilian Current. The presence of
deeper mud banks along the shelf significantly dissipates wave energy (Anthony et al., 2010).

The Offshore Amazon Basin, situated in the northwestern part of the Brazilian
Equatorial Margin (Figure 5.1), covers an area of approximately 360,000 km2 (Silva et al.,
1999). Its general morphology consists of a depocenter in front of the Amazon River mouth,
with sediment thickness reaching up to 9 km. The upper part of the basin comprises siliciclastic
series associated with the massive volume of sediments imported from the Amazon River after

the Transcontinental Amazon River Event (Cruz, 2018; Figueiredo et al., 2007). This event
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marked a significant shift in the Amazon River's drainage pattern, expanding from only
covering the coastal plain and adjacent craton to including a vast area that accounts for 60% of
the South American continental surface. The timing of this sedimentation rate increase,
corresponding to the onset of the Transcontinental Amazon River, is a subject of debate within
the scientific community. Two main hypotheses have been proposed, depending on the data
used. Studies based on continental data suggest a Plio-Pleistocene age for the onset of the
Amazon River (Campbell, 2010; Campbell et al., 2006; Horbe et al., 2013; Latrubesse et al.,
2010; Ribas et al., 2012; Rossetti et al., 2015, 2005), while studies utilising marine data indicate
a late Miocene age for the same event (Damuth and Kumar, 1975; Dobson et al., 2001;
Figueiredo et al., 2010, 2009; Gorini et al., 2014; Hoorn et al., 1995). However, the sediment
influx does not occur simultaneously along the northwestern Brazilian Margin. Starting from
the Amazon River mouth, the deltaic clinoforms extend along the shelf, stretching eastward and
northward due to the influence of the North Brazilian Current (NBC), which affects the Amazon
plume and allows a greater volume of sediments to migrate toward the northern part of the
margin. In addition to the shelf region, the slope and basin are significantly affected by
Amazonian sediments through the deep-sea fan and the canyon of the Amazon. Although the
canyon does not align with the flow direction of the Amazon River, it is influenced by the NBC,

resulting in a north-westward offset. In front of the canyon, the deep-sea fan spans

approximately 380 km along the continental shelf and reaches depths ranging from 4600 to
4850 m.
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Figure 5.1: Bathymetric map of the NW Equatorial Brazilian Margin presenting the data used in this
study. The 3D seismic block is shown with the seafloor horizon. The North Brazilian Current (NBC) is
represented with a thick blue arrow. In the zoom box, two wells are noted in green and two inlines
interpreted in figures 2 are in blue.

The seismic block (Figure 5.1), is located 200 km from the mouth of the Amazon River.
In this region, carbonate growth of the Amapa carbonate series persisted for a longer period in
the absence of sediments imported by the Amazon River (Cruz et al., 2019; Gorini et al., 2014;
Figure 5.2). However, around 3.7 million years ago, the deltaic clinoforms of the Amazon River
reached the study area (Cruz et al., 2019; Gorini et al., 2014; Chapter 4). The Plio-Pleistocene
sedimentary series, primarily consisting of siliciclastic sediments from the Amazon, has been
previously examined within the seismic block through a study that combined sequence
stratigraphy and cyclostratigraphy (Chapter 4). Figure 5.2 depicts two seismic lines crossing
the 3D block and summarises the findings of this previous study (Chapter 4). Nine seismic
sequences were identified and associated with 405 kyr cycles through cyclostratigraphy (Gorini
et al., 2014; Chapter 4). By calibrating Gamma-Ray curves from three wells in the area, ages
were determined for each seismic sequence. Furthermore, these sequences were classified into
three mega-sequences based on their geometries (MS-I, MS-II, and MS-11l). These mega-
sequences were then linked to global climatic variations. MS-1 corresponds to geometries with
highly elongated bottomsets and low-dipping foresets. This period of time is corresponding
with weak global sea-level amplitude variations between 3.65 Ma and 2.51 Ma (Miller et al.,
2020). MS-II is characterised by foresets with steeper slopes and the presence of numerous
erosive structures (landslides scars). This mega-sequence begins during the Intensification of
Northern Hemisphere Glaciations (NHG; estimated at 2.51 Ma in the seismic block) and
extends until 0.88 Ma. Finally, MS-Ill is marked by an increase in high angle foresets
characterising forced regressions and a rapid shift of sediment deposit toward the slope. These
variations have been attributed to the Mid-Pleistocene Transition (MPT; estimated at 0.88 Ma
in the seismic block) and are coeval to an increase in global sea-level amplitude variations with
a shift in the dominant climate cyclicity from predominantly obliquity-driven cycles (41 kyr)
to eccentricity-driven cycles (95-125 kyr) (Berger and Loutre, 1994; Chalk et al., 2017; Clark
et al., 2006; Pisias and Moore, 1981; Willeit et al., 2019).
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Figure 5.2: Sequence stratigraphy summary of the inline A (Chapter 4). Sequences S8 and S9 in the
inline A are not detailed due to lack of data quality. Age of the seismic sequences (S1 to S9) boundaries
(associated with the Transgressive Surface) are written on the left side of the inlines. Three Mega-
Sequence (MS-I, MS-11 and MS-111) encompass seismic sequences with geometrical similarities. Limits
between each of this Mega-Sequence has been related to Earth climatic variation: NHG; intensification
of Northern Hemisphere Glaciation at ~2.5 Ma and MPT; Mid-Pleistocene Transition at 1.2 to 0.7 Ma.

The horizons presented in the next figures are localised along the Inline A with black dashed lines.

5.3. Data and methods

5.3.1. Seismic data

For sequence stratigraphy, we used a seismic 3D data block (BM-FZA-4/5 see Fig 1), which is
approximately 60 km long and 40 km wide, covering an area of 1700 km?. It is a PSTM (Pre-
Stack Time Migration) survey composed of 2387 Inlines and 1733 Xlines separated by a 25-
meter grid. The sample interval is 4 ms and the dominant frequency of the full-stack signal is
37 Hz, yielding a 10-20 m vertical resolution for velocity considered in between 1500 to 3000
m/s. The seismic block reaches 8900 ms Two Way Travel Time (TWTT).

The seismic block is located approximately 120 km from the closest coast. It covers the
outer shelf and the upper slope of the northern Brazilian Equatorial Margin. Acquisition was

done in water depth ranging from 80 to 1890 meters.
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5.3.2. 3D seismic horizons creation

To gain a comprehensive understanding of the study area's evolution, specialised 3D seismic
interpretation software, PALEOSCAN, was employed. A geo-model was constructed to obtain
horizons rather than time slices. Prior to the geo-model's creation, fault sets were generated
using PALEOSCAN's three-step automatic method. The initial step involved the generation of
a variance seismic block, scanned to produce fault plane attributes. The second step entailed
the filtering of extrema within the fault plane attribute block, referred to as fault thinning. The
final step involved the extraction of faults from the fault thinning 3D block.

For the conception of the geo-model, a model grid is needed. The grid was established
on the full seismic block using peak and trough picking at intervals of every 7 traces, and with
a smoothing level of 7 pixels. The generated fault set was incorporated to prevent incorrect
continuities during horizon propagation. The resulting model grid comprised an important
number of patches (more than 60 000 000). PALEOSCAN's automatic interpretation was
checked and refined to correct mis-propagations. However, the focus remained on the
siliciclastic Plio-Pleistocene series of the block; older formations were not extensively refined
beyond their main boundaries.

The automatic interpretation encountered difficulties around areas of landslides and
slopes, where extensive deformation hindered the lateral continuity of reflectors. Additionally,
in the upper part of the siliciclastic series, propagation inconsistencies occurred due to
significant erosion along the shelf and poor data quality attributed to seismic processing that
aimed to reach deep reservoir targets. Despite these challenges, manual checking and refining
still employed automatic picking tools, as the dataset's size precluded fully manual picking. A
horizon, consisting of a substantial number of points, enabled a resolution of ~25 meters. Select
horizons were meticulously refined for use as examples of geomorphological features in the
seismic block. Others, such as the boundaries of the siliciclastic series (Top of Amapa and
Seafloor), were also refined to better constrain the model.

Ultimately, a geo-model was created using an interpolation size of 5 bins, a smooth size
of 7 SMP, and a link probability of 2, constrained by faults. This geo-model generated 300
horizons between the Top of Amapa and the seafloor. These stacked horizons facilitated data
navigation, supplementing Inline and Xline viewers and replacing the traditional time slice
viewer. The approach revealed numerous structures, some of them are recurrent along the

horizon stacks and the stack facilitated the observation of their cyclicity.
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Attributes such as the Root Mean Square Amplitude (RMSA) and Contour Curvature
were employed to improve our understanding of geomorphological evolution on the outer shelf.
RMSA emphasised lateral lithological variations, thus aiding in the delineation of sandy
structures like channels or canyon bottoms. Contour Curvature highlighted variations in horizon
inclination. Additionally, signal deconvolution into various frequencies enhanced the definition
of structural shapes. The processed images were presented in Red-Green-Blue visuals, enabling
simultaneous observation of multiple frequencies. A flattening tool was also employed to better
interpret structures by revealing their original shapes prior to the effects of subsidence.

For this study, five horizons within the seismic block have been carefully examined and
are presented in Figure 5.2. These selected horizons serve as representative samples of the
diverse geometries observed in the seismic block, encompassing all morphologies observed
during MSs | and I1.

5.4. Results

The construction of a horizon stack consisting of 300 seismic horizons enables an in-depth
examination of potential 3D geomorphologies within the Plio-Pleistocene siliciclastic series.
This horizon stack has been analysed using various attributes, such as RMS amplitude and
contour curvature. Additionally, frequency filters targeting low, medium, and high
frequencies—namely, 31, 39, and 50 Hz—were applied. Navigation through these 300
attribute-processed horizons reveals a temporal decrease in observable morphologies.

In the case of MS-1, a multitude of 3D structures are evident, with some horizons
exhibiting shared geometries. These common geometries were correlated with similar
environments, revealing a cyclical pattern in environmental variation. Conversely, MS-II
features only a single dominant morphology and is further complicated by two substantial
submarine landslides that remove significant portions of the outer shelf, thereby obstructing
interpretation efforts.

MS-I111, in contrast, does not present discernible 3D structures, except for carbonate
reefs. These structures will be the focus of a separate scientific paper, as they do not directly
pertain to coastal position. The absence of 3D structures in the upper intervals is attributed to
decreasing data quality closer to the sea floor, a consequence of the seismic data being
processed primarily for deep targets.

Subsequent chapters will present five selected horizons that encapsulate all the observed
geomorphologies within MS-I and MS-II of the Plio-Pleistocene siliciclastic series, which

range from 3.65 to 0.9 Ma (Figure 5.2). These horizons were extracted from the horizon stack
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and underwent manual verification and refinement. The results are organised based on common
geometries; hence, horizons 1 and 3 are discussed within the same chapter, as they both belong

to the same seismic environment but exhibit minor variations.
5.4.1. 3D Geomorphologies along horizons 1 and 3

The most notable structures within the horizons 1 and 3 are channels oriented at N60°,
perpendicular to the slope break and the present-day shoreline (Figures 5.3 and 5.4). Two types
of channels have been identified. The first type (type 1) consists of straight channels with widths
of approximately 800-1000 m within Horizon 1 (Figure 5.3) and around 250 m within Horizon
3 (Figure 5.4). These channels show minimal erosion, as indicated by an 18 ms Two Way
Travel Time (TWTT; approximately 18m deep considering wave speed of 2km/s) between the
base and the top of the channels. Their length varies from ten to thirty kilometers. In Horizon 1
(Figure 5.3), the southernmost channel exhibits smaller-scale structures within its bed (Internal
features in Chl). The channel section narrows towards the basin, and the structures dissipate
before reaching the slope break (Figures 5.3 and 5.4).
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Figure 5.3: Seismic horizon 1 which is part of a Highstand System tract visualised from above with in
the left panel the seismic data treated with a Red-Green-Blue frequency filter and on the right side, the
interpretation of the main morphologies observed. Some seismic lines (Xline or Inline) are presented
along the figures.

The termination point of the channels upstream is associated with other sedimentary

structures. These structures (Features 1) form an arc around the channel terminations and
exhibit troughs and crest topography specifically visible in the vertical 2D views (Figures 5.3
and 5.4). The amplitude of these undulations is approximately ten milliseconds TWTT (Xline
A and Inline: Figure 5.3), and the distance between two crests varies between 200 and 300 m
for Horizon 1 (Figure 5.3). The distance between crests also decreases further away from the
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channels. These geometries extend over a restricted area (Limits of F1), parallel to the present-
day coastline (N320°), with a width of eight kilometers in Horizon 1 (Figure 5.3). Within this
zone, the orientation of crest lines varies significantly, but two patterns are observable. The
crest lines tend to form semicircular structures around the upstream of the channels, and they
tend to become tangential to the boundaries of the containing zone (Limits of F1) (Figure 5.3).

Similar through and crest geometries are identified within Horizon 3 (Figure 5.4).
However, they extend over a narrower zone (3 km), limited to a length of 9 km, still oriented
around N320° (Limits of F1; Figure 5.4). The distance between two crests is approximately
120 meters within Horizon 3 (Figure 5.4). The height difference between top of crests and
bottom of troughs is also reduced, around 2 ms TWTT (Xline and Inline: Figure 5.4). This
value is close to the seismic resolution; however, the seismic amplitude also varies between the
troughs and crests within the same reflector, allowing us to identify these structures.

Finally, a third type of structure is visible within the horizon 3 (Figure 5.4). These
structures form upstream of the channels and are synchronous with them. They consist of
reflectors inclined towards the mainland, forming clinoforms with a length of approximately a
hundred meters and a height of around 50 ms TWTT (Features 2; Figure 5.4). These clinoforms
develop into lobes at the outlet of the channels (towards the mainland). The reflectors inside
these clinoforms have a greater amplitude than the surrounding area. These structures are shown
only in Horizon 3 (Figure 5.4); however, they appear in other horizons of MS-I. These
structures resemble the semicircular geometries observed upstream of the channels in Horizon

1 (Figure 5.3), but they are more deformed and exhibit a stronger seismic amplitude.
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Figure 5.4: Seismic horizon 3 which is part of a Highstand System tract visualised from above with in
the left panel the seismic data, in white positive amplitude and in black negative ones, on the right side,
an interpretative scheme of the main morphologies is provided. Some seismic lines (Xline or Inline) are

presented along the figures.
5.4.2. 3D Geomorphologies along horizon 2

The dominant geometry along Horizon 2, as observed in map view (Figure 5.5), consists of
lineations oriented at N320°, which is parallel to the present-day coastline. The orientation of
these structures changes as they extend toward the basin, shifting to N330° for the most distal

lineations. Cross-sectional views (see Inline A, Figure 5.5) reveal that these lineations are, in
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fact, strictly prograding clinoform boundaries. The width of these clinoforms ranges from 800
to 500 m, with the northern portion of the seismic block displaying wider clinoforms than the
southern area. The height differential between the base (bottomsets) and the top (topsets) of a

clinoform is approximately 25 ms in two-way travel time (TWTT).
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Figure 5.5: Seismic horizon 2 which is part of a Falling Stage System tract visualised from above with
in the left panel the seismic data treated with a Red-Green-Blue frequency filter and on the right side,
the interpretation of the main morphologies observed. Some seismic lines (Xline or Inline) are presented

along the figures.
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The second set of structures visible on Horizon 2 (Figure 5.5) comprises channels
oriented at N60°, perpendicular to the present-day coastline. Two types of channels are
observed: type 2 channels, which are highly meandering and erosive, and type 3 channels,
which are rectilinear. Type 2 channels have an orientation of N60°, although their direction can
drastically change near their upstream termination, sometimes exhibiting 90-degree turns. The
length of type 2 channels is approximately 20 km, with a cross-sectional width of 200-300 m
(Figure 5.5). The vertical difference between the base and the top of type 2 channels ranges
from 25 to 50 ms TWTT. The surface area of type 2 channels decreases toward the basin and
reaches a maximum where these channels intersect the first lineations oriented toward the
continent. Notably, the frequency of channels with extensions of 10 to 30 km increases from 0-
10 per horizon in Horizons 1 and 3 to 10-30 in Horizon 2 (Figure 5.5).

Type 3 channels display rectilinear geometries with lengths ranging from 2 to 4 km and
widths around 100 m. The vertical difference between their base and top is around 5 ms TWTT
(Figure 5.5). These channels are particularly abundant, spaced at intervals of approximately
one kilometer. Their downstream terminations are abrupt and occur against the initial N320°-
oriented progradations. Importantly, type 3 channels are observed only along the topsets of the
first clinoform and are absent from subsequent clinoforms. This first clinoform is distinctive,
being 2 to 3 km wide as opposed to subsequent clinoforms, which have an average width of
less than one kilometer, and exhibiting a gentler slope (Figure 5.5).

The final set of structures observed in Horizon 2 are referred to as feature 2, which
corresponds to depressions located in the most proximal (coastal) part of the seismic block,
upstream of the progradations. These depressions are approximately 50 ms TWTT deep and
filled with clinoforms that exhibit stronger seismic amplitudes than the surrounding reflectors.
These structures are aligned along a N320° axis and have dimensions ranging from 2 to 4 km
in width and 2 to 6 km in length (Figure 5.5).

5.4.3. 3D Geomorphologies along horizons 4 and 5

Horizons 4 and 5 disclose a principal structure denoted as Feature 4, which delineates the
boundary between two seismic amplitude domains (Figures 5.6 and 5.7). In the proximal
domain towards the southwest, the surface is flat and characterised by strong seismic
amplitudes. In contrast, the distal domain towards the northeast comprises a highly eroded area
associated with very low-amplitude reflectors (Figure 5.6). The eroded zone in the distal

domain has lost approximately 57 ms TWTT of sedimentary deposits and is subsequently filled
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by layers of continuous and subparallel reflectors with moderate amplitude. These reflectors

exhibit onlap terminations towards the continent, consistent with a transgressive serie.

Deformed area

Inline o 2

10 000 m

10 000 m : Kﬁw

S HoriZON 5

Horizon 4

Figure 5.6: Seismic horizon 4 which is part of a Transgressive System tract visualised from above with

in the left panel the seismic data, in white positive amplitude and in black negative ones, on the right
side, an interpretative scheme of the main morphologies is provided. Some seismic lines (Xline or Inline)
are presented along the figures.

Feature 4 is further marked by a significant slope change at the interface between the

two amplitude domains, symbolising an erosive front. Viewed in map form, this feature

167



predominantly maintains a linear orientation of N320°, parallel to the present-day coastline.
Despite its overall linearity, the structure is segmented with segment lengths ranging from 8 to
10 km and a limited offset of just a few hundred meters; the northern segment is consistently
shifted eastward.

Horizon 5 shows a structure similar to Feature 4, but with less pronounced amplitude
variations between the proximal and distal domains (Figure 5.7). The erosion affecting the
distal area is also less severe, with a depth of 40 ms compared to the 57 ms in Horizon 4.
Additionally, the boundary separating the proximal and distal domains is not perfectly linear,
but rather displays semi-circular geometries with a diameter of 2000 m. The segmentation
remains, although less noticeably, and the high-amplitude domain shows some eastward
extensions with an orientation of N100°.

In the distal domain, at the base of the slope break, structures labelled as Feature 5 are
less than 1000 m long and 100 m wide and display strong seismic amplitudes. These structures
are components of a transgressive assemblage that fills the erosive embayment in Horizons 4
and 5. Feature 5 structures are asynchronous with Feature 4, but are visible in both horizons
due to the intricate propagation of the seismic signals. Given that erosive features couldn't be
solely mapped through individual reflectors, since erosion affects multiple older reflectors and
there is no single reflector covering the entire eroded portion. Instead, multiple reflectors

gradually onlap onto the erosive surface.
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Figure 5.7: Seismic horizon 5 which is part of a Transgressive System tract visualised from above with
in the left panel the seismic data, in white positive amplitude and in black negative ones, on the right
side, an interpretative scheme of the main morphologies is provided. Some seismic lines (Xline or Inline)

are presented along the figures.
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5.5. Interpretation and Discussion

5.5.1. Barrier-Lagoon environment

Our observations of horizons 1 and 3, as depicted in Figures 5.3 and 5.4, reveal the presence
of a sand ridge and/or barrier islands intersected by rectilinear channels (Channel type 1)
establishing connections between the oceanic domain and a lagoonal area. These characteristics
account for the relatively short lengths of channels, less than 30 km, and their significant widths,
which can be attributed to substantial temporal shifts in channel positions. In Horizon 1 (Figure
5.3), sedimentary structures within the southernmost channel, resembling lateral accretion bars
(Internal features in Chl), suggest notable variations in channel direction. Erosive activity is
notably restricted to the coastal barrier level, which aligns with the minimal erosion observed
in Channel type 1. The channel inlet width in Horizon 1 (Figure 5.3) measures approximately
one kilometer, aligning with typical inlet widths as outlined by Stutz and Pilkey (2011). The
distance between the two channels in Horizon 1 (Figure 5.3) also approximates the average
barrier island length in sub-tropical, wave-dominated settings (Stutz and Pilkey, 2011).
Conversely, the dimensions of channels and the barrier island length in Horizon 3 (Figure 5.4)
diverge from the typical barrier island morphologies described by Stutz and Pilkey (2011). This
discrepancy is clarified through the investigation of additional features in Horizon 3 as
explained in the next paragraph.

Horizon 3 (Figure 5.4) shows structures at the tip of channel terminations, facing the
continent, distinguished by semi-circular forms with inclined reflectors (Feature 2). These
features 2, are interpreted as washover fans, formed within the lagoon by wave action and
disruption of prograding ridges and shoreline. An alternative hypothesis suggests the presence
of a flood delta. However, the absence of deepening reflectors toward the ocean at the seaward
channel ends is not in favour of an ebb delta, which is the complementary seaward part of the
flood delta (De Swart and Zimmerman, 2009; FitzGerald, 1996). Consequently, washover fans
serve as a batter analogue. Thus, the channels in Horizon 3 are likely transient channels created
during washover formation, and the coastline in this horizon represents a sand ridge rather than
a barrier island (Pierce, 1970). This accounts for the channel dimensions not aligning with the
inlet catalogue proposed by Stutz and Pilkey (2011).

Structures exhibiting trough and crest geometries within the lagoons are most likely
subaqueous dunes resulting from currents induced by tidal or wave activities (Feature 1). These

currents fill and empty the lagoon in a cyclical manner, explaining the observed alignment
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between dune crest orientations and channel directions. Currents channelled through the inlets
are likely to reconfigure the dunes into semi-circular formations around the channel mouths.
Furthermore, the declining distance between successive dune crests farther from the channels
correlates with a decrease in flow velocity due to available larger open space past the channel
constrictions.

The lagoonal environment may be fully closed or partially open to the ocean, and subject
to varying influences. Lagoons predominantly affected by tidal forces will manifest extensive
flood and ebb deltas along with large tidal channels. Conversely, those under wave influence
will predominantly feature washover fans. An analogue for the lagoonal environments observed
in Horizons 1 and 3 is presented in Figure 8. This Analogue is from the North Carolina coastline
(Figure 5.8). The east coast of the United States offers a variety of lagoonal and salt-marsh
environments separated from the ocean by barrier islands or sand ridges (Lazarus and
Armstrong, 2015; Sedgwick and Davis, 2003; Velasquez-Montoya et al., 2021). These
environments could serve as analogues for the coastline along the Amazon Continental Margin
during the times represented by Horizons 1 and 3, as well as other seismic horizons exhibiting

similar geomorphic features.
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10 000 m

Figure 5.8: Satellite picture (google Earth courtesy) (on the right) of a potential analogue site in North
Carolina, along the outer banks compared to the interpreted structures visualised in horizon 3 (on the
left).

5.5.2. Strand Plain environment

Within Horizon 2 (Figure 5.5), we observe linear features running parallel to the current
coastline, which we interpret as beach ridges resulting from a fall in sea level (noted
Progradation in Figure 5.5). The spatial variation in the orientation of these ridges, along with
their wider extension in the northern section, indicates that this area experiences a higher influx
of sediments compared to its southern counterpart.

Channels intersecting the beach ridges perpendicularly exhibit significant erosion
(Channel type 2, Figure 5.5), with their depths twice as great as those observed in the antecedent
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lagoonal settings of horizons 1 and 3 (Channel type 1, Figures 5.3 and 5.4). This increased
depth of incision supports the hypothesis of a sea-level fall, which naturally lowers the base
level, leading to greater channel incision into the beach ridges. During these periods of declining
sea-levels, these channels likely functioned as intermittent streams, draining only the coastal
stranded plains formed by beach ridge progradation. Some channels, as illustrated in Figure 5.5
(Channel type 2), undergo a 90-degree directional shift in their proximal segments, potentially
representing drainage conduits situated either between or behind the beach ridges.

A specific category of channels (Channel type 3, Figure 5.5) is confined to the proximal
region of the seismic block, a zone previously characterised by lagoons in horizons 1 and 3
(Figures 5.3 and 5.4). These channels are identified as tidal channels eroding the continental
portion of the coastal barrier. The barrier, discernible in the seismic data of Horizon 2 (first
progradation in the Inline A, Figure 5.5), stands as the most proximal progradational ridge,
featuring a wider profile and gentler slope compared to subsequent ridges (Inline A, Figure
5.5). These morphological features validate the hypothesis of a shift in depositional
environment, following the initiation of sea-level decline and ensuing beach ridge progradation,
tidal influences on the lagoon cease, leading to the disappearance of these channels (Channel
type 3). These channels exhibit a restricted erosive capacity, presumably unaffected by a
lowering of the base level, and instead, they are potentially modulated by tidal-induced
fluctuations in the lagoonal water levels.

The final features are depressions located in the proximal segment of the seismic block,
aligning with former lagoon positions (Feature 3, Figure 5.5). These depressions are interpreted
as lakes resulting from the desiccation of the lagoons that are progressively filled by sediments
prograding from the continent.

Figure 5.9 presents an analogue situated at the mouth of the Rio Paraiba do Sul in the
state of Rio de Janeiro (Carelli et al., 2018; da Rocha et al., 2013; Souza et al., 2022). da Rocha
et al. (2013) indicate that the delta comprises a succession of regressive coastal barriers, which
originated following the late Pleistocene interglacial maximum, approximately 80,000 years
B.P. These barriers were likely shaped under falling sea-level conditions and possibly
correspond with a substantial influx of ancient sediments from the Paraiba do Sul River,
positioned to the south of its present mouth (da Rocha et al., 2013). A recent study reveals
accelerated strand plain development over the last 450 years, attributable to enhanced sediment
supply since the Little Ice Age (Souza et al., 2022).
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10 000 m

Figure

5.9: Satellite picture (google Earth courtesy) (on the right) of a potential analogue site along the Rio de
Janeiro state coastline in Brazil compared to the interpreted structures visible in Horizon 2 (on the left).

5.5.3. Abrasion coastline environment

The structures observed within Horizons 4 and 5, as illustrated in Figures 5.6 and 5.7, are
interpreted as cliffs (Feature 4). In the proximal area, the high seismic amplitude zone is
attributed to the alteration of sediments due to their exposure to subaerial conditions. In contrast,
the distal area exhibits significant erosion, likely caused by wave action eroding several tens of
meters of sedimentary deposits. Zones of elevated seismic amplitude in front of the cliffs are
interpreted as beach rocks or carbonate buildups located at the base of the cliffs (Feature 5).

This interpretation is supported by the observed seismic polarity inversions adjacent to these
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structures. Carbonates are known to induce lateral variations in seismic amplitude, which, can
lead to seismic polarity inversions.

Figure 5.10 provides an analogue for Horizons 4 and 5 based on the coastline of the
Ceara state in northeastern Brazil. This coastline features a headland-beach-dune system
characterised by sea cliffs formed under the continuous stress of unidirectional wind and wave
activity (Claudino-Sales et al., 2018; Santos Jr et al.,, 2006; Vital et al., 2006). The
morphodynamics of the Ceard coast are largely shaped by headlands, which disrupt the
longshore sand transport upon contact, resulting in sediment accretion updrift of the headland
and erosion downdrift (Claudino-Sales et al., 2018). The sea cliffs in this region exhibit
significant relief, with heights ranging from 20 to 40 meters (Claudino-Sales et al., 2018; Santos
Jr et al., 2006). Coastal erosion is notable along the Rio Grande do Norte coast and is mainly
attributed to a decrease in fluvial sediment contribution and the formation of field dunes leading
to sediment loss (Vital et al., 2006).

Additionally, coral reefs situated less than 5 km from the shore are documented along
the coasts of Ceara and Bahia states (Carvalho and De Kikuchi, 2013; Galvdo and Nolasco,
2013; Ledo et al., 2016). These could correspond to the high-amplitude reflection patches with
pronounced relief observed in the seismic block in front of the cliffs (Feature 5, Figures 5.6
and 5.7).
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Figure 5.10: Satellite picture (google Earth courtesy) (on the right) of a potential analogue site along
the Rio Grande Do Norte State coast in Brazil compared to interpreted structures of the Horizon 4 (on
the left).
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5.5.4. Shoreline record during exceptional lowstand

The examination of multiple horizons along the Brazilian Equatorial Margin has revealed
coastal morphologies on the outer shelf (Figure 5.11). Such features have not been previously
documented along the northern Brazilian Equatorial Margin for the Plio-Pleistocene period.
However, similar formations of beach rocks dating from the Last Glacial Maximum have been
observed along the French Guyana outer shelf by Giresse et al. (2022). Additionally, extensive
reef systems attributed to the Last Glacial Maximum lowstand have also been documented
along the Brazilian Equatorial margin (Banha et al., 2022; De Mahiques et al., 2019; Francini-
Filho et al., 2018; Moura et al., 2016; Vale et al., 2018).
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Figure 5.11: Simplified drawing of the different depositional environments related to each different
system tract.

The geomorphologies observed exhibit cyclic variations, aligning with the seismic
stratigraphic sequences interpreted in Chapter 4. These sequences are further correlated with
the 405-kyr long eccentricity cycles (Gorini et al., 2014; Chapter 4), which are associated with
significant sea-level falls during periods of low eccentricity (Miller et al., 2020). Consequently,
the shoreline reaches the outer shelf exclusively during these extraordinary glacial lowstands in
the Plio-Pleistocene. Additionally, increased sediment influx from the Amazon River during
glacial intervals (Harris and Mix, 1999; Mason et al., 2019) enhances progradation rates,
thereby enabling the coast to migrate toward the outer shelf.

The observed geomorphologies align closely with the classification of system tracts
within the study area, as elaborated in Chapter 4. Progradational beach ridges that migrate
basinward in downstepping patterns, as seen along Horizon 2, are associated with dramatic sea-
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level falls (Taylor and Stone, 1996). In contrast, cliff geometries formed through
retrogradational erosion by waves correspond to transgressive phases (Cattaneo and Steel,
2003; Curray, 1964). According to Curray's model (1964), the erosional domains identified
along horizons 4 and 5 could represent ravinement surfaces, which evolve during periods of
slow sea-level increase, allowing for more efficient erosion. On the other hand, rapid sea-level
rises induce lower erosional potential due to rapid coastward migration (Cattaneo and Steel,
2003; Curray, 1964). The subsequent transgressive sediments that overlay these ravinement
surfaces could be categorised as T-D: transgressive deposits situated above the wave
ravinement surface in high-sediment supply settings (Cattaneo and Steel, 2003) also identified
as the healing phase of Posamentier and Allen (1993). Considering their onlapping relationship
with the underlying progradational phase, these deposits can be easily misinterpreted as
lowstand deposits.

In general, lagoons (shallow coastal bodies of water) and barrier islands (long, narrow
sandbars parallel to the shore) are usually associated with times when sea levels are either rising
(transgressive) or remaining relatively stable (Friederichs et al., 2013; Green et al., 2013;
Salzmann et al., 2013; Stutz and Pilkey, 2011). However, these morphologies are observed
inside seismic units displaying sigmoid architecture associated with progradation and
aggradation behaviour (Chapter 4). These characteristics suggest that considering seismic
architecture, relative sea level is either stable or decreasing during the deposits of the lagoonal
environment (Catuneanu, 2006). However, the formation of such lagoons may occur during
short-lived episodes of sea-level rise associated with higher-frequency sea-level cycles which
are not discernible in the seismic 2D architecture (Catuneanu, 2019).

The geomorphological patterns observed during cycles of sea-level fall align with
findings concerning more recent sediments in southern Brazil (Hein et al., 2013). Specifically,
Hein et al. (2013) described the evolution of depositional environments over the last 6 ka and
noted the presence of a lagoonal environment around 3.3 ka. They attributed its formation to
perturbations in the rate or direction of sea-level change, suggesting that a stable or slow rate
of sea-level rise allows for the vertical accumulation of sediments on top of bars. This
accumulation eventually leads to the emergence of subaerial barriers separated by multiple
inlets and backed by a shallow lagoon. We also proposed a model for variations in depositional
environments associated with sea level change along the Brazilian Equatorial margin in figure

5.11, based on our observations.

178



5.5.5. Change in the coastal current during Plio-Pleistocene Sea level falls

The observation of sea cliff morphology during low sea levels offers valuable insights into the
paleocurrents that influenced the region. The segmentation and the general morphology and
orientation of both paleo-cliffs at horizons 4 and 5 and sandspits at horizon 5 suggests a
potential NW-SE current. Furthermore, the change in the orientation of progradation in horizon
2 implies a reduction in sediment supply towards the southern part of the study area possibly
indicating the influence of a NW-SE current, transporting sediments from a river source distinct
from the Amazon, of from a distinct distributary that would be situated to the north of the
seismic block. These findings contrast with the present-day dominant current along the
equatorial margin of Brazil, known as the North Brazil Current (NBC), which typically flows
from SE to NW (Johns et al., 1998). This contrast highlights the significance of these
paleocurrent observations and their impact on the formation of paleo-coasts in the region.
Additionally, the absence of sedimentary deposits during the formation of paleo-cliffs suggests
that sediment delivery from the Amazon does not extend to the study area, contributing to
retrogressive erosion and the formation of the observed paleo-coasts via wave action (Cattaneo
and Steel, 2003; Curray, 1964).

To understand this apparent shift in current direction, we analysed results from climate
models that suggest a decrease in land temperature could weaken the Atlantic Meridional
Overturning Circulation (AMOC) and drive the Intertropical Convergence Zone (ITCZ)
southward (Lynch-Stieglitz et al., 2007). Such a shift would diminish the strength of the NBC
while increasing the Brazilian Current (Nace et al., 2014), a phenomenon modelled for the Last
Glacial Maximum (Chang et al., 2008). The seismic block observations suggest that this process
could have happened multiple times throughout the Plio-Pleistocene, correlating with 405 kyr
cycles. Specifically, morphologies indicative of a possible drastic alteration in current direction
were observed at around ~3.3, ~2.4, ~2.1, and ~1.6 Ma (Chapter 4). Two hypotheses may
explain this change, a global NBC inversion or a regional NBC alteration. The first one
postulates a global inversion of the NBC's direction, and as already been modelled by Chang et
al. (2008). However, given the NBC's pivotal role in mass and temperature exchanges between
hemispheres, and its significant influence on the AMOC, the second hypothesis, less drastic is
more plausible. Around latitudes 5 to 10 degrees North, the NBC bifurcates to form the Guyana
Current, which continues along the South American coasts in a northwesterly direction, while
a second branch generates the North Equatorial Countercurrent, flowing eastward towards the
African coasts (Bourles et al., 1999; Dengler et al., 2004; Goes et al., 2005; Schott et al., 1995).
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Should the ITCZ migrate southward, the NBC separation zone and eddies development area
could reach the study site at 4° N, thereby altering coastal currents.

The observed variations in coastal currents play a crucial role in understanding the
preservation of cliff structures documented in horizons 4 and 5. Typically, erosional features
associated with sea-level rise are only discernible at the peak sea-level position, as prior features
are eroded by wave action. However, in the seismic block, paleo-cliffs exhibit an exceptional
preservation pattern. Initially, there is an absence of sediment deposition due to a change in
current direction, which effectively disconnects the study area from the sediment influx
originating from the Amazon. During this phase, the erosional features remain exposed.
Subsequently, when the coastal current reverts to its contemporary SE-NW orientation, a
significant volume of sediment from the Amazon is transported to the region. This sediment

influx, in turn, leads to the preservation of these previously exposed features.

5.6. Conclusions

The study employs innovative horizon propagation techniques to analyse multiple horizons
within a 3D seismic block located in the northern part of the Brazilian Equatorial Margin. The
seismic block predominantly covers the outer shelf, and our research focuses on the
progradation of siliciclastic sediments originating from the Amazon, which have been reaching
the study area since 3.7 Ma. One notable finding is the presence of coastline morphologies
extending more than 120 km from the coast during the upper Pliocene and lower Pleistocene
periods. However, the progradation of the coastline to the outer shelf occurs only during
particularly significant lowstands, which recur every 405 kyr in low eccentricity settings. High-
frequency Sea level fluctuations, associated with obliquity, affect shoreline position along the
inner shelf but do not lead to their advance to the outer shelf.

These morphological variations are closely linked to different System Tracts, which, in
turn, correspond to sea level fluctuations. During the later stages of highstands, the outer shelf
serves as a lagoonal environment, characterised by sediment waves within the lagoon, inlets
and tidal channels. As sea levels rapidly decline, these lagoons become isolated from the ocean,
eventually forming lakes at the former lagoon sites. Simultaneously, there is progradation of
sand ridges towards the ocean. The subsequent drop in base level results in substantial erosion
of these sand ridges. As sea levels begin to rise, wave action leads to the formation of cliffs
along the outer shelf, and bioconstructions develop at the base of these cliffs.

The formation and preservation of these cliffs prompt a re-evaluation of coastal current

dynamics. The various structures observed along the ancient coastline suggest the existence of
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a longshore drift from north to south, along with longshore erosion, particularly towards the
end of the sea level drop and mainly during the initial stages of the subsequent transgression.
The extensive erosion indicated by cliff formation implies a lack of sediment input from the
Amazon River into the area during the early phase of the transgression. However, the
preservation of these cliffs, now buried beneath transgressive sediments, indicates the
restoration of sediment transport during the transgression. This restoration of sediment delivery
Is concomitant with the renewed present-day south-to-north coastal current, known as the North

Brazilian Current.
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5.7. Supplementary contents

In this section, we present illustrative figures that depict typical coastal morphologies related
to sea-level variation (Figure S5.1). We also include an exemplary representation of other
morphological variations observed in the seismic records (Figure S5.2). We also provide a
diagram that illustrates how the rate of sea-level rise influences sediment deposition during
transgressive phases (Figure S5.3). Lastly, a diagram of the dynamics and evolution of
headland-beach dune systems around the coastline of Brazil near Recife is presented in Figure
S5.4.

Mainland Back-barrier area Active Beach Shore
(Lagoon or strandplain) barrier face face

e PRS2 o
D g (e

Figure S5.1: From Goslin and Clemmensen (2017): Schematic illustration of transgressive and
regressive costal barrier systems. Storm-wave induced markers are: A-Beach ridges, B-Storm scarps,
C-Washover features. Coastal barrier sub-environments are: 1-Beach-ridge succession (strandplain);
2-Back-barrier lagoonal saltmarsh; 3-Brackish coastal mire; 4-Freshwater coastal lake, 5-Tidal inlet
& flood/Ebb delta sedimentary features, 6-Beach berms, 7-Swash bars, 8-Shoreface, 9-
Mainland/bedrock.
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Figure S5.2: From Hein et al. (2013): Schematic six-stage evolutionary model of Pinheira (not to scale).
Boxes on the left are all map views; righthand boxes are three-dimensional cross-sections of sections of
the strandplain (locations shown as horizontal black bars in map views). Note the multiple changes in
scale of transect side views throughout the progression as indicated by the black line in map views. (A)
6 to 5 ka: Sea-level highstand at Pinheira. Waves crash on the bedrock that forms the landward side of
Pinheira while fine sediment, derived from the nearby Made and Massiambu River systems, is deposited
in the nearshore zone. (B) 5 to 3.3 ka: Early progradation in the form of a normal regression. A large
offshore sediment supply allows for the development of shallow offshore-dipping beds. As sea-level fall
begins, the system transitions into steeper-dipping, offlapping beds typical of forced regression. (C)
>3.3 ka: Onshore migration of a large quantity of sand as multiple intertidal bars due to perturbation
in the rate or direction of sea-level change. (D) ca 3.3 ka: Slowly rising or stable sea-level allows for
vertical accretion of sediments on top of bars, forming subaerial barriers, separated by multiple inlets,
and backed by a shallow lagoon. The lagoon drains through a 250 m wide inlet in the barrier and
probably is also connected to both the Madre and Massiambu drainage systems. Either a small rise in
sea-level or a storm event results in overwash and the deposition of a washover unit in the backbarrier.
(E) <3.3 ka: Sea-level fall reinitiates shoreline progradation. The seaward side of the barrier transitions
into a progradational beach ridge/foredune ridge plain. The central inlet is filled with shoreface and/or
foreshore sands and then closes as a result of falling sea-level and reduction in tidal prism. The lagoon
begins closing and filling with both fine sand and marsh; drainage is primarily to the north. (F) ca 1
ka: Late stage progradation. The northernmost reaches of the lagoon continue to drain out through a
small tributary to the Massiambu River. The remainder of the lagoon transitions into a lowland fresh
water marsh. The palaeo-barrier has since been covered by an aeolian dune that nucleated upon the

high-profile barrier feature.
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Figure S5.3: From Cattaneo and Steel (2002): (A) Transgressive part of the transgression— regression
diagram of Curray (1964). (B) Revised version of the diagram. Depositional regime w (as defined by

Thorne and Swift, 1991) is expressed as the accommodation— supply ratio (A/S). See text for discussion.
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Evolution of Headland-Beach-Dune System
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Figure S5.4: From Claudino-Sales et al. (2018): Illustration of the dynamics and evolution of headland-
beach dune systems.
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Chapter 6: Cyclic growth of
the Amazon Reef System
during the last 2.5 Ma.
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Abstract

Since the 1970s, the potential existence of a carbonate biogenic reef along the Amazon
Continental Margin (ACM) has been a subject of scientific speculation. However, conclusive
evidence of reefal organisms, including black corals, sponges, and red algae, was only observed
in 2016, leading to the term "Great Amazon Reef System™ (GARS). This discovery sparked a
lively debate among scientists and policy makers regarding the reef size, in terms of its
thickness and extent, and its overall characteristics, particularly in the context of establishing,
along the ACM shelf edge, a marine protected area, excluding future oil and gas exploration.
Our study is based upon a 3D high-resolution seismic block analysis from the north-western
ACM and reveals both present and ancient sea floor features, thus tracing back in time the
GARS's geological development. In the study area, we observe a modern sea floor relief
measuring 26 km in length, 1 km in width, and 50 m in height. Sub-sea floor seismic data
indicates that similar carbonate structures have existed since the early Quaternary, or the last ~
2.5 million years ago, with a distinguishable 405,000-year cyclic growth pattern. The oldest

phases are expressed by low-relief small patch reefs, less than 1 km? in surface area, whereas
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younger phases exhibited barrier-reef-like edifices, similar in size to the present-day ridge,
observed on the seafloor. Our findings suggest that cyclic intensification of Northern
Hemisphere Glaciation, since approximately 2.6 Ma, has influenced sea level variations,
thereby facilitating reef development along the ACM. During long low-eccentricity 405,000-
year cycles, more extreme sea level lowstands channelled, through canyons, the Amazon
sedimentary plumes into the adjacent deep basins, reducing, therefore, the turbidity along the
shelf edge and, consequently, enhancing the reef growth, especially during the initial deglacial
sea level rises. Starting from the Mid-Brunhes Transition, these conditions have occurred at a
higher frequency of approximately 100,000 years. During the middle deglaciation phases, the
reefs, incapable of adapting to rapid sea level rises, became overgrown by slow-growing black
corals, sponges, and red algae.

Keywords: Quaternary, seismic and sequence stratigraphy, sea level, carbonate, Great Amazon
Reef System (GARS), super-interglacial stages, Marine Isotopic Stage 11, 3D seismic
geomorphology.

6.1. The Amazon Reef System

The Amazon is the largest river on Earth by water discharge and has a sediment flux at its mouth
in the order of 1.2 10° metric tons per year (Meade et al., 1985). This massive volume of
sediments is presently, either deposited along the inner shelf or deflected north-westward by
the North Brazilian Current (NBC). Silico-clastic sediments, therefore, greatly increase the
turbidity of the water and tend to bury the potential carbonates fraction. Unexpectedly in spite
of those conditions, an extensive neritic carbonate reef system occurs along the shelf edge of
the Amazon Continental Margin (ACM). The occurrence of a reef system was already
suggested in the 70’s with the work of Kempf (1970) and Milliman et al. (1975), and reef-
associated species of fish and sponges were observed by Colette and Riitzler (1977) and Moura
et al. (1999). More recently, a dedicated survey of the Amazon shelf edge itself revealed the
composition of the Amazon reef system and its geographical extent (Moura et al., 2016).
Several subsequent studies have demonstrated the presence of diverse reef-associated living
organisms along the entire shelf edge margin in a depth range from 70 to 220 m water-depth
(Banha et al., 2022; De Mahiques et al., 2019; Francini-Filho et al., 2018; Vale et al., 2018).
Based on these findings, it has been concluded that this reef system is, therefore, still active
today despites its important water-depth (Banha et al., 2022; De Mahiques et al., 2019; Francini-
Filho et al., 2018; Moura et al., 2016; Vale et al., 2018). Black corals, sponges, and red algae
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are currently the main bio constructor of the reef system (De Mahiques et al., 2019; Francini-
Filho et al., 2018; Moura et al., 2016; Vale et al., 2022, 2018).

Once the existence of the Amazon Reef System was demonstrated over the last decade,
hydrocarbon exploration and production were significantly reduced along the ACM, triggering
controversies regarding the geographical extent and age of the reef system. With regard to
geographical extent, Moura et al. (2016) firstly proposed for the Amazon Reef System an
overall surface area of more than 9,500 km? (Figure 6.1). Subsequently, Francini-Filho et al.
(2018) increased by a factor five the surface area occupied by the living reef, estimating that
the Amazon Reef System covers about 56 000 km? (Figure 6.1). On the contrary, dos Santos
Filho et al. (2022), based on bathymetric, surface sediments and 2D seismic reflection data,
reduced the size of the reef system to 13,478 km? (Figure 6.1). With regard to the age, Milliman
and Barretto (1975) suggested that the reef system along the Amazon shelf edge established
itself during the Last Glacial Maximum (LGM) and grew since. Vale et al. (2022) proposed
more precise ages for the bioconstruction observed in the northern part of the ACM, along the
shelf edge, confirming the establishment and subsequent growth of the reef during the last
glacial sea level lowstand as defined by Yokoyama et al. (2018). Moreover, Vale et al. (2022)
also show that active organisms colonise the observed high-relief structures and, therefore,
these structures have developed for a certain time up to present-day.

This study focuses on the evolution of the carbonate sedimentation along the ACM,
back in time, based upon a 3D high-resolution seismic block that allows not only the exploration
of the present-day seafloor morphology, but, most importantly, the buried geomorphology
beneath the seafloor. The study attempts to answer specific questions such as: is the present-
day reef, observed along the Amazon shelf edge, unique to the last glacial and subsequent
deglaciation or did similar reefs grow also during previous glacial sea level lowstands? Which
mechanisms allow the development of carbonate structures and why are they limited to the

outer shelf?
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Figure 6.1: Bathymetric map of the Amazon Continental Margin, a thick blue arrow shows the North
Brazilian Current (NBC). The extension of the Great Amazon Reef System calculated by Moura et al.
(2016), Francini-Filho et al. (2018) and dos Santos Filho et al. (2022) is represented by superposed
coloured areas in light blue, dark blue and yellow respectively. The 3D seismic block studied is delimited
by red geometry. The graph below the map shows sea level variation from Miller et al. (2020; dark blue
curve) during the last 4 Myr and its relationship with Earth Eccentricity (orange curve) parameters of
100 kyr and 405 kyr (red dashed curve is an extraction of the 405 kyr cyclicity only). Super-interglacials
are indicated by orange ovals (Droxler and Jorry, 2021; Melles et al., 2012). Main climatic events time
extends are presented by purple arrows. Lastly main trend in global climate and the subsequent main

regressions are shown by a thick yellow arrow and light blue arrows respectively.

6.2. Seismic sequence and ACM evolution

This study focuses on the Quaternary sedimentary sequences accumulated on top of the
Neogene Amapa Platform, a carbonate shelf buried by silico-clastic sediments when the
Amazon River connected, in the late Miocene, to the Andean Mountains. Based on 2D sequence
stratigraphy, Gorini et al. (2014) identified a series of seismic sequences along the ACM and
proposed, with additional borehole sedimentary data sets, including biostratigraphic
constraints, that each individual sequence was related to a 405 kyr cycle. A recent study, based
on 3D seismic analysis correlated with cyclostratigraphy and placed into a more precise
sequence stratigraphy framework, validated the hypothesis of a dominant 405 kyr cyclicity
(Chapter 4). Moreover, main climatic events also greatly affected the sedimentary architecture
along the ACM. Indeed, distinct changes in the geometries of the sediment accumulation along
the ACM, initially observed by Gorini et al. (2014) and in Chapter 4 in a 3D seismic
interpretation, identified two main mega-sequences inside the Plio-Pleistocene series, attributed
to two main climatic events. The mega-sequence boundary, identified at 2.4 Ma by Gorini et
al. (2014; SB G) and in Chapter 4 (top of MS-1), corresponds to an increase in sediments supply
and marked erosion development along the shelf edge, linked to the Intensification of Northern
Hemisphere Glaciation (INHG) between 3.0 to 2.5 Ma (Bartoli et al., 2005; Kleiven et al., 2002;
Maslin et al., 1998; Wohlfarth et al., 2008). Cruz et al. (2019) also observed an increase in
sedimentation rates at 2.5 Ma. The INHG triggered sea level to significantly fall, resulting in a
basinward displacement of the coastline which greatly affected the sub-aerial erosion rates
along the shelf edge. A second climatic event occurred at 0.9 Ma, associated with the transition
from an Earth climate dominated by 40 kyr cycles to one influenced by 100 kyr cycles, and

reveals a change in the seismic unit thickness on the outer shelf (Chapter 4). This shift is called
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the Mid-Pleistocene Transition and is dated between 1.2 to 0.7 Ma (Berger and Loutre, 1994;
Chalk et al., 2017; Clark et al., 2006; Pisias and Moore, 1981; Willeit et al., 2019).

6.3. Development of the present-day Amazon Reef System

The topography of the present-day seafloor along the ACM shelf edge displays a pronounced
high-relief N330°-oriented ridge (Figure 6.2), characterised by strong seismic reflection
amplitudes, and resembles the characteristics of a carbonate barrier-reef (Burgess et al., 2013;
do Nascimento Silva et al., 2018; Hinestrosa et al., 2014; Khanna et al., 2017). Lithologies
encountered within the first meters drilled in Well #1 reveal the presence of calcarenites.
Although the well does not intersect the barrier itself, it cuts through oblique structures that
occupy a 20 km-wide area behind it which can be interpreted as the inner reef. Seismic reflectors
associated with these oblique structures display high-amplitude reflections comparable to those
of the barrier itself (Figure 6.2) and are oriented N315°. The barrier is further accompanied by
an adjacent erosive trough on its seaward side. The height differential from the base of this
trough to the flat-topped crest of the barrier is approximately 59 meters, based on a velocity of
1.5 km/s along the water column (Figure 6.2). The barrier spans 26 km in length and 1 km in
width, narrows toward the north, while in the south, it broadens and evolves into a complex

topographical area punctuated by multiple pinnacles like isolated reefs (Figure 6.2).
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Present-day sea floor
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A\

Figure 6.2: Present-day 3D sea floor horizon extracted from seismic data. Colour gradients represent
Z value in ms with shallow area in red and deepest part in purple. The red circled area represents one
of the dive sites depicted in Lavagnino et al. (2020) and Vale et al. (2022). Seismic line showing cross-
section geometries is visible in the left bottom corner. Two wells cross the seismic block, one in the
northern area (Well #1) and, one in the southern tip (Well #2). The orientation of the pictures is
highlighted by three arrows on the top right corner, yellow one points North, green one points East
while the red one is vertical.

These observations are corroborated by a 2017 oceanographic cruise that included three
dives along the ACM (Lavagnino et al., 2020; Vale et al., 2022). Data from this expedition
unveil a concentration of high-relief structures, particularly in the southern section of the
seismic block (Lavagnino et al., 2020; Vale et al., 2022). Samples from this region primarily
consist of boundstone with ages ranging from 16,395 to 12,160 yr BP, indicative of the onset
of sea level rise following the Last Glacial Maximum (Yokoyama et al., 2018). The presence
of ooids and Sabellaria tubes lends support to the idea of carbonate development in shallow
environments (Aviz et al., 2021; Davies et al., 1978; Duguid et al., 2010; Harris et al., 2019;
Tucker and Wright, 1990). Vale et al. (2022) proposed a maximum paleodepth of 18 meters for

the boundstone samples, consistent with characteristic barrier depths. Thus, the carbonate
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barrier and the front trough are inferred to have formed in response to high energy shallow-
water wave action during periods of rising sea levels (Kendall and Schlager, 1981).

The northern outer shelf/slope domain within the seismic block exhibits a gentle
gradient punctuated by terraces with top depths at 143, 165, 193, 240, and 314 meters (Figure
6.2; Figure S6.1). The transition to the slope domain occurs at a depth of ~390 meters. These
deeper terraces are unlikely to result from coastal erosion during the Last Glacial Maximum;
even after accounting for subsidence rates of 300 m/Myr (Cruz et al., 2019), terraces exceeding
a depth of 190 meters are too deep to be attributable to such erosive processes. Rather, these
terraces may be linked to storm-induced wave action affecting the upper 100 meters of the water
column, a phenomenon noted on other shelves (Casalbore et al., 2017; Martinez-Martos et al.,
2016; Pillans, 1990; Wagle et al., 1994), alternatively they may be due to the action of currents
as also seen at the limit between water-masses creating distinct erosive terraces (Hernandez-
Molina et al., 2014, 2009; Mufioz et al., 2013; Viana, 2002; Viana et al., 2002).

Despite the vitality of the present-day coral assemblages (De Mahiques et al., 2019;
Francini-Filho et al., 2018; Moura et al., 2016; Vale et al., 2022, 2018), their growth rates are
insufficient to form the most substantial structures observed. It is suggested that these coral
assemblages have adapted to the changing environmental conditions ushered in by rising sea
levels, as evidenced by parallel developments in both Hawaii and the Gulf of Papua (Harper et
al., 2022; Sanborn et al., 2017; Webster et al., 2009, 2007).

6.4 Previous development of Barrier Reef System

3D seismic analysis reveals that the present-day reef is not a unique feature. Indeed,
deeper (and older) reef structures have been identified in the 3D seismic block, which can also
be more than 50 meters high and cover several hundreds of square kilometers (Figure 6.3).
Horizon 4 is such an example (Figure 6.4) with similar structures as those observed on present-
day sea-floor (i.e., barriers, terraces, pinnacles) as seen on both seismic horizon and seismic
profiles (see zoomed line in Figure 6.4).

However, all carbonate build-ups are disconnected from one another and, therefore, do
not appear to represent continuous deposition (Figure 6.3). The build-ups appear systematically
at the base of each seismic sequence and are mainly observed within the transgressive system
tracts as identified in Chapter 4. Carbonate volume calculations during each transgressive
interval yield volumes of 0.0405 km?3 at 2.4 Ma, 0.264 km3 at 2.1 Ma, 0.806 km? at 1.6 Ma, 5.09
km3 at 1.2 Ma, and 5.73 km3 at 0.4 Ma revealing a continuous increase in carbonate volume

since 2.4 Ma. It also reveal an important change in carbonate volume at 1.6 Ma, with an increase
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of carbonate volume, more than five times compared to the older carbonates development. So,
we suggest a similar composition and origin for the older barrier-reef system than that of the
present day system that have been sampled (De Mahiques et al., 2019; Francini-Filho et al.,
2018; Moura et al., 2016; Vale et al., 2022, 2018).
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Figure 6.3: Sequence stratigraphy from the Chapter 4 adapted on an arbitrary line crossing most of the
bioconstruction observed (dark blue area). Position of the line is shown on the map view of the seismic
block on the top left of the figure. Nine seismic sequences have been observed (S1 to S9). Boundaries of
the seismic sequences (SU) correspond to the transgressive surface. Age of the seismic sequences (S1
to S9) are written on the left side of the line in dark green. Earth climatic variation: INHG;
intensification of Northern Hemisphere Glaciation at ~2.6 Ma and MPT; Mid-Pleistocene Transition at
1.2 to 0.7 Ma could correspond to main changes in the sediments architecture and are associated with
specific boundaries between seismic sequences S3 to S4 and S7 to S8 respectively. Purple dashed lines
correspond to the horizons presented in the figure 2. SLi = Submarine Landslide; TST = Transgressive
System Tract; FSST = Falling Stage System Tract; HST = Highstand System Tract; Cb = Carbonates.

6.5. Initiation of carbonates development

Before 2.4 Myr, the seismic data does not display barrier-type build-ups (Figure 6.4). After 2.4
Myr, transgressions following maximum regressions at 2.4 Ma, 2.1 Ma, and 1.6 Ma, show small
patches of high-amplitude reflectors exhibiting build-up behaviour. Horizons 1 and 2 mark the
earliest bioconstructions following the burial of the Amapé carbonated platform (Figures 6.3
and 6.4). These bioconstructions occur at the bases of paleo-cliffs (Chapter 5) and exhibit
limited horizontal extensions, generally below one kilometer. However, they can reach
thicknesses up to 50 meters (Figure 6.4).

Focusing on this specific seismic facies denoted by high-amplitude reflectors with build-
up behaviour (shown in dark blue colour and labelled as Cb for carbonates in Figure 6.3), their
first appearance is within the seismic sequence S4, dated between 2.4 and 2.1 Ma (Chapter 4).
We propose that the Intensification of Northern Hemisphere Glaciation (INHG) between 3.0
and 2.5 Ma, along with the resultant climate and sea level fluctuations, fostered carbonate
development along the ACM (Bartoli et al., 2005; Kleiven et al., 2002; Lisiecki and Raymo,
2007; M. A. Maslin et al., 1998). Notably, limited sea level changes during the Pliocene
inhibited sediment transport toward and past the outer shelf, as suggested by Milliman et al.
(1975). While, after the INHG, during the Pleistocene, increase in sea level fluctuations (up to
more than hundred meters) allow sediments to bypass the shelf and be funnelled by the Amazon
Canyon towards the deep-sea fan (Milliman et al., 1975). Therefore, important sea level fall
reduces rates of siliciclastic sedimentation along the shelf edge, creating favourable conditions
for shallow coral reef organisms. These conditions are further favoured by the sandy hard
substratum associated with the topsets of regressive prisms (De Mahiques et al., 2019; Vale et
al., 2022).
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Figure 6.4: 3D horizons extracted from seismic data presenting important carbonate development.
Colour gradients represent Z value in ms with shallow area in red and deepest part in purple. The red
circled area represents one of the dive sites depicted in Lavagnino et al. (2020) and Vale et al. (2022).
Seismic line showing cross-section geometries is visible in the left bottom corner. Two wells cross the
seismic block, one in the northern area (Well #1) and, one in the southern tip (Well #2). The orientation
of the pictures is highlighted by three arrows on the top right corner, yellow one points North, green
one points East while the red one is vertical.

6.6. Carbonates flourishing

Horizon 3 marks the first bioconstruction in the Plio-Pleistocene series that fits the "barrier"
typology (Figure 6.4) (Burgess et al., 2013; do Nascimento Silva et al., 2018; Hinestrosa et al.,
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2014; Khanna et al., 2017). The barrier in this horizon is situated farther from the shelf edge
compared to those in Horizon 4 and present-day seafloor. The outer shelf features terraces. The
barrier is relatively short, with a length of approximately 15 km, and the inner shelf exhibits
few high-amplitude reflectors corresponding to inner shelf carbonate development (Figure 6.3).
Comparison between the sea-level curve and the regional age model suggests Horizon 3 may
align with a super-glacial event preceding the MIS-31 super-interglacial stage (Droxler and
Jorry, 2021; Melles et al., 2012). High-amplitude reflectors in the outer shelf (Figure 6.3) may
be indicative of rhodolith bed development at greater depths, as confirmed by current
observations at depths exceeding 40 m (Moura et al., 2016). Between 1.2 Ma and 0.4 Ma,
seismic data do not indicate carbonate structures.

Horizon 4 exhibits a more developed inner shelf compared to horizon 3, as well as
multiple, elongated barriers (Figure 6.4). The barrier position in horizon 4 also shifted toward
the ocean compared to horizon 3. In horizon 4, the proximal section of the block, situated behind
the barriers, contains abundant bioconstructions aligned along N60° axes, which is
perpendicular to the barrier orientation of N330°. The northern section of the block features a
denser concentration of constructions compared to its southern counterpart (Figure 6.4).
Lithological descriptions from Well #1 confirm the presence of several meters of calcarenite
rocks.

The barrier's upsizing and its seaward migration (from Horizon 3 to Horizon 4) could
be attributed to higher sea-level variation at 0.4 Ma (Horizon 4) due to the Mid-Brunhes
Transition, which impacts global sea-level amplitude, reaching a height of 120 m over the past
405 kyr (Lisiecki and Raymo, 2005; Miller et al., 2020).

6.7. Pleistocene cyclic growth

The cyclical development of carbonates along the ACM is proved by their consistent
presence since 2.4 Ma in each transgressive system within the seismic sequence, as well as by
the age dating of these horizons through sequence stratigraphy and a model grounded in
cyclostratigraphy (Gorini et al., 2014; Chapter 4). Between 2.4 and 0.4 Ma, carbonates have
manifested in 405 kyr cycles related to the long eccentricity parameter, facilitating substantial
sea-level drops followed by significant interglacial periods. These pronounced interglacial
episodes correspond to the super-interglacials of MIS 11, MIS 31, MIS-47, MIS-75-MIS-77
and MIS-91-MIS-93 (Droxler and Jorry, 2021; Melles et al., 2012). Carbonates typically
formed during the early transgressive phases of these super-interglacials. Since the Mid-

Brunhes Transition, the northern outer shelf of the ACM has seen recurrent development of
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carbonate structures (Figure 6.3). Among the main glacial events since this transition—MISs-
2, -6, -8, -10, and -12, however, sea level fall during MIS-8 was relatively moderate, only
reaching -70 m compared to the average -100 m observed for other MIS stages (Lisiecki and
Raymo, 2005; Miller et al., 2020). Therefore, these significant glacial stages could align with
distinct carbonate structures observed across four horizons in the latest seismic sequence
(Figure 6.3). Although each transgressive event interrupted reef bioconstruction, leading to
isolated reefal structures.

6.8. Hydrodynamical changes triggering carbonates development

The absence of backstepping reef-barriers on the inner shelf, typically induced by sea-level rise,
coupled with the diminishment of build-up features toward the continent, suggests an alteration
of favourable environmental conditions for carbonates growth along the ACM during periods
of elevated sea levels. This alteration is thought to be correlated with shifts in the depositional
centre of Amazon sediments. Milliman et al. (1975) assert that during sea-level highstands, the
Amazon River's sediment inputs are deflected north-westward by the North Brazil Current
(NBC), contributing to the formation of shelfal deltaic clinoforms that comprise the
contemporary Amazon shelf delta. In this phase, both the Amazon Canyon and Deep-Sea Fan
are essentially inactive, designating the shelf as the primary depot centre for sediments (Damuth
et al., 1988; Lopez, 2001; Milliman et al., 1975). Conversely, during periods of sea-level
lowering and lowstands, the Amazon Canyon is prime area for sediment transfer towards the
slope, thereby inducing deep-sea fan growth (Damuth et al., 1988; Lopez, 2001; Milliman et
al., 1975). Under these conditions, the bulk of sediment is channelled to the slope and deep
basin, so that more propitious circumstances for the growth of reef organisms occur along the
outer shelf. Furthermore, alterations in current patterns may divert the sediment plume, enabling
enhanced carbonate accretion along the northernmost extremity of the Amazon shelf (North of
the Amazon Canyon). This hypothesis is supported by the documented southward migration of
the ITCZ during glacial periods (Broccoli et al., 2006; Chiang et al., 2003; Wang et al., 2004).
Investigations centred on Ceara Rise sediments, suggested a similar argument to account for
the observed increase in sedimentation rates along the rise. Specifically, shifts in wind patterns
could amplify the retroflection of the NBC, thereby transporting the majority of Amazon
sediments in an eastward direction (instead of the present-day northward direction) (Harris and
Mix, 1999; Rihlemann et al., 2001).

At a finer scale, the southern portion of the block is situated near the Amazon Canyon,

potentially facilitating the introduction of greater volumes of siliciclastic sediments. In contrast,
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the northern section experiences reduced influence from Amazon-derived sediments. This
differential sedimentary input may encourage more vigorous carbonate development in the

northern area, culminating in the formation of barrier reef features.

6.9. Conclusions and perspectives

The analysis of a 3D seismic block covering the outer shelf of the ACM northward of the
Amazon Canyon, a primary carbonate barrier system is observed through time. This most recent
structure is formed during the Last Glacial Maximum under shallow water conditions. The
emergence of a barrier feature at this time suggests significantly reduced siliciclastic input,
related to the funnelling of Amazonian sediments through the canyon toward the deep-sea fan
during sea level lowstands. This barrier is now a drowned coral reef, similar to those observed
along the coasts of Hawaii and Papua New Guinea. The study of 3D seismic horizons revealed
numerous carbonate structures. Carbonate development started following the intensification of
Northern Hemisphere Glaciation approximately 2.5 million years ago. Initially, these
carbonates constituted small patches of high-amplitude and high-relief reflectors situated in
front of erosive structures but with small lateral extent. These carbonate formations are
predominantly part of the transgressive series and tend to develop during the initial stages of
sea level rise following particularly low sea levels. Carbonate growth exhibits a cyclical pattern
and correlates with the 405 kyr eccentricity cycles. This cyclicity has been also observed among
super glacial stages and we believed that carbonates develop at the early stage of main
deglaciation, before interglacial periods at MIS-91-MI1S-93, MIS-75-MIS-77, MIS-47, and
MIS-31. During these periods of low eccentricity amplitude, significant global sea level
lowstands occur. The coastline consequently migrates to the shelf edge, and siliciclastic
sediments are captured by the Amazon Canyon, thereby creating favourable conditions for coral
reef development. The first “real” and continuous carbonate reef-barrier structure started
around 1.1 million years ago, and was favoured by an unusually low sea level during the Mid-
Pleistocene Transition. Subsequent to the Mid-Brunhes Transition, the frequency of significant
sea level lows increased, and carbonate barriers appear to develop approximately every 100,000
years starting during lowstands and growing during early deglaciation of interglacial: MIS-11,
-9, -7 and -5.
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6.10. Supplementary contents

6.10.1. Introduction to the Super-interglacial stages

As it is well established, sea level has greatly fluctuated through the Cenozoic, in particular
since the initial growth of major ice sheets in Antarctica at the beginning of the Oligocene. With
their major extension at the Middle Miocene climatic transition, overall global sea level
systematically fell and the amplitudes of its fluctuations increased (Miller et al., 2020).
Following the Pliocene climatic optimum (Miller et al., 2020), the global sea level fall became
even more significant and the amplitudes of its fluctuations increased systematically through
time since the onset and intensification of major Northern Hemisphere Glaciations (NHG: 2.5-
3.0 Ma, Bartoli et al., 2005; Kleiven et al., 2002; Lisiecki and Raymo, 2007; M. A. Maslin et
al., 1998; Figure 6.1). Simultaneously as this global downward trend in sea level during the
Pleistocene, astronomical cycles induced variations in sea level on the Milankovitch scale.
During the early Pleistocene prior to the Mid-Pleistocene Transition (MPT: 1.25-0.7 Ma;
Figure 6.1), 41 kyr obliquity glacial cycles induced low amplitude and high frequency sea level
cycles (Clark et al., 2006; Lisiecki and Raymo, 2005). Whereas, after the MPT, glacial cycles
of 100 kyr eccentricity induced sea level fluctuations of high amplitude and low frequency
(Miller et al., 2020). Post MPT, the intensity of each glacial cycle, increased systematically
with maximum ice volume at glacial peaks: Marine Isotope Stage MIS -12, -6, and -2, the latter
referred to as Last Glacial Maximum (LGM) when sea level reach at least — 130 m (Lambeck
and Chappell, 2001; Yokoyama et al., 2018, 2000). The first 130 m plus sea level rise amplitude
occurred in the mid-Bruhnes at the MIS-12 glacial to MIS-11 interglacial deglaciation, MIS-11
being recognized as the last unusually long and intense interglacial, centered at about 405,000
years (Droxler et al., 2003).

In a 2.8 million years-long climate record retrieved from the high latitude arctic Lake
El’gygytgyn, Melles et al. (2012) demonstrated that MIS-11 (0.4 Ma) was the last of several
Quaternary super-interglacials, characterised by unusually warm conditions and identified as
MIS-31 (1.1 Ma), MIS-49-MIS-55 (1.5-1.6 Ma) and MIS-77 (2.0 Ma) (Figure 6.1). As for the
super-interglacial MIS-11 linked to unusually low Earth orbit eccentricity (Droxler et al., 2003
and references herein), Roychowdhury (2018) highlighted the link between the Quaternary
super-interglacials and low amplitude eccentricity associated with the 405 kyr cyclicity.
Bassinot et al. (1994) and Droxler et al. (1990) observed dissolution intervals in long

Quaternary periplatform and pelagic carbonate records, which are interpreted as being related
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to some of the above-mentioned Quaternary super-interglacials. More recently, in some atolls,
Droxler and Jorry (2021) suggested that Quaternary intervals of maximum neritic carbonate
accumulation, separated by a series of exposure horizons, were linked to these super-
interglacials (Droxler and Jorry, 2021) and to periods of unusually high sea level (Miller et al.,
2020).

6.10.2. Data and methods

We used a seismic 3D data block, which is approximately 60 km long and 40 km wide, covering
an area of 1700 km? (Figure 6.1). It is a PSTM (Pre-Stack Time Migration) survey composed
of 2387 Inlines and 1733 Xlines separated by a 25-meter grid. The sample interval is 4 ms and
the dominant frequency of the full-stack signal is 37 Hz, yielding a 10-20 m vertical resolution
for velocity considered in between 1500 to 3000 m/s.

Two wells cross the seismic block and offer lithological descriptions and Gamma-Ray
(GR) data. The resolution of GR data ranges from 15 to 20 cm, and their values are expressed
in APl (American Petroleum Institute) units.

To merge the time and depth domain, we used a velocity of 1.5 km/s along the water
column. While, checkshots were used as well as an additional statistical wavelet creation carried
on Paleoscan Software (https://www.eliis-geo.com) to create a time/depth model. However,

deterministic wavelets known to be more accurate could not be performed due to the lack of
geophysical data along the Plio-Pleistocene series. The time-depth relationship is therefore not
accurate and even if some major transitions are well defined thanks to High Amplitude
Reflectors correlated to the main shift in the GR, the uncertainty should be considered to be
about 20 meters.

In order to obtain horizons instead of time slices, a geo-model was built, using Paleoscan
software, with an automatic tracking of reflections, conversion to horizons and stratigraphic
organisation. However, we also did manual interpretations of the main horizons to check, refine
and update the geo-model. In our case study, along the Plio-Pleistocene series, 300 horizons
were generated. Horizons are the key to identify geomorphological features.

Different attributes were used to better highlight the bioconstruction. The Z values
(Present-day horizon as well as horizons 3-4; Figure 6.2) and Contour Curvature attributes were
specifically used to highlight the building behaviour of carbonates. While, Root Mean Square
(RMS) amplitudes were used to spot the lithological change between carbonates and muddy
sedimentary cover (Horizons 1-2 are composite images of RMS amplitude and Z value; Figure
6.2).
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Geobodies were used to delineate the bioconstructions along the Plio-Pleistocene series.
Creation of geobodies has been done using the seismic amplitude selector mode proposed by
Paleoscan software. In horizons where the only structures of high-amplitude reflection were the
bioconstructions we automatically select all high amplitude areas. However, in some horizons,
other features present high amplitude reflection. In this scenario, we manually select the high
amplitude patches corresponding to bioconstruction. Volume computation for each geobodies

allowed us to obtain the volume of each bioconstruction.
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6.10.3. Supplementary figures

Figure S6.1: Map of the present-day outer shelf seafloor presenting the Carbonate barrier reef feature
and the terraces. The outer shelf map is an extraction from the full seismic block (bottom right). Colour
gradients represent depth value in m with shallow area in red (<120m) and deepest part in purple
(>400m). The terraces have been extracted through filtering of points along a dip/depth graph (top
right).

207



208



Chapter 7: General

discussion and perspectives
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7.1. Transition from Amapa carbonate to the siliciclastic sediment

derived of the Amazon

The seismic block, located over 200 kilometers from the mouth of the Amazon River, has
remained preserved from the considerable influx of siliciclastic sediments brought by the
Amazon, following the transcontinental Amazon event. Although the precise timing of this
transcontinental event is still under discussion, there is irrefutable evidence of an increase in
siliciclastic sediment influx to the Amazon Continental Margin dating back at least 10 million
years (Cruz et al., 2019; Figueiredo et al., 2009; Hoorn et al., 2010). During the time interval
required for the deltaic siliciclastic clinoforms to migrate toward the study area, carbonate
formations continue to thrive, as demonstrated by (Gorini et al., 2014). Biostratigraphic data
show that the Amapa carbonates persist in the northern section of the offshore Amazon Basin
at least until 5.58-4.1 Myr (Sn4; Cruz et al., 2019). The construction of a 3D seismic horizon
atop the Amapa platform enhances our understanding of the transition from carbonate to

siliciclastic sedimentation in the region (Figure 7.1).
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Figure 7.1: Z value along the Top Amapa horizon depicting a typical flat topped carbonate shelf. The
outer shelf is highly deformed and affected by faults. The slope is very steep and shows gullies. The shelf
is greatly affected by mega-sinkholes revealing emersion of the shelf at the end of the Amapa serie.

Firstly, the cessation of carbonate sedimentation does not appear to be directly
correlated with the influx of siliciclastic sediments. Indeed, the presence of mega-sinkholes at
the top of the carbonate formation suggests a phase of emersion, which may be attributable to
a global sea-level decline around 4 Ma (Gi20; Lisiecki and Raymo, 2005; Miller et al., 2020)
or even earlier, during the Sidufjall magnetostratigraphic period (4.8 Myr; Miller et al., 2020)
(Figure 7.1). Miller et al. (2020) describe a sea level approximately 20 meters above present-
day levels between 4.6 to 4.1 Ma. Subsequently, a significant sea-level drop occurs (Gi20),
followed by peaks of highstand between 3.9 and 3.3 Ma that were even higher, reaching around
30 meters during Gi13. The sea-level fall at 4 Myr is calculated to be approximately -32 meters
below present-day levels by Miller et al. (2020). During this period, the shelf edge was
comprised of a carbonate mound with significant relief (Gorini et al., 2014), making it more
susceptible to drowning compared to the deeper inner shelf. The depths of the sinkholes,
calculated to be around 50 meters (based on a wave speed of 1.7 km/s), well correlate with the
Gi20 event, which showed a sea-level drop of approximately 50 meters: from the 20-meter
highstand above present-day levels before 4 Myr to 32 meters below present-day levels during
the Gi20 lowstand at 4 Myr (Figure 7.1). Carozzi (1981) previously demonstrated that the
Amapa carbonate platform was subject to periods of extensive subaerial exposure when
conditions transitioned from high-stand to low-stand sea levels. Microfacies analysis reveals
that during these periods of subaerial exposure, large-scale underground circulation of
freshwater occurred, resulting in extensive secondary porosity through dissolution (Carozzi,
1981).

Furthermore, during the subsequent transgression, siliciclastic series did not establish a
significant presence, as indicated by the lack of substantial transgressive sedimentary
sequences. Only a thin sandy layer of 10m thick is observed at the top of Amapa and may be
associated with a transgressive lag. In contrast, reflectors on top exhibit progradational
behaviour with downlap terminations (Figure 7.1). Consequently, the initial siliciclastic series
form the bottomsets of a progradational highstand systems tract, extending along the margin in
a northeasterly direction. The only biostratigraphic age available in proximity to the seismic
block is part of this highstand package and has been dated to between 3.7 and 4.1 Myr by Cruz
et al. (2019). Furthermore, Cruz (2018) proposed correlating this age, which is associated with

the Sn5 horizon in their study, with a high sea level at 3.7 Myr. This is consistent with our age
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model and supports our hypothesis of a long-standing highstand occurring from 4.0 to 3.3 Myr.
The first evidence of a significant sea-level fall in the siliciclastic record is observed at the
termination of seismic sequence S1 and is dated at 3.3 Myr according to the age model based
on cyclostratigraphy.

A significant number of faults are visible along the top of Amapa (Figure 7.1). These
faults are of the normal type, parallel to the shelf edge, and exhibit an offset of 30 ms TWTT,
which corresponds to approximately 25 m (assuming a wave speed of 1.7 km/s). These faults
are essential for accommodating the tilt and deformation of the shelf due to sediment loading
along the margin. At the southern tip of the seismic block, a prominent canyon approximately
425 m deep cuts the shelf edge and affects the shelf itself. The substantial impact of this
structure and its extension toward the shelf resemble the present-day canyon of the Amazon,
suggesting that this could be a paleo-canyon of the Amazon. The first series of sediments
infilling the canyon exhibit low-amplitude, aggrading reflectors with onlap terminations on its
flanks, indicative of a lowstand infill of the canyon or the onset of transgression, characterized
by retrogradational stacking of onlapping reflectors (Figure 7.2). Subsequently, a set of
medium-amplitude reflectors covers both the shelf and the lowstand series within the canyon.
This set of medium-amplitude reflectors displays downlap terminations and could be associated
with a prograding highstand, characterized by muddy bottomsets covering both the shelf and

the upper part of the canyon.
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Figure 7.2: 3D seismic viewer revealing the correlation used to propagate the biostratigraphic age from
Well #3 to the seismic block through two 2D seismic lines named C and D. The small box in the bottom
left shows the position of the different lines and wells compared to the seismic block position. The top
of Amapa is eroded by a major canyon. The bottom part of the canyon is fulfilled by reflectors with
onlapping terminations noted canyon infill in the figure. While the upper part shows easy to propagate
and correlate sandy layers which are highlighted in yellow. The position of the samples used for
biostratigraphy correspond to the first set of reflectors which covers the canyon and the adjacent shelf

(purple dashed line).

7.2. Plio-Pleistocene climate impact on sediment architecture of the
Amazon Continental Margin

Between 4 Myr and 3.3 Myr, global sea levels were exceptionally high, exceeding current levels
by more than 10 meters (Miller et al., 2020). During this period, only the bottomsets of
highstand clinoforms were observed to extend to the outer shelf. Indications of north-eastward
prograding wedges suggest that sediments from the paleo-Amazon River were likely
transported to the inner shelf by alongshore currents. This phenomenon parallels contemporary
conditions, in which sediments transported by the North Brazil Current give rise to prograding

subaqueous clinoforms (Nittrouer et al., 1986; Nittrouer and DeMaster, 1996). These
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observations indicate that by the early Pliocene, the entire Amazon shelf was already
experiencing conditions akin to those of the present-day. These conditions were characterized
by a significant reduction in carbonate production attributed to environmental stressors such as
increased turbidity and nutrient availability, leading to eutrophication (Cruz et al., 2019).

However, a significant change occurred around 3.3 Myr, when sea levels dropped to
approximately 40 meters below current levels (Miller et al., 2020). At that point, the outer shelf
began to exhibit outbuilding clinoforms, which are part of the Falling Stage System Tracts
(FSST), along with a downward shift of toplaps. Isochore mapping of seismic sequence S1
revealed a distinct north-eastward progradation of sediments. However, it’s worth noting that
this deposition was largely confined to the inner shelf and did not extend to the shelf edge
(Figure 7.3). The depositional environment underwent a transition from lagoonal settings
during the late highstand stage to strand plains during the falling stage as discussed in Chapter
5. Subsequent transgressive series displayed retrograding and aggrading reflectors with onlap
terminations overlaying older FSST deposits. The following two seismic sequences, S2 and S3,
exhibited similar variations in reflector geometries and depositional environments.
Nevertheless, isochore maps of these sequences highlight a general basinward migration of
sediments, evidenced by the sequence's thickest part moving from the inner shelf in S1 to the
shelf edge in S3 (Figure 7.3).
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Figure 7.3: Isochore maps for the nine seismic sequences observed within the siliciclastic sedimentary
series. Due to the substantial variability in sequence thickness, it was impractical to employ a consistent
colour grading across all sequences; as a result, quantitative values are not presented in these maps.
Black lines on the maps serve to delineate features indicative of submarine landslide scars.

After seismic sequence 3, notable changes in geometries and geomorphologies become
apparent, marking the transition from Mega-Sequence | to Mega-Sequence Il. This transition is
characterized by thicker transgressive series, increased erosion, and steeper foreset geometries
within clinoforms during FSST. According to the age model, detailed in Chapter 4, this
transition occurs at approximately 2.4 Myr. This shift is associated with the intensification of
Northern Hemisphere Glaciation, as indicated by a significant increase in 6180 values at
Marine Isotope Stage (MIS) 100, which corresponds to approximately 2.54 Ma. This isotopic
shift aligns with the initial prominent occurrence of ice-rafted debris in the northern North
Atlantic (Miller et al., 2020; Shackleton et al., 1984). However, it’s important to note that
between MIS G10 (approximately 2.8 Ma) and MIS100, there is a gradual increase in glacial-
interglacial 0180 amplitudes, suggesting a continuous rather than abrupt transition. According
to Miller et al. (2020), this period was characterized by incrementally larger glaciations with
relatively consistent deglaciations. Increased sedimentation rates likely played a significant role
in the changes in seismic geometries. These changes could be attributed to enhanced erosion
resulting from the intensified Northern Hemisphere Glaciation, as well as from Andean
glaciation and variations in precipitation over the Amazon drainage basin during colder glacial
periods (Harris and Mix, 1999; Mason et al., 2019). Additionally, a transition in pollen data at
2.6 Ma reflects an increase in sedimentation rates and the onset of open vegetation in the high
Andes from 2.6 Ma to 0.8 Ma (transition between zones C and D as described by Hoorn et al.
(2017).

The isochore map reveals a reversal in the sedimentary depot-center's position, which
had migrated basin ward from S1 to S3 but now shifts continent ward in S4 (Figure 7.3). This
reversal can be attributed to two primary factors: firstly, a notable increase in subsidence rates
along the margin (Cruz et al., 2019), providing more space for sediment accumulation; and
secondly, a significant rise in global sea levels around 2.4 million years ago (Ma), causing the
coastline to shift continent ward. During the early transgressive stages of Mega-Sequence 11, a
new geomorphological feature becomes apparent: the development of paleo-cliff morphologies
along the shelf edge, indicating sediment starvation during this period (as discussed in Chapter
5). This observation, along with erosive features and thicker transgressive intervals, suggests

an increase in eustatic variation amplitude throughout Mega-Sequence I1.
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During Mega-Sequence 111 (0.9 Ma to present-day), both the morphology and location
of Falling Stage Systems Tracts (FSSTs) undergo substantial changes along this passive margin.
These shifts are attributed to alterations in the dominant orbital parameters affecting climate.
Specifically, following the Mid-Pleistocene Transition (MPT), the Earth's climate exhibits a
97-128 kyr cyclicity, accompanied by pronounced variations in sea level (Berger and Loutre,
1994; Chalk et al., 2017; Clark et al., 2006; Pisias and Moore, 1981; Willeit et al., 2019).
Notably, the largest sea-level changes reaching up to 130 meters below present levels, during
the Cenozoic were associated with quasi—100-ka terminations in the last 800,000 years (Miller
et al., 2020). In comparison, the major precessional (19 and 23 kyr) and tilt (41 kyr) scale sea-
level lowering of the past 800,000 years ranged from 10 to 60 meters and were directly
influenced by Milankovitch pacing (Miller et al., 2020). Consequently, shorter-duration seismic
unit emerge, aligning with these shorter eccentricity cycles, in contrast to the previously
observed 405 kyr seismic sequences (as discussed in Chapter 4). The decline in sea level
associated with glacial stages yields significant shifts in coastline position, resulting in
regressive prisms forming along the slope—referred to as forced regressions (Chapter 4)
(Figure 7.4). With substantial sea-level declines, available space for sediment deposition on the
outer shelf diminishes, leading to sediment migration toward the slope. In seismic sequence S8,
forced regressions mainly result in progradation, with minimal aggradation. In contrast, seismic
sequence S9 exhibits aggradation surpassing progradation. This pattern correlates with the Mid-
Brunhes Event, characterized over the last 405 kyr by warmer interglacial periods (Jouzel et al.,
2007), elevated atmospheric CO2 levels (Ldthi et al., 2008), and an overall rise in mean sea
level (Barth et al., 2018; Mitsui and Boers, 2022). The association between forced regressions
and shorter eccentricity cycles following the Mid-Pleistocene Transition (MPT) has also been
observed in other deltaic systems (Lafosse et al., 2018; Rabineau et al., 2006). Simultaneously,
an increase in erosive features is noted. During periods of low sea level, the shoreline extends
to the outer shelf, making most of the shelf susceptible to aerial erosion. In transgressive phases,
patch reefs proliferate around the outer shelf atop the shelf-edge deltas formed during forced
regressions. Lastly, an increase in carbonate production is noted during the transition from S8
to S9, which is attributed to the Marine Isotope Stage (MIS) 11 event at approximately 0.4 Ma
(Droxler and Jorry, 2021).
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Figure 7.4: From Maslin et al. (2006): Comparison of the composite relative global sea level curves
with the Milliman et al. (1975) theoretical model of changing morphology of the continental shelf and
Amazon delta with lowering sea level. Red sea level curve is a composite of coral and Red Sea data and
for comparison the blue curve is a composite coral and benthic oxygen isotope record. This study
suggests that small changes in marine transgression or regression when sea level is below 50m can
change the sediment supply to the Fan. This results in either channel floor aggradation or channel floor

erosion and thus an avulsion event.

7.3. Submarine landslides and canyons evolution along the ACM

Within the 50 km of shelf edge covered by the seismic block, noticeable heterogeneity
is apparent in both the intensity of erosion and the infill processes in the canyons (Figure 7.5).
Specifically, there is significant infill by Amazonian sediments towards the south and an
increased rate of erosion towards the north (Figure 7.5). The siliciclastic infills within the
canyons are categorized into two distinct seismic units. One unit comprises a stack of medium-
amplitude reflectors with a predominantly prograding pattern and steep foresets, capped by one
or two high-amplitude reflectors (Figure 7.5 and figure 4.4 in Chapter 4). These seismic
characteristics are indicative of falling stage system tracts or forced regressions. Another
seismic unit, characterized by low-amplitude, highly continuous reflectors with onlap
terminations and pronounced aggrading behavior, is observed at the bottom of the canyons.
This unit is linked with lowstand system tracts or early transgressions. Notably, no deposits in
the canyons were observed to be associated with highstand system tracts, suggesting that the

canyons are not active during periods of high sea level.
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Nine instances of forced regressions were observed, primarily developing within the
canyon heads over the past 0.9 Myr (Chapter 4). These have been correlated with the late
Pleistocene's 100 kyr glacial-interglacial cycles. Comparable geometries and cyclicities have
been documented in various global margins, including the Mediterranean Sea and the Gulf of
Mexico (Anderson and Fillon, 2004; Lobo and Ridente, 2014; Rabineau et al., 2006, 2005;
Ridente et al., 2009). These forced regressions are better preserved in the southern portion of
the seismic block, a preservation attributed to increased subsidence and sedimentation rates,
facilitated by the block’s proximity to the Amazon deep-sea fan.

Significant subsidence affects the study area; however, its influence varies considerably.
As geomorphological evidence indicates the presence of a coastline within the seismic block,
it can be approximated that sedimentation consistently counterbalances subsidence. The
siliciclastic series under study starts atop a carbonate mound that developed in shallow waters.
Consequently, the series' thickness is a good approximation of subsidence over the past 4.0
Myr. Considerable variability in the thickness of the siliciclastic series, and thus in subsidence
rates, is observed across the seismic block. For instance, along Well #2, situated in the block's
southern part, the series measures 1510 m in thickness. In contrast, the series along Well #1 in
the northern section is only 1026 m thick. This thickness was not compared with that observed
along Well #3, which is 1822 m thick, due to differing paleogeomorphological conditions at
the terminus of the Amapa formation, where a paleo-embayment already existed (Figure 7.2).

Contrary to findings that bottom currents significantly influence canyon positions, as
demonstrated in multiple geographical settings such as southern Brazil (Viana et al., 2002,
1999), the Sea of China (He et al., 2013; Zhu et al., 2010), offshore Gabon (Rasmussen, 1994;
Seranne and Abeigne, 1999), and Australia (Leach and Wallace, 2001), observations in the
study area indicate no along-shelf migration of canyons. Such migrations in various margins
have been attributed to bottom currents, specifically intermediate-water currents flowing
between 300 and 2000 m (Stow et al., 2002). Although the North Brazil Current (NBC) extends
to a depth of 800 m (Talley, 2011), its expected impact on canyon positions along the Brazilian
equatorial margin is not evident. Specifically, the cross-line shown in Figure 7.5 lacks evidence
for either canyon migration or lateral accretion packages, phenomena described by the model
proposed by He et al. (2013) (Figure 7.6).
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Figure 7.5: Arbitrary line crossing the canyons along the slope in the seismic block. Erosion is less
active in the southeastern part, whereas the northwestern part experiences high levels of erosion.
Similarly, substantial infill occurs in the southeastern canyons, while almost no infill is evident in the
northwestern ones. Contrary to expectations related to the influence of the North Brazil Current (NBC),
the canyons do not exhibit a north-westward deflection. Thick black line represents the basal erosive
limit of canyons. Dashed black lines show stacked unit limits inside canyons.
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Figure 7.6: From He et al. (2013): Evolutionary model of the submarine canyons within a single canyon
form. Three stages have been divided: erosion-dominated stage, erosion-deposition stage and
deposition-dominated stage. ES: erosion surface; BL: basal lag; MTDs: mass transport deposition;

LAPs, lateral accretion packages.
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7.4. North Brazil Current variation, hints from the seismic record
of the ACM shelf edge

Multiple lines of evidence within the seismic block suggest a shift in current direction along the
Amazon Continental Margin (ACM). The initial signs of this shift become evident through the
altered orientation of prograding beach ridges during a rapid sea-level fall at approximately 3.3
Ma, indicating a reduction in sediment supply to the southern part of the study area (as discussed
in Chapter 5). Furthermore, erosional periods characterized by sea cliff morphologies at 2.4,
2.1, and 1.6 Ma along the entire shelf edge suggest an absence of sediment input during early
transgressions. The formation of sea cliff morphology is the result of a sudden cessation of
sediment supply during early transgression. This is followed by significant deposition of
siliciclastic sediments during the middle to late phases of transgression, which contributes to
the preservation of these paleo-cliffs. The segmentation of these cliffs, along with the
morphologies of sand spits, may be attributed to updrift accretion and downdrift erosion, both
of these processes serve as indicators of paleo-current direction (Claudino-Sales et al., 2018)
(Chapter 5).

Notably, the presence of carbonate development observed within the seismic block
suggest alterations in water column parameters. In contemporary conditions influenced by the
Amazon plume carbonate formation faces challenges. High water turbidity reduces light
penetration, while the substantial input of siliciclastic sediments overwhelms carbonate
particles (as discussed in Chapter 6). Paleo-records indicate that carbonate build-up occurs
only during the early stages of transgression, and the absence of backstepping barriers coupled
with the discontinuity in carbonate formation, confirms that optimal conditions for their growth
are intermittent. Furthermore, during the middle to late transgression phases, carbonate
formation ceases and is subsequently overlaid by siliciclastic sediments (as detailed in
Chapters 5 and 6). These observations corroborate the idea that conditions suitable for
carbonate formation occur sporadically at 2.4, 2.1, 1.6, 1.2, 0.4 Ma and during early
transgressive stage only.

Finally, two additional observations strongly support the hypothesis of a change in
currents intensity or/and direction along the ACM: firstly, the canyons do not exhibit any north-
westward migration, and secondly, the geometry of the Amazon deep-sea fan displays a
symmetrical semi-circular shape. These observations contradict any preferential sediment
deflection toward the northwest by the North Brazil Current (NBC).
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These observations deviate from the typical behaviour of the North Brazil Current
(NBC), which dominates along the equatorial margin of Brazil, flowing from southeast to
northwest as documented by Johns et al. (1998). The NBC transports warm, saline water from
the tropical South Atlantic to the northern hemisphere and extends to intermediate water depths
of approximately 800 m as reported by Talley (2011).

We propose two hypotheses to account for the geomorphological features observed
along the seismic block: either a reversal of the North Brazil Current (NBC) or a displacement
of the northward bifurcation of the NBC. Both hypotheses are grounded in the concept of a
southward shift of the Intertropical Convergence Zone (ITCZ) during glacial periods.

Numerous climate simulations associate North Atlantic Cold Events with decreased
Atlantic meridional overturning circulation (AMOC) as demonstrated by studies such as
Broccoli et al. (2006); Vellinga and Wood (2002); Zhang et al. (2011); Zhang and Delworth
(2005). This reduction is often linked to a southward shift of the ITCZ and its associated wind
and precipitation belts, as indicated by research like that of Chiang et al. (2003) and Vellinga
and Wu (2004). Such a shift could potentially weaken the NBC while strengthening the
Brazilian Current (Nace et al., 2014), a process modelled for the Last Glacial Maximum (Chang
et al., 2008).

However, it's worth noting that due to the NBC's crucial role in mass and temperature
exchanges between hemispheres and its significant influence on the AMOC, a complete
reversal of this current is considered unlikely, despite its proposal by Chang et al. (2008).

The second hypothesis is based on a southward displacement of the NBC bifurcation.
In the present-day scenario, the NBC bifurcates around latitudes 6—7°N, giving rise to the
Guyana Current flowing north-westward and the North Equatorial Counter Current flowing
eastward as documented by Bourles et al. (1999); Dengler et al. (2004); Goes et al. (2005) and
Schott et al. (1995). This bifurcation leads to the development of numerous eddies, which have
a substantial impact on both current direction and intensity Dengler et al. (2004); Fratantoni
and Richardson (2006); and Richardson et al. (1994). A southward migration of the Intertropical
Convergence Zone (ITCZ) could potentially shift this bifurcation zone and the area where these
eddies develop to the vicinity of the study site at 4°N. This, in turn, could result in significant

alterations to coastal currents in the region.
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Figure 7.7: Models of the meridional velocities at 100 m depth along the north-eastern part of South

America for two climatic states: preindustrial and the Heinrich Event 1 using a global coupled model
with 1 degree resolution (CCSM3). Positive value indicates a northward flow, while negative indicates
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a southward flow. The values are expressed in cm/s. Study area is represented by a red square. The
thick black line indicates the present-day coastline. The thin black lines represent from the coast to the
basin, 200, 2000, 3000 and 4000 m isobath respectively. NBC means North Brazil Current. It is clear
that in the present-day configuration, the NBC deflect most of the sediment from the Amazon northward
along the coastline of Brazil and the Guianas. While during Heinrich Event 1, the NBC is greatly
reduced and is deflected around 3°N, while a southward flow affects the northern Brazilian coastline.

We used a global climate model (CCSM3) to investigate the potential impact of Atlantic
Cold Events on the North Brazil Current (NBC) (Figure 7.7). The model's simulations suggest
that during Heinrich Event 1, the northward flow of the NBC could experience a significant
reduction both in its northward extent and velocity. Notably, the bifurcation of the NBC, which
currently occurs around 6-7°N, may shift to approximately 3°N, as illustrated in the model’s
results (Figure 7.7). This southward shift could lead to prevailing eastward flows along the
Brazilian Equatorial Margin during glacial periods, directing Amazon-derived sediments
straight into the deep basin. It's important to note that due to certain constraints in our model,
we were unable to simulate older events. Nevertheless, we posit that the carbonate build-up
observed on the seafloor today could have flourished in response to the displacement of the
ITCZ and the associated alterations in the NBC. Given that we have observed several other
instances of carbonate build-up and geomorphological evidence that align with these triggering
mechanisms, it is plausible to infer that changes in NBC intensity constitute a recurring
phenomenon. These changes are likely to coincide with significant lowstands and glacial
periods, exhibiting 405 kyr cyclicity throughout the Pleistocene and increasing to a 100 kyr
frequency following the Mid-Brunhes Transition (as discussed in Chapter 6).

Furthermore, we observe significant variations in the flow of the North Brazil Current
(NBC) at a seasonal timescale, which are closely linked to the migration of the Intertropical
Convergence Zone (ITCZ). The NBC exhibits noteworthy seasonal variability, with transport
rates ranging from a maximum of 36 Sv during the austral winter to a minimum of 13 Sv during
the austral fall (Johns et al., 1998). This seasonal fluctuation aligns with the north-south
movement of the Intertropical Convergence Zone (ITCZ) and associated wind stress curl
changes. Nikiema et al. (2007) conducted an investigation to understand the consequences of a
southward migration shift in the Intertropical Convergence Zone (ITCZ), leading to dominant
northeast trade winds along the latitude of the Amazon River Mouth. Their salinity and surface
velocity model maps (Figure 7.8) suggest that under such conditions, water masses and
consequently, sediments could be deflected southward or constrained around the river mouth.
It's important to note that while Nikiema et al.'s (2007) models primarily focus on annual

variability in the ITCZ position, they do not account for other factors that could impact the
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margin over longer timescales, such as significant changes in shelf surface between interglacial
and glacial stages. Nevertheless, these models offer valuable insights into the effects on the
Amazon Continental Margin when dominant northeasterly winds emerge due to a southward
shift in the ITCZ.

In contrast to the southeast trade winds, which predominantly direct the plume north-
westward, the northeast trade winds tend to confine it near the river mouth by counteracting the
river's discharge (Nikiema et al., 2007). While the introduction of direct north winds could
theoretically drive the plume south-eastward, such a phenomenon has not been observed and is
improbable, due to the Coriolis force, which sustains eastward dominant wind stress. Nikiema
et al. (2007) consider multiple processes that affect the margin, including tides, winds, currents,
and river inputs, and they conclude that current dynamics are the primary drivers of
hydrodynamics in the area. This leads us to suggest that observed changes in coastal

morphologies within the seismic block are likely attributable to shifts in current dynamics.
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Figure 7.8: From Nikiema et al. (2007): Surface salinity contour and surface velocity (m/s) after 200 h
for north wind forcing. The tidal is introduced and the Amazon River discharges is (a, ¢) 230 000m3/s
and (b, d) 90 000m3/s, and 11 000 m3/s for Para/Tocantins River: (a) and (b) during ebb; (c) and (d)
during flood.

We propose that during the early transgression phase following significant glacial
periods and associated lowstands, a southward migration of the ITCZ leads to a shift in the
bifurcation position of the NBC, moving it to at least 3°N latitude. This repositioning allows
for a dominant eastward flow in the first 800 meters of the water column around 3°N.
Consequently, Amazonian sediments are directed through the canyon and into the deep basin.
Under these conditions, the northern part of the ACM remains free of Amazonian sediment
deposition, while a southwest-to-northeast coastal current facilitates retrogradational erosion

along the shoreline. These changing conditions create a favourable environment for carbonate
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organism to inhabit, leading to buildup of reefs. However, as transgression progresses, both the
intensity and extent of the NBC increase, directing Amazonian sediments back towards the
northern part of the ACM and burying the cliffs and carbonate buildups. The seismic horizons
that provide evidence of such NBC variations are dated at 3.3, 2.4, 2.1, 1.6, 1.2, and 0.4 Ma
(Chapter 4). These ages correspond to periods of particularly low Earth eccentricity at 405 kyr
intervals and are associated with significant lowstands (Laskar et al., 2011; Miller et al., 2020).

We propose that orbital parameters play a crucial role in triggering major glacial events
during the late Pliocene and Pleistocene, exerting a substantial influence on Earth's climate.
Following the Mid-Brunhes Transition, the glacial conditions necessary for carbonate buildup
and consequently, NBC variations, occur with greater frequency, approximately every 100 kyr
(Chapter 6).

7.5. Long eccentricity parameter, major influence in global climate

Our study reveals that the sedimentary records of the Amazon Continental Margin (ACM) are
significantly influenced by long-term eccentricity cycles. Although the 405 kyr signal appears
weak in comparison to the 97-128 and 41 kyr signals in the gamma-ray (GR) data, the seismic
architecture and geomorphological features underscore the impact of 405 kyr cyclicity in our
study area. A subdued long eccentricity signal in the GR data is consistent with existing
literature; long eccentricity is discernible in delta 180 and delta 13C records, but has been
relatively weak for the past 1.6 Myr (Lisiecki and Raymo, 2005; Wang et al., 2010).

However, the impact of the 405 kyr cycle remains relatively underexplored, as 100 kyr
and obliquity cycles have generally been acknowledged as the dominant periodicities during
the Pliocene and Pleistocene epochs (Lisiecki and Raymo, 2005). It is widely accepted that
obliquity controlled glacial-interglacial stages prior to the Mid-Pleistocene Transition (MPT),
and short-term eccentricity cycles did so afterwards, long-term climate shifts and certain major
glacial-interglacial events seem to align with the 405 kyr cycle. Evidence from sediment cores
taken from Arctic Lake El'gygytgyn in Northeastern Russia suggests that some interglacial
periods were notably warmer than others based on sedimentological facies, with summer
temperatures ranging 3-5°C above current levels (Melles et al., 2012). According to the 2.8-
million-year-long climate record from Lake El'gygytgyn, Melles et al. (2012) identified several
Quaternary super-interglacials, such as MIS-11 (0.4 Ma), as unusually warm periods that also
included MIS-31 (1.1 Ma), MIS-49-55 (1.5-1.6 Ma), MIS-77 (2.0 Ma), and MIS-87-91-93 (2.4
Ma). Additional corroborative evidence from periplatform and pelagic carbonate records

suggests that dissolution intervals are associated with these Quaternary super-interglacials
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(Bassinot et al., 1994; Droxler et al., 1990). Recent studies in some atolls have further linked
periods of maximal neritic carbonate accumulation to these super-interglacials and to intervals
of unusually high sea levels (Droxler and Jorry, 2021; Miller et al., 2020). Such "Super
Interglacials” cannot be accounted for solely by greenhouse gas concentrations and
astronomical forcing (Roychowdhury, 2018), suggesting the involvement of amplifying
feedback mechanisms. As for the super-interglacial MIS-11 linked to unusually low Earth orbit
eccentricity (Droxler et al., 2003, and references herein), Roychowdhury (2018) highlighted the
link between the Quaternary super-interglacials and low amplitude eccentricity associated with
the 405 kyr cyclicity (Figure 7.9). Roychowdhury (2018) observed that during periods of
extremely low eccentricity, obliquity becomes the sole dominant astronomical factor
influencing high-latitude climate and ice volume, as precessional frequencies are absent. As a
result, climate responses in the Northern and Southern Hemispheres become synchronous, and
Antarctic ice-sheet variations align with Northern Hemisphere insolation.

Throughout most of the Plio-Pleistocene epoch, Earth's orbital eccentricity remains
above a certain threshold, resulting in significant out-of-phase precessional variations in Earth's
climate. It was only when eccentricity fell below this threshold, rendering Earth's orbit around
the Sun nearly circular, that Antarctic ice-sheet dynamics began to align with those of the
Northern Hemisphere, both influenced by Northern Hemisphere insolation (Roychowdhury,
2018). During these low-eccentricity periods, local insolation in both hemispheres varied in
unison, responding solely to obliquity changes. As eccentricity started to increase, making
Earth's orbit increasingly elliptical, out-of-phase precessional variations in local insolation re-
emerged (Roychowdhury, 2018). Consequently, Antarctic ice-sheets began to respond to local
Southern Hemisphere insolation, which then started to vary asynchronously with Northern
Hemisphere local insolation. This asynchrony led to the Southern Hemisphere "missing a beat"
in the 23-kyr precessional glacial-interglacial cycles (Roychowdhury, 2018). Depending on the
prevailing obliquity during these low-eccentricity periods, Antarctica could experience either
an extended glacial or interglacial phase immediately following a low-eccentricity orbit. For
instance, at approximately 1.13 Ma, when eccentricity was below 0.01 and obliquity was high,
Antarctica underwent a prolonged warming phase from about 1.14 to 1.1 Ma (Roychowdhury,
2018). This resulted in a preconditioning effect conducive to an unusually warm super-
interglacial. Conversely, at around 1.3 Ma, when eccentricity was also below 0.01 but obliquity
was low, Antarctica experienced a prolonged cooling, which did not set the stage for subsequent

super-interglacial conditions (Roychowdhury, 2018). Importantly, while low-eccentricity orbits
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preceded almost all identified super-interglacials, the reverse was not necessarily true: not all
low-eccentricity orbits were followed by super-interglacial.

In our analysis, we posit that in addition to well-recognized super-interglacial, periods
of extreme glaciation, or super-glacial, also exist and often precede these prominent super-
interglacial events. Notably, we have identified significant lowstands potentially corresponding
to multiple climatic events, including M2 at 3.3 Myr, G10 at 2.8 Myr, M1S-96-98-100 around
2.51 Myr, MIS-78 at 2.07 Myr, MIS-58 at 1.63 Myr, MIS-38 at 1.45 Myr, MIS-22 at 0.88 Myr,
and MIS-12 at 0.43 Myr. In low-eccentricity conditions, the climate systems of the Northern
and Southern Hemispheres became synchronized, thereby amplifying the effects of obliquity,
regardless of whether the climate was in a glacial or interglacial state. This synchronization
culminated in extreme climatic conditions that exerted more significant impacts than the more
commonly studied glacial-interglacial cycles that were primarily associated with obliquity
before the Mid-Pleistocene Transition (MPT) and with short-period eccentricity afterward.
Understanding Earth's climate response to these long-period eccentricity variations is crucial,
especially given the current climate scenario closely resembles these low-eccentricity settings.
Although previous studies have already suggested focusing on MIS-11 to better anticipate
future climate conditions (Droxler and Jorry, 2013), we argue that equal attention should be
devoted to examining super-glacial periods to gain a comprehensive understanding of Earth's
climate variability under these conditions.
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Figure 7.9: From Roychowdhury, (2018): Schematic diagram showing that most “super-interglacials”
are preceded by periods of extreme low eccentricity. (a) Variations in the eccentricity component of
orbital forcing over the last 2.4 million years together with 6180 values from the “LR04” benthic stack
(Lisiecki and Raymo, 2005). (b) Variations in the eccentricity component shifted by 50 kyr together with
0180 values showing how the low eccentricity periods match up with the “super-interglacials”. Periods
of extremely low eccentricity are shaded in green, and the “super-interglacials” identified from the

Lake El’gygytgyn record are shaded in red.

7.6. Perspectives

Ongoing and future scientific papers planned:
Multiple avenues for future work emerge from this study. In addition to the three

scientific papers already drafted, we aim to publish a paper focusing on the North Brazil Current
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(NBC) and its evolution during glacial periods. This paper will compile all existing evidence
and incorporate a regional oceanographic model that accounts for variations in the Intertropical
Convergence Zone (ITCZ) and changes in the shelf surface during glacial periods. Another
planned scientific paper is entitled "Deposition and Erosion in the Deep Equatorial Canyons:
Autocyclic or Allocyclic Control?" This paper will examine the canyons along the seismic
block's shelf edge, which appear to be connected to submarine landslide scars that alter the
morphology of the shelf edge and influence canyon evolution. These canyons are also partially
infilled by nine forced regressive prisms (that we mapped during the PhD), potentially
associated with 100 kyr eccentricity cycles. Subsidence and sediment input also significantly
affect the canyons; those closer to the deep-sea fan and the Amazon River mouth exhibit less

erosive and more aggradational behaviours.

A complete astronomically calibrated age model for the post rift succession of the
Brazilian Equatorial Margin:

Additionally, we intend to create an age model based on cyclostratigraphy for the
Amapa carbonate formation. Boulila et al. (2020) have already constructed an age model for
the Limoeiro formation, the first post-rift formation along the margin. During this PhD project,
we have also built an age model for the third and most recent post-rift formation. Creating an
age model for the Amapa formation, the second post-rift unit, would complete an
astronomically calibrated age model of the post-rift formations from 100 Ma to the present day

along the Brazilian Equatorial margin.

Seeking for early deglacial carbonates along the Amazon Continental margin:

The discovery of extensive carbonate build-ups on the contemporary seafloor, traceable
to the Last Glacial Maximum, indicates that carbonate activity was more important than
previously suggested by the sole observations of red algae, sponges, and black corals. We
advocate for the expansion of efforts to comprehensively map these carbonate formations. We
aim to use proximal 3D seismic data to uncover additional build-ups. Such formations have
already been located to the north of our study area within another 3D seismic block.
Investigating for comparable structures to the south of the Amazon canyon would be
particularly helpful, as it may clarify whether the Amazon River's plume deflects eastward or
southward. A southward flow of the plume would inhibit carbonate formation in the southern
regions of the Amazon Continental Margin during glacial epochs. Additionally, obtaining cores

from these build-up features would yield invaluable data regarding their conditions of
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establishment and their chronological development. In that regard, we still hope that the IODP
387 mission planned in proximity to our study area will occur and enable me to embark on the
expedition for this dedicated carbonate thematic full understanding.

Integrating Shelf, Slope, and Deep-Basin Processes:

The recent oceanographic cruise Amagas-Amaryllis provides a new avenue for
advancing our understanding of the Brazilian Equatorial Margin. While our research primarily
concentrates on the outer shelf and shelf edge, it has the potential to be integrated with deeper
processes recorded during the Amagas mission, such as landslides, turbidites or mass transport
deposits. The extensive 3D seismic data sets acquired by oil and gas companies, which spans
from the deep basin to the shelf, should be used to investigate on a broader scale the dynamics
of siliciclastic deposition and migration in response to sea-level fluctuations, as well as gravity-
driven tectonics and landslides.

And then, finally, it would be necessary to dedicate a specific effort, probably collective,
to gather, compare, and relate a full calenda of events from erosion in the Andes and the
Amazon Craton, to timing of transport within the Amazon and its tributaries, to deposition on
the coast, shelf, and deeps sea settings. This would probably take a number of years...but is an

exciting perspective!
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brésilienne durant les derniers 3,7 a 4,1 millions
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incluant cyclostratigraphie, stratigraphie séquentielle
et géomorphologie, I'étude pallie les manques
significatifs de chronostratigraphie du Plio-Pléistocéne
grace a des données Gamma-Ray issues de forages.
L'analyse de données sismiques 3D a permis
d'identifier neuf séquences sismiques liées a des
cycles d'excentricité de 405 000 ans. L’étude
géomorphologique révele diverses structures cétiéres
sur le plateau externe et des constructions
carbonatées type barriére-récifal jusqu'alors non
détectées.

Nos résultats montrent un schéma cyclique tant dans
l'architecture sédimentaire que dans les morphologies
cétieres. Le littoral atteint le plateau externe tous les
405 000 ans, favorisé par une faible excentricité
orbitale terrestre induisant d’important bas niveaux
marins. Depuis environ 2,5 Ma, l'amplification des
glaciations de I'hémisphére Nord modifie le courant du
Nord-Brésil, favorisant le développement de récifs lors
du début des déglaciations. La transition du mid-
Pléistocéne influencent particulierement la taille des
unités sismiques. Tandis que la transition du mid-
Brunhes impacte la croissance des carbonates, et la
géométrie des dépbts sédimentaire passant de
majoritairement progradant a agradant.
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Abstract: This PhD thesis investigates the influence
of climate on the architecture and morphology of
Amazonian sediments along the Brazilian Equatorial
Margin over the last 3.7-4.1 million years. Using a
multidisciplinary ~ approach  that incorporates
cyclostratigraphy, sequence stratigraphy, and
geomorphology, the study primarily fills substantial
gaps in the chronostratigraphy of the Plio-Pleistocene

series through Gamma-Ray borehole data.
Examination of 3D seismic data yields the
identification of nine seismic sequences, each
associated with  405-kyr  eccentricity cycles.

Geomorphological evaluation reveals a variety of
coastal structures on the outer shelf and show
previously undetected, expansive carbonate build-
ups.

Synthesis of these findings demonstrates that both
sedimentary architecture and coastal morphologies
display a cyclic pattern. The coastline extends to the
outer shelf in 405-kyr intervals, facilitated by low Earth
orbital eccentricity that facilitates significant sea-level
lowstand. Since 2.5 Ma, the intensification of Northern
Hemisphere glaciations alters the North Brazil Current,
thereby enabling reef development during initial
transgressive  phases over  405-kyr  cycles.
Additionally, the Mid-Pleistocene Transition impacts
the size of seismic units and markedly alters sediment
deposition patterns. Finally, the Mid-Brunhes
Transition enhances carbonate accumulation and
switches the depositional pattern from progradation to
aggradation.
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