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ABSTRACT

Many sedimentary basins host thick evaporite (salt) deposits. Some of these basins also host
extensive igneous intrusion networks. It thus seems inevitable that, in some locations, magma
will interact with salt. Yet how interaction between these materials may influence salt tectonics
or magma emplacement, particularly at the basin-scale, remains poorly understood. We use 3D
seismic reflection data from the Santos Basin, offshore Brazil to image 38 igneous intrusions
spatially related to thick Aptian salt. We show intra-salt sills are geometrically similar to but
laterally offset from supra-salt sills. We suggest ascending magma was arrested by the salt in
some areas, but not others, perhaps due to differences in evaporite lithology. Our mapping also
reveals most sills occur within and above the pre-salt Merluza Graben, an area characterised by
Albian-to-Neogene, salt-detached extension. In adjacent areas, where there are few intrusions,
salt deformation was driven by post-Santonian diapir rise. We suggest emplacement of hot
magma within evaporites above the Merluza Graben enhanced Albian-to-Santonian salt
movement, but that crystallisation of the intrusion network restricted post-Santonian diapirism.
Our work indicates salt-magma interaction can influence salt tectonics, as well as the distribution

of magma plumbing systems, and thus could impact basin evolution.
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INTRODUCTION

Thick evaporite deposits are common in many sedimentary basins, where they can flow to form a
range of salt structures (e.g., diapirs) [e.g., Hudec and Jackson, 2007; Jackson, 1995; Rowan,
2014; Rowan et al., 2004; Warren, 2006; Warren, 2010]. Many salt basins also contain magma
plumbing systems, which in places may have intruded earlier salt-formed structures [North Sea,
offshore Netherlands, Blazi¢ and Moreau, 2017; e.g., Danakil Depression, Ethiopia, Schofield et
al., 2014]. On their own, both salt tectonics and magmatism can impact the evolution of
sedimentary basins and continental margins, including the accumulation of natural resources
[e.g., Bedard et al., 2012; Holford et al., 2012; Jackson and Hudec, 2017; Peron-Pinvidic et al.,
2019; Rohrman, 2007; Schofield et al., 2017; Skogseid et al., 2000; Tari et al., 2003]. Yet despite
the common occurrence of igneous intrusions in many salt basins, and their importance to basin
evolution and natural resource development, we have a poor understanding of how magma may
interact physically and chemically with salt, or the potential consequences of such interactions
[e.g., Heimdal et al., 2019; Li et al., 2009; Schofield et al., 2014].

Few structurally oriented studies have explored potential salt-magma interactions
[Schofield et al., 2014; Underhill, 2009]. For example, Schofield et al. [2014] showed
mechanical variations within the sub-horizontally layered, Werra salt complex, Germany, locally
controlled magma emplacement mechanics and intrusion architecture at a metre-scale. In the
Werra salt-complex, relatively strong halite layers were shown to host vertical dykes emplaced

via brittle processes, whereas syn-intrusion heating, dehydration, and fluidization of hydrous salt
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(e.g., carnallite) layers promoted sill emplacement [Schofield et al., 2014]. However, it remains
unclear whether and how these salt-magma interactions occur at the basin-scale [Schofield et al.,
2014]; for example, can salt bodies provide preferential flow pathways for magma, or do they
arrest intrusions and restrict magma distribution? Furthermore, we do not fully know: (i) whether
emplacement of hot magma could induce salt flow [Underhill, 2009]; or (ii) if the intrusion and
crystallization of magma within hydrous salts like carnallite, which can lubricate and facilitate
salt movement [e.g., Jackson and Hudec, 2017; Urai et al., 1986; Van Keken et al., 1993], could
inhibit salt flow and thereby limit diapirism [e.g., Schofield et al., 2014]. There is also a lack of
information regarding how the heating and potential melting of salt (e.g., halite melts at ~800 °C)
during intrusion affects the chemistry, rheology, and evolution of a magma and/or the formation
of associated ore deposits [e.g., Barton and Johnson, 1996; Heimdal et al., 2019; Iacono-
Marziano et al., 2017; Li et al., 2009; Mohriak et al., 2009; Pang et al., 2013; Ripley et al., 2003].

There are two key problems that currently limit our ability to answer questions regarding
salt-magma interactions. First, field or mine exposures of intrusions within salt allow chemical
and small-scale (e.g., metre-scale) structural analysis of salt-magma interactions, but provide
little insight into how the whole system may have behaved in 3D at substantially larger scales
[e.g., Schofield et al., 2014]. Second, seismic reflection images reveal the 3D architecture of
entire intrusions, salt structures, and halokinetic sequences, but provide little insight into the
chemical or small-scale structural processes associated with salt-magma interaction [cf. Blazi¢
and Moreau, 2017; Underhill, 2009]. Integrating field and seismic datasets will arguably be
critical to addressing the shortcomings associated with each data-type.

Here we use 3D seismic reflection data from the Santos Basin, offshore Brazil to image

the structure of 38 igneous intrusions emplaced below, within, and above an Aptian evaporite
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layer that flowed to form a range of kilometre-scale salt structures. No boreholes in the study
area penetrate the salt structures or sills, meaning we cannot directly comment on small-scale
structural and chemical salt-magma interactions. However, with our data, we aim to establish the
basin-scale structural consequences of salt-magma interactions, allowing us to test whether: (i)
the behaviour and rheological properties of salt during emplacement can influence the geometry
of individual intrusions and intrusion networks; (ii) salt layers can facilitate or inhibit magma
ascent; and (iii) the presence of magma or crystallised intrusions impacts large-scale salt
tectonics. By evaluating the consequences of magma intrusion within salt, we anticipate our
research will provide a framework for future, integrative studies probing physical and chemical

salt-magma interactions at a variety of scales.

GEOLOGICAL SETTING
The Santos Basin located offshore south-eastern Brazil and formed in the Early Cretaceous
(~130-125 Ma; Barremian-to-Early Aptian) due to the opening of the South Atlantic Ocean
(Figs 1a and b) [e.g., Davison et al., 2012; Mohriak et al., 1995; Quirk et al., 2012]. During the
post-rift, in the latest Aptian to possibly earliest Albian (~116—111 Ma), a ~2—3.5 km thick
evaporite-dominated layer was deposited across the basin, covering a sag basin sedimentary
succession (Figs 1a and b) [e.g., Davison et al., 2012; Karner and Gambda, 2007; Pichel and
Jackson, 2020; Rowan, 2014].

Relief across the base salt horizon, a relic of prior rifting (e.g., the Merluza Graben), and
at least 12 cycles of basin desiccation and filling controlled initial thickness, compositional, and
rheological variations within the salt layer [e.g., Davison et al., 2012; Jackson et al., 2015b;

Pichel et al., 2018; Rodriguez et al., 2018]. For example, the salt layer can be divided into four
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units (A1-A4) based on their distinct composition (using borehole data) and seismic expression
elsewhere in the Santos Basin [Rodriguez et al., 2018]. Units A1 and A3 are characterized by
low-frequency, transparent and chaotic seismic facies, and represent halite-rich (>85%) units,
whereas high-frequency, highly reflective seismic facies (A2 and A4) correspond to halite-rich
(~65%—85% halite) layers that contain relatively high proportions (~15%-35%) of anhydrite and
bittern salts (i.e., K- and Mg-rich salts) [Rodriguez et al., 2018]. Evaporites in our study area
were deposited across a prominent pre-salt rift topography, with base-salt relief of up to ~1 km
controlled by ~NE-trending, high-displacement (~0.5—1 km) normal faults associated with the
~150 km long, up to ~4 km deep, pre- to syn-salt Merluza Graben (Fig. I¢c) [e.g., Mohriak et al.,
2010]. Cessation of evaporite deposition in the early Albian marked the establishment of
permanent marine conditions in the Santos Basin and formation of a proximal carbonate platform
(Fig. 1b) [e.g., Karner and Gamboa, 2007; Meisling et al., 2001; Modica and Brush, 2004].
Igneous intrusions and extrusions were emplaced after salt deposition, particularly during
discrete phases at ~90—80 Ma and ~60—40 Ma, across the Santos and Campos basins [see Oreiro
et al., 2008 and references therein].

Salt tectonics across the Santos Basin resulted in the development of kinematically-linked
domains of up-dip extension, intermediate translation, and down-dip contraction and salt
extrusion (Figs 1b and ¢) [e.g., Davison et al., 2012; Demercian et al., 1993; Jackson et al.,
2015b; Pichel et al., 2018; Rodriguez et al., 2018]. Regional salt deformation in the Santos Basin
started during the Albian, immediately following evaporite deposition (Fig. 1b). South-eastwards
tilting of the basin as the Brazilian continental margin thermally subsided produced an array of
thin-skinned, salt-detached, normal faults that (Fig. 1c): (i) dismembered the Albian succession

into extensional rafts and produced salt rollers [cf. Brun and Mauduit, 2009; Vendeville and
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Jackson, 1992] in the up-dip proximal domain, where our study area is located; and (ii) instigated
down-dip salt inflation and contraction, producing salt anticlines and buckle-folds [e.g., Davison
et al., 2012; Demercian et al., 1993; Jackson et al., 2015a; Quirk et al., 2012]. Salt tectonics
continued throughout the Late Cretaceous and early Cenozoic as the basin-margin clastic
sediments prograded south-eastwards across the salt (Fig. 1¢) [Davison et al., 2012; Guerra and
Underhill, 2012; Jackson et al., 2015b; Pichel et al., 2019b]. Post-Albian up-dip extension
involved continuous development of salt rollers and reactive (i.e. extensional) diapirs, which
resulted in the formation of a large (>50 km wide), oceanward-dipping rollover within the Late
Cretaceous and early Cenozoic strata (Fig. 1c) [e.g., Jackson et al., 2015b; Mohriak et al., 1995;
Pichel and Jackson, 2020]. Intermediate translation during this period was characterised by the
development of ramp-syncline basins, passive diapirs, and localized contraction and extension
occurring in response to salt movement over a prominent base-salt relief (Fig. 1¢) [e.g., Dooley
et al., 2020; Pichel et al., 2019b; Pichel et al., 2018]. Down-dip contraction was associated with
salt thickening, development of salt-cored folds, thrusts, and squeezed (active) diapirs, as well as
the advancement of a salt nappe beyond the south-eastern edge of the salt basin (Fig. I¢) [e.g.,

Davison et al., 2012; Demercian et al., 1993; Mohriak et al., 2009; Quirk et al., 2012].

DATASET AND METHODS

We use a ~1000 km?, time-migrated 3D seismic volume, which has a line spacing of 12.5 m and
25 m and a record length of ~9 seconds two-way travel-time (s TWT). The data were acquired in
2006 using 10, 6 km long streamers and a shot interval of 25 m with a sample rate of 2 ms. We
present the minimum phase processed data with an SEG (Society of Economic Geologists)

normal polarity, whereby a downwards decrease in acoustic impedance corresponds to a positive
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(red) reflection. We do not have access to any boreholes within the study so cannot constrain
seismic velocities for the interval of interest and, therefore, estimate the spatial resolution of the
seismic data. Although the absence of resolution information inhibits quantitative analyses of
small-scale features (e.g., intrusive steps) and structure dimensions (e.g., sill thickness), it does
not impede a comparison between salt structures and igneous intrusions that are typically
hundreds of metres to a few kilometres in scale. The lack of well data also means we cannot
confidently determine the age or lithology of intra-salt layers (e.g., A1-A4) or supra-salt strata,
although we can still establish relative timings from superposition. To provide some stratigraphic
context and chronological framework, we approximately constrain the ages of our mapped
horizons through visual comparison to those identified in Pequeno [2009], who used data from

24 confidential, but unnamed, boreholes (Fig. 1b).

Horizon mapping

We mapped the top salt (TS), which corresponds to the near Top Aptian and approximate base
salt (BS) horizons (Figs 1b and 2). Time-structure maps of BS and TS provide information on
the pre-salt basin structure and post-depositional deformation of the salt, respectively. We also
mapped eight supra-salt salt horizons to constrain the present geometry of the overburden (Figs
1b and 2). Based on comparison to horizons dated by Pequeno [2009], we mapped (Figs 1b and
2): H1 = near Cenomanian-Turonian boundary; H2 = near Coniacian-Santonian boundary; H3 =
near Top Santonian; H4 = intra-Campanian; H5 = near Top Campanian; H6 = near Top
Cretaceous; H7 = intra-Paleogene; and H8 = intra-Neogene. Time-thickness (isochore) maps
record changes in salt-controlled accommodation between these supra-salt horizons, which

allowed us to unravel the salt deformation history. To quantify how stratal thickness varies
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across some salt-detached faults, we calculated expansion indices; i.e. the ratio of the hanging
wall thickness of a sedimentary sequence to its footwall thickness [e.g., Thorsen, 1963].
Expansion indices >1 for a stratigraphic unit indicate the fault was surface breaking during its
deposition, with fault slip accommodating additional sediment and an overall thicker succession
in its hanging wall, compared to its footwall [e.g., Thorsen, 1963].

We mapped 38 igneous intrusions based on whether their corresponding reflections were
high-amplitude, positive-polarity, laterally discontinuous (on a kilometre scale), and/or
transgressed background stratigraphic or salt-related reflections [e.g., Planke et al., 2005]. Each
intrusion is expressed as a tuned reflection package, whereby seismic energy returned from the
top and base contacts convolves as it travels back to the surface and cannot be distinguished
(e.g., Fig. 2) [e.g., Brown, 2011]. For the 18 mapped intra-salt sills, it is plausible that their high-
amplitude, positive polarity, and discontinuity could be attributed to the presence of relatively
dense and/or high-velocity salt lithologies (e.g., anhydrite, carbonate, and carnallite) within
encasing halite [e.g., Jackson et al., 2015b; Rodriguez et al., 2018]. However, we observe that, in
places, sub-salt and intra-salt reflections cross-cut BS and TS, respectively; the strata-discordant
nature of these reflections, which do not offset horizons, supports our interpretation that they
correspond to igneous intrusions [e.g., Planke et al., 2005]. We do recognise other high-
amplitude, positive-polarity, laterally discontinuous reflections within the salt but did not map
these as they display complex, incoherent geometries in 3D, which complicates their
characterisation (e.g., Fig. 2); i.e. we could not establish whether these reflections likely
corresponded to igneous intrusions or other intra-salt material (e.g., stringers). Furthermore, we
acknowledge that thin sills, with thicknesses below the limit of visibility of the data, may not be

recognised within the data [e.g., Eide et al., 2018; Schofield et al., 2017]. No dykes were
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identified in the seismic reflection data, although their likely sub-vertical orientation commonly
inhibits their imaging so we cannot preclude their presence [see Magee and Jackson, 2020 and
references therein].

For each interpreted intrusion, we measure their long axis, short axis, area, and
transgressive height where applicable; these values should be considered minimum bounds as
many intrusions thin towards their lateral tips and thus their measurement is limited by the
resolution of the data [Eide et al., 2018; Magee et al., 2015]. We acknowledge human error may
introduce further uncertainties into our measurements and thus conservatively consider they may
have errors of up to 5%. Finally, without borehole information we cannot determine the absolute
age of the intrusions. In some instances, we observe and describe vent-like features and
intrusion-induced forced folds, which mark possible syn-intrusion palacosurfaces and thus allow
us determine the relative age of the associated intrusions [e.g., Trude et al., 2003]. Most
intrusions are not associated with vents or forced folds, so we use the estimated age of the strata

they were intruded into as a proxy for their maximum possible age of emplacement.

RESULTS

Salt seismic expression

The interpreted Base Salt (BS) corresponds to a complex and discontinuous stack of high-
amplitude, commonly positive polarity reflection packages mapped between ~4.5-6.5s TWT
(e.g., Figs 2 and 3a). The Top Salt (TS) corresponds either to a high amplitude, positive polarity
reflection or, where salt structures have vertical or overhanging margins, the transition between
intra-salt chaotic reflections and sub-parallel reflections of the supra-salt sequence (e.g., Figs 2

and 3b). The salt itself is generally internally defined by chaotic, discontinuous, low-to-moderate
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reflections, particularly where it is thickest (e.g., Fig. 2). In places, the salt locally contains high-

amplitude, more continuous reflections (e.g., Fig. 2).

Sub-salt structure

A key structural feature observed on the BS horizon is a linear, NNE-trending trough that marks
the location of the underlying Merluza Graben (Figs 2 and 3a). The edges of the trough coincide
with the upper tips of graben-bounding, inward-dipping, moderate throw (~0.2-0.5 s TWT)
normal faults (Figs 2 and 3a). East of the Merluza Graben is a relatively flat-topped structural
high (~4.5 s TWT tall), which is separated from a ~6.5 s TWT deep depocentre to the south by a
large throw (~1 s TWT), ENE-WSW striking, S-dipping normal fault (Figs 3a and 4a). To the
west of the Merluza Graben, the BS horizon is defined by a broad, relatively flat-topped terrace
(Fig. 3a). The few dome-like structural highs on this terrace underlie salt structures and likely

correspond to velocity pull-up artefacts (Figs 2 and 3a).

Salt structure

Our study area is characterized by variably oriented salt walls and stocks with variable
orientations (Figs 3b and c). West of the Merluza Graben we observe ~20-30 km long, ~3—5 km
wide, ENE-trending walls, which have with reliefs of up to ~3 s TWT (Figs 2, 3b and c). Stocks
that are up to ~3-3.2 s TWT tall and ~1-2 km wide rise from low-relief (~0.5—-1 s TWT) walls in
this western area (Figs 2, 3b, c, and 4). These stocks have overhanging flanks and, locally, may
be welded (e.g., Fig. 2a). East of the Merluza Graben, a ~10 km wide, >15 km long, and ~3.5s
TWT tall wall is present (Figs 3b and c¢). Thin or nearly welded salt occurs below minibasins

developed adjacent to the moderate to high-relief walls and stocks (Fig. 3c¢).
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In contrast to the walls in the western and eastern portions of the study area, the two walls
developed above the bounding faults of the Merluza Graben trend NNE-SSW, sub-parallel to the
graben axis, and are ~15-30 km long, ~3 km wide, and 1-1.2 s TWT tall (Figs 3b and c). These
two walls occur in the immediate footwall of and are bound on one side by salt-detached listric
faults that dip away from the graben axis (e.g., Figs 2, 3b, ¢, and 4b). Given these diapirs are
bound by and perhaps genetically related to salt-detached faults, we refer to them as salt rollers
[sensu Bally, 1981; Brun and Mauduit, 2009]. The western roller is defined by a landward
(west)-dipping fault that is up to ~2 s TWT tall and offsets the Cretaceous succession up to H5
(near Top Campanian) by ~0.5 s TWT (e.g., Figs 3b, c, and 4b). The eastern roller is bound by a
basin-ward (east)-dipping, listric normal fault that is up to ~4.5 s TWT tall and offsets the
Cretaceous and most of the Cenozoic succession, extending above HS (intra-Neogene) by ~0.5—1
s TWT (e.g., Figs 3b, c, and 4b). A stock is developed near the Merluza Graben where the
western roller intersects the eastern end of an ENE-WSW trending wall (Figs 3b and ¢). Within
the limits of, and immediately above, the Merluza Graben, salt thickness broadly decreases

northwards from ~1.45 to ~0.05 s TWT (Fig. 3c).

Supra-salt structure

The NNE-trending rollers developed above the edges of the Merluza Graben are associated with
salt-detached faults containing very thick, wedge-shaped packages of growth strata in their
hanging walls (Figs 4b and 5). For the western and eastern rollers, growth strata within their
extensional rollovers are of Albian-to-Campanian (including H1-HS5) and Albian-to-Neogene
(including H1-HS) age, respectively (Figs 4b and 5). The greatest expansion indices, of 2.7 and

3.4 for the western and eastern faults, respectively, are recognised at H3 (Top Santonian) (Fig.
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6); below and above H3, expansions indices for both faults are typically <1.5, except for H4 at
the eastern fault where the expansion index is >2.5 (Fig. 6). The shared footwall of the roller-
bounding, salt-detached faults is defined by a Albian-to-Santonian (TS-H3) minibasin,
characterized by stratal thickening above a broad, sag-like depression in TS (Figs 4b and 5).
Away from the Merluza Graben and its overlying rollers, salt diapirs are flanked by 3—4 s
TWT thick, Upper Cretaceous-to-Lower Cenozoic minibasins (Figs 2, 4c, and 5). Composite
halokinetic sequences, defined by thinning and upturn of strata at the diapirs flanks [sensu Giles
and Rowan, 2012; Pichel and Jackson, 2020], are present at the edges of these minibasins
between H2 (near Coniacian-Santonian boundary) and H7 (intra-Paleogene) (e.g., Figs 2 and 4c).
An earlier, Albian-to-Turonian (TS-H1) phase of longer-wavelength, minibasin-scale (> 1 km)

folding and stratal thinning is observed adjacent to some of these stocks (Fig. 2b and 4c).

Igneous intrusions

Seismic expression and distribution of intrusions

We mapped 38 intrusions in the 3D seismic reflection data, with 18 located above the salt (S1-
S18), 18 within the salt (S19-S36), and two below the salt (S37-S38) (Fig. 6). Each intrusion
corresponds to high-amplitude, positive-polarity, tuned reflection packages (e.g., Figs 2, 3, 7, and
8). The intrusions are laterally discontinuous and typically appear circular-to-elliptical in plan-
view (e.g., Figs 2, 3, 7, and 8). We classify intrusions as either sub-horizontal sills, saucer-
shaped sills, or inclined sheets (e.g., Figs 2, 3, 7, and 8). Saucer-shaped sills display inwardly
inclined limbs that fully or partially encompass (i.e. they have arcuate strikes) and extend
upwards from a flat or inclined inner sills (e.g., S1 and S10; Figs 8a and b). Inclined sheets may

also extend upwards from a small sill, but these are planar rather than arcuate (e.g., S13; Fig. 8c).
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Of the 18 intrusions that occur within the Cretaceous strata above TS, the majority (14;
S1-S14) occur along a ~10 km wide, N-trending zone situated above the Merluza Graben (Figs
8a-c). Intrusions above the Merluza Graben are only observed where salt thickness is ~<1 s TWT
(Fig. 3c and 7d). Two intrusions (S15-S16) above TS are located ~5 km to the west of the
Merluza Graben, whereas S17 and S18 are located ~5 km to the east, where the salt is <0.5 s
TWT thick (Figs 7a and d). Intrusions above TS display either saucer-shaped (S1-S10, S17) or
inclined sheet (S11-S16, S18) morphologies (Figs 2, 4b, 7b-c, and 8; Table 1); of the seven
inclined sheets, seismic-stratigraphic relationships reveal two (S12-S13; e.g., Fig. 8c) are
concordant with dipping strata and four (S14-S16, S18) are transgressive (e.g., Fig. 2). Parts of
S17 and S18 coincide with the TS horizon where it is faulted against syn-kinematic stratal
packages (e.g., Fig. 2b). Two intrusions (S17-S18) are confined to strata between TS and H1
(near Cenomanian-Turonian boundary), whereas 15 intrusions (S2-S16) predominantly located
within this stratal package extend above H1 (e.g., Figs 2, 4b, and 8c). One intrusion, a saucer-
shaped sill (S1), is located above H2 (near Coniacian-Santonian boundary) (Fig. 8a).

Of the 18 intrusions that primarily occur within the salt, seven (S19-S25) are hosted by a
NW-trending wall near the southern limits of the Merluza Graben (Figs 7a, d, and ¢); the upper
tip of S21 extends above TS into the overlying Cretaceous strata. Most other intra-salt intrusions
occur beneath the flanks of stocks west of the Merluza Graben (Fig. 7d). S33 is located at the
edge of a large salt wall to the east of the Merluza Graben, whereas S32 and S34 are situated
within a <0.5 s TWT thick portion of a salt roller (Figs 4a and 7d). We describe four intra-salt
sills as saucer-shaped (S19, S21, S32, and S34), two as sub-horizontal (S26-S27), and 12 as

inclined sheets (S20, S22-S25, S28-S29, S31, S33, and S35-S36) (e.g., Figs 2, 4a, and b; Table

FOR REVIEW PURPOSES ONLY



Page 15 of 55

322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343

344

Basin Research

1). We map two transgressive sills (S37-S38) below the salt (Figs 7a and e); these both extend
upwards into and terminate within the salt.

The tuned reflection packages representing the supra-salt intrusions are commonly
segmented by local variations in amplitude and dip (e.g., Figs 8a and b); intra-salt intrusions do
not appear to be similarly segmented (e.g., Figs 2, 4b, and 8). Aside from marking the transition
from the inner sill to inclined limbs within saucer-shaped intrusions, changes in dip typically
correspond to abrupt, yet small (typically <0.05 s TWT high), vertical offsets in reflections
where host rock strata is transgressed (e.g., Figs 8a and b). Although the distribution of these
linear steps is commonly complex, they tend to occur either parallel to the strike of transgressive
sheets (e.g., Fig. 8a) or radiate outwards from the deepest portion of a sill (e.g., Fig. 8b).
Amplitude variations are also complex but numerous intrusions display arrays of linear, high-
amplitude zones adjacent, and parallel, to the small vertical offsets (e.g., Figs 8a and b); some
linear high amplitude zones occur independent of changes in reflection dip, particularly around

the outer edges of saucer-shaped sills.

Quantitative intrusion analysis

The 38 mapped intrusions have long axes ranging from 1.64—6.42 km, and areas of 1.28-27.85
km?. Intrusion aspect ratios vary from 1.06-2.78, with a mean of 1.64 and standard deviation of
0.44, indicating most are sub-circular (Table 1). Although we define three distinct intrusion
populations based on their stratigraphic relationship to the salt (i.e. sub-salt, intra-salt, and supra-
salt), there is little difference in their geometrical properties (Fig. 9). For example, cross-plotting
long axes length, intrusion height, area, and aspect ratio reveals all intrusion populations overlap

and display similar trends (Fig. 9). A notable exception is that the four largest intrusions, in
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terms of their long axis and area, occur above TS (i.e. S8, S10, S12, and S17; Fig. 9 and Table
1). Supra-salt intrusion transgressive height is moderately-to-strongly, positively correlated with
both area and long axis (R> = 0.60 and 0.55, respectively), as is the relationship between long
axis and area (R? = 0.8); intra-salt intrusions display similar but typically weaker, positive trends
(R?2=0.25-0.89) (Figs 9a, c, and d). Aspect ratios of both intra-and supra-salt sills show no

correlation to area or long axis length (R? = 0.12; Figs 9b and ¢).

Structures spatially associated with intrusions
Reflections immediately overlying the mapped intrusions are typically not locally folded (Figs 2,
and 4). However, the strata above S4 and S5 are deformed into a ~6 km wide, ~0.1 s TWT high,
dome-shaped fold (e.g., Fig. 4b). The reflection marking the top of this fold, located just above
H2 (near Coniacian-Santonian boundary), truncates underlying reflections and is onlapped by
overlying strata (e.g., Fig. 4b). This dome-shaped fold is superimposed onto a broader area (~192
km?) of locally elevated relief expressed across H2 and H3 (near Top Santonian) above the
Merluza Graben (Figs 4b, 5b, and c¢). Underlying this area of elevated relief are the supra-salt
intrusions S2-S7, S9-S11, and S15. Strata between H3 and H6 (near Top Cretaceous) thin across
this area of elevated relief (Fig. 5d).

In the supra-salt strata above the Merluza Graben, we identify three vent-like structures
(e.g., Figs 4b and 8c). Two vent-like structures (V1 and V2) display a complex eye-shaped
morphology; they are bound by convex-downwards bases, which truncate stratigraphic
reflections, and irregular, convex-upwards tops that are onlapped by overlying strata (e.g., Fig.
8c. The oldest of these vent-like structures (V1) is onlapped by H2 and cross-cut by the younger

eye-shaped feature (V2), which is itself onlapped by intra-Santonian strata (e.g., Fig. 8c).
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Seismic amplitude is variable across the surfaces bounding these eye-shaped structures, but is
typically low and increases at the edges of the structures where they merge (e.g., Fig. 8c). The
upper surface reflections most commonly have a negative polarity, with rarer occurrences
displaying a positive polarity (e.g., Fig. 8c). Basal surface reflections are positive polarity (e.g.,
Fig. 8c). Reflections within the eye-shaped structures also vary in amplitude, although they are
typically low-amplitude, and are chaotic (e.g., Fig. 8c). The third vent-like structure (V3) rests on
directly on the lateral limit of the fold developed above S4 and S5 (Fig. 4b). Unlike V1 and V2,
V3 displays a conformable base onto which convex-upwards reflections downlap; the uppermost

of the convex-upwards reflections is onlapped by overlying strata (Fig. 4b).

DISCUSSION

Timing of salt tectonics

Onlap of Albian-to-Santonian strata (including H1-H3) onto stocks, as well as ENE-to-NE-
trending walls and rollers, coupled with the presence of associated salt-detached growth faults,
indicate salt movement started soon after its deposition in the Late Aptian-to-Early Albian (Figs
2 and 4). These seismic-stratigraphic observations are consistent with previous studies that
linked Albian-to-Cenomanian salt deformation to gravity driven, up-dip extension generated by
margin tilting (Figs 1b, c, and 2) [e.g., Davison et al., 2012; Demercian et al., 1993; Quirk et al.,
2012]. Halokinetic sequences observed in minibasins away from the Merluza Graben, and
located between H2 (near Coniacian-Santonian boundary) and H7 (intra-Paleogene), suggests
adjacent stocks and walls rose as passive diapirs during the Late Cretaceous-to-Early Cenozoic
(e.g., Figs 2 and 4) (e.g., Coleman et al., 2018). The presence of secondary welds and diapirs
with tear-drop shaped cross-sectional geometries, coupled with folding and uplift of diapir roofs,

indicates active diapir rise until the Neogene, and suggests deformation up-dip of the Merluza
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392  Graben was influenced by late-stage shortening (e.g., Figs 2 and 4C) (e.g., Coleman et al., 2018).
393 Compared to elsewhere along the up-dip extensional domain, this late-stage shortening

394  landwards of the Merluza Graben appears localised to our study area [e.g., Davison et al., 2012;
395  Quirk et al., 2012].

396 In contrast to the extension- and contraction-driven growth of very large (up to ~3.2 s
397  TWT tall) salt structures away from the Merluza Graben, the rollers above its bounding faults are
398 ~1.2 s TWT tall and only display evidence of extension-driven, Albian-to-Campanian or Albian-
399  to-Neogene growth (Figs 2, 4, and 6); 1.e. rollers above the Merluza Graben did not evolve into
400 passive or subsequently active diapirs. Deformation of the rollers was preferentially

401 accommodated by slip and rollover of overburden strata above associated normal faults,

402  generally decreasing through time after its peak during the Santonian (Figs 4b and 6).

403  Furthermore, the relative increase in thickness of Albian-to-Santonian growth strata above the
404  northern sector of the Merluza Graben, compared to some other parts of the study area, suggests
405 salt movement and accommodation generation were locally enhanced during this period (e.g.,
406  Fig. 2, 4a and 5Se).

407

408 Timing of igneous activity

409 A variety of igneous events have been recognised in the Santos Basin, including Early

410  Cretaceous pre-rift and syn-rift magmatism, pre-salt volcanism, and post-salt magmatic activity,
411 which are mainly dated as Santonian and Eocene [e.g., Fornero et al., 2019; Oreiro et al., 2008].
412  Because the igneous intrusions and associated extrusive features we map are not intersected by
413  boreholes, we cannot constrain their emplacement age using radiometric techniques. However,

414  we note that the presence of intrusions within a stratigraphic package indicates emplacement
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occurred during or after its deposition; i.e. borehole-derived biostratigraphic dates of strata
hosting intrusions can thus be used to define the maximum emplacement age. To estimate the
maximum emplacement age of intrusions hosted within the Cretaceous strata, we examined the
youngest mapped stratigraphic horizon they cross-cut. For example, although S37 and S38 are
primarily sub-salt, they transgress BS and their emplacement must therefore post-date salt
deposition; i.e. magmatism occurred post-earliest Albian. Similarly, we identify one saucer-
shaped sill (S1) emplaced above H2 (i.e. the near Coniacian-Santonian boundary) that terminates
just below H3, near the Top Santonian, suggesting at least some magmatic activity occurred
towards the end of the Santonian or later. By only assessing the age of the host rock encasing
intrusions, we cannot determine whether all magmatic activity occurred simultaneously (e.g.,
towards the end of the Santonian), or if intrusion was incremental over a prolonged period of
time (e.g., between the early Albian and end Santonian) [e.g., Magee et al., 2014; Reeves et al.,
2018; Trude et al., 2003].

To further constrain the age of magmatic activity, we note there is a dome-shaped fold
developed directly above S4 and S5 (e.g., Fig 4b), which we suggest formed to accommodate the
intruded magma volume; i.e. it is an intrusion-induced forced fold [e.g., Hansen and Cartwright,
2006; Magee et al., 2013a; Stearns, 1978; Trude et al., 2003]. The top of this fold occurs just
above H2, where it truncates underlying reflections and is onlapped by overlying, likely of the
earliest Santonian strata (Fig. 4b). These seismic-stratigraphic relationships indicate the top fold
surface marked the syn-intrusion palaeosurface [cf. Trude et al., 2003], suggesting S4 and S5
were emplaced in the Santonian. The presence of stacked, convex-upwards reflections (V3)
downlapping onto this folded horizon appear similar to volcanoes and hydrothermal vents

observed elsewhere, further supports our inference that the top fold marked a syn-intrusion
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palaecosurface (Fig. 4b) [e.g., Hansen, 2006; Magee et al., 2013b; Reynolds et al., 2018]. As S1
occurs at a higher stratigraphic level than the Santonian reflections that onlap the forced fold, it
is thus younger than S4 and S5 (Fig. 8a).

We identify several eye-shaped structures within our data, which have tops located at and
onlapped by different stratigraphic horizons; i.e. V1 is onlapped by H2, whilst V2 is onlapped by
intra-Santonian strata (e.g., Fig. 8c). These eye-shaped structures appear similar to hydrothermal
vents observed in seismic reflection data elsewhere [e.g., Jamtveit et al., 2004; Magee et al.,
2016a; Planke et al., 2005; Svensen et al., 2003]. If the eye-shaped structures mapped are related
to magmatism in the study area, their development at different stratigraphic levels further implies
igneous activity was punctuated. Overall, based on our seismic-stratigraphic observations, we
suggest igneous activity likely initiated after salt deposition and the onset of salt movement,
probably during the Albian-to-Turonian. Magmatism continued, albeit likely incrementally, to
the late Santonian or later. Our inferred ages of igneous activity broadly coincide with a phase of
widespread magmatism across the Santos and Campos basins at ~90—80 Ma [e.g., Oreiro et al.,
2008]; a magmatic event at this time is supported by the high percentage of altered basalt
fragments within Santonian turbidite reservoirs across the Santos Basin [e.g., Klarner et al.,
2008; Mohriak, 2003]. With respect to the salt-related deformation history outlined above,
Albian-to-Santonian magmatism implies intrusion occurred synchronous to gravity driven salt

tectonics (Fig. 1b).

Salt-magma interaction

Influence of salt on magma emplacement mechanics
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The geometry, size, and distribution of igneous sheet intrusions is influenced by the physical
behaviour of the host rock during magma emplacement [e.g., Gudmundsson, 2011; Kavanagh et
al., 2006; Kavanagh and Pavier, 2014; Magee et al., 2016b; Schmiedel et al., 2017; Schmiedel et
al., 2019; Schofield et al., 2014; Schofield et al., 2012]. Whilst sheet intrusions are typically
considered to propagate via brittle tensile fracturing of host rock, several studies have
demonstrated sill emplacement can also be facilitated by host rock fluidisation, ductile flow,
and/or viscous indentation [Galland et al., 2019; Pollard et al., 1975; Schofield et al., 2014;
Spacapan et al., 2017]. For example, Schofield et al. [2014] showed mafic magma emplaced
within the Werra salt complex (Herfa-Neurode mine, Germany) intruded via (e.g., Fig. 10): (i)
brittle fracturing within halite sequences, forming dykes; and (ii) non-brittle, fluidisation of sub-
horizontal carnallite layers, where magma was emplaced as sills. These variations in intrusion
geometry and emplacement mechanics likely reflect differences in the temperature-dependent
behaviour of halite and carnalite; halite is anhydrous and melts at ~800°C, whereas carnallite is
hydrous and behaves as a viscous fluid when it dehydrates at ~140—170°C [Schofield et al.,
2014]. The thermal conductivity of halite (6.1 W m'°C-!) and carnallite (0.8 W m'°C-!) may
also have affected magma emplacement mechanics as the rapid transfer of heat into rocks with
high thermal conductivities will inhibit their melting [Schofield et al., 2014]. Overall, it seems
likely that salts with relatively high melting temperatures and thermal conductivities (e.g., halite,
sylvite, and anhydrite) will fracture during rapid (i.e. high strain rate) magma emplacement,
whereas those with low dehydration temperatures and thermal conductivities (e.g., carnallite,
epsomite, gypsum, bischofite, and kieserite) may behave as a fluid during intrusion and thus

deform in a non-brittle fashion [Schofield et al., 2014].

FOR REVIEW PURPOSES ONLY



482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

Basin Research Page 22 of 55

Due to a lack of borehole data we do not know the composition or distribution of
different evaporites within the salt structures mapped in our study area. Furthermore, seismic
reflection data is unable to resolve the small-scale features (e.g., intrusion tip geometry)
indicative of different magma emplacement processes [see Magee et al., 2019 and references
therein]. Despite these limitations in our data, we make several observations that may provide
some insight into whether the syn-emplacement behaviour of the salt affected magma intrusion.
We first note that many supra-salt intrusion reflections are characterised by arrays of subtle but
abrupt, linear vertical offsets (e.g., Figs 2, 4b, 8a, and b). These vertical offsets are oriented
either parallel to the strike of inclined sheets, or saucer-shaped sill limbs (e.g., Fig. 8a), or are
radially disposed around a deep portion of the intrusion (e.g., Fig. 8b). Where similar vertical
offsets have been observed in outcrop, structural relationships and petrofabric data reveal these
features commonly develop in response to the formation, and potential coalescence, of vertically
offset sheet segments during propagation [e.g., Magee et al., 2019; Walker, 2016]. In contrast to
the supra-salt sills, those emplaced within the salt are expressed as apparently smoother
reflections; i.e. they appear to contain relatively fewer, abrupt vertical offsets (e.g., Figs 2, 4a, b,
and 8). This smoother appearance of the intra-salt sills may imply that they were emplaced either
as: (1) continuous (i.e. they were not segmented) sheets; or (ii) closely spaced magma fingers,
which tend to form (although not always) at the same structural level, in response to non-brittle
deformation of the host salt rock (e.g., fluidisation) [e.g., Galland et al., 2019; Pollard et al.,
1975; Schofield et al., 2010].

We do not have the hard rock data to test our speculations, but the apparent variation in
reflection smoothness between the intra-and supra-salt sills suggest the differences in their

respective host rock may have influenced emplacement mechanics. Although we postulate intra-
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and supra-salt sill emplacement may have been mechanically different, all intrusion populations
are geometrically similar (Fig. 9). This lack of geometrical variation across the intrusions
suggests their size may have been primarily controlled by emplacement depth and stress
conditions, as opposed to the host rock lithology [e.g., Fialko et al., 2001; Menand, 2011; Pollard

and Johnson, 1973](e.g., Pollard and Johnson, 1973; Fialko and Simons, 2001; Menand, 2011).

Influence of salt on magma distribution

Intra-salt intrusions, including those clustered above the Merluza Graben and its western
bounding fault, are observed in the salt where it is relatively thin (~<1 s TWT thick), typically
<0.5 s TWT thick (Figs 2, 4, 7d and 8). Diapirs >1.5 s TWT thick appear to lack intrusions
within them, although some intra-salt sills are observed close to their flanks (Figs 2, 4c and 7d).
This apparent absence of intrusions in the large salt structures may be real, or it may reflect that
sub-horizontally emplaced sills were rotated to steeper dips during diapir growth, inhibiting their
imaging by seismic reflection data. Most supra-salt intrusions are interconnected (i.e. they form a
sill-complex) and occur within and along the Merluza Graben, where the underlying salt is
relatively thin (~<1 s TWT thick), away from areas containing intra-salt sills (e.g., Fig. 7). The
distribution of the intra- and supra-salt intrusions, including the location of sub-salt sills, implies:
(1) the pre-salt Merluza Graben likely focused Albian-to-Santonian magma ascent, consistent
with observations from elsewhere in the Santos Basin that pre-rift structures directed post-rift
magmatism [e.g., Mohriak et al., 1995; Oreiro et al., 2008]; and (ii) intrusions emplaced within
the salt rarely fed supra-salt sills or inclined sheets. The lack of observed feeders to the supra-salt
sill-complex above the Merluza Graben (e.g., Fig. 7d) suggests it was likely fed by dykes that are

not imaged by our seismic reflection data, perhaps because their sub-vertical contacts reflected
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little or no seismic energy back to the surface [e.g., Eide et al., 2018; Magee and Jackson, 2020;
Malehmir et al., 2018]. If dykes did feed the supra-salt sill-complex, their bypassing of the salt
during ascent may indicate the underlying evaporites are dominated halite [e.g., units A1 or A3;
Rodriguez et al., 2018], which can fracture at high strain rates to accommodate dyking because it
has a relatively high melting temperature and thermal conductivity [cf. Schofield et al., 2014]. In
contrast, we suggest that where the salt contains, or contained, evaporites (e.g., carnallite) with
low dehydration temperatures and thermal conductivities [e.g., units A2 or A4; Rodriguez et al.,
2018], space generated by their dehydration during emplacement may have favoured sill

formation and arrested magma ascent [cf. Schofield et al., 2014].

Influence of magmatism on the tectono-stratigraphic development of salt basins
We show that Albian-to-Santonian magmatism coincided with the main phase of salt movement
(Figs 2 and 4). At this time, localised growth of Albian-to-Santonian strata towards the
extensional rollovers above the Merluza Graben accommodated more deformation in the area
relative to the rise of neighboring walls and diapirs; i.e. suggesting salt flow and related
deformation was greatest where magma was being emplaced (Figs 2-4, 7, and 11). Albian-to-
Santonian salt movement above the Merluza Graben may have been instigated by (Figs 11a and
b): (1) the presence of an inherited base-salt low, containing thicker, more halite-rich, and thus
more mobile salt than adjacent areas [e.g., Dooley et al., 2017; Dooley et al., 2020; Pichel et al.,
2019a; Pichel et al., 2019b]; and/or (ii) heat-enhanced salt flow driven by igneous activity within
the Merluza Graben [Schofield et al., 2014; Underhill, 2009].

In addition to the potential role of magmatism in driving salt movement, we identify an

anomalous area of elevated structural relief expressed at H2 (near Coniacian-Santonian
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boundary) and H3 (near Top Santonian) above the supra-salt sill-complex in the Merluza Graben
(e.g., Figs 4b, 5b, and c). This zone of uplift corresponds to a NW-trending antiform and occurs
within the shared footwall of the two, NE-SE striking, outward-dipping, salt-detached faults
overlying a top-salt low above the Merluza Graben (e.g., Figs 4b, 5b, and c). Strata between H1
(near Cenomanian-Turonian boundary) and H3 thicken across this antiform, whilst strata bound
by H3 and H6 (near Top Cretaceous) thins across the structure (Figs 5e and f). We suggest
emplacement of sills, some of which may not be resolved in our seismic reflection data, within
the Albian-to-Santonian sedimentary sequence, locally led to the over-thickening of strata as the
magma volume was accommodated by roof uplift and/or floor subsidence (Fig. 11¢) [Mark et al.,
2019].

Post-Santonian (i.e. post-intrusion) salt-induced deformation can be sub-divided into two
distinct structural domains in our study area: (i) west of the Merluza Graben where the salt,
resting on a relatively undeformed terrace, rised diapirically by passive processes, followed by
late-stage, Cenozoic shortening and active rise (e.g., Figs 2, 3a, and 11d); and (i1) above the
Merluza Graben, where diapirism was driven by continued, albeit decreasing, extension on salt-
detached listric normal faults and limited diapiric salt rise (e.g., Figs 2, 3a, 4b, 6, and 11d. This
post-Santonian strain partition, with up-dip shortening and coeval down-dip extension, coupled
with significant variations in the degree of salt rise, could, in places, be attributed to welding of
the salt layer between the up-dip diapirs. However, such welding could not explain the strain-
partition in areas where the salt layer is still relatively thick (~>200 ms TWT) and, thus, up-dip
diapirs are still connected with the salt structures down-dip in the Merluza Graben (e.g., Fig. 2b).
Alternatively, strain partitioning may have been driven by base-salt relief within the pre-salt

Merluza Graben as its western shoulder could have acted as a local barrier to basin-ward salt
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flow and promoted mild up-dip shortening, similar to other areas in the Santos Basin [Dooley et
al., 2020; Pichel et al., 2019a; Pichel et al., 2019b]. However, it is unclear why graben-related
buttressing would have led to strain partitioning in the post-Santonian, after most salt had been
evacuated from beneath the minibasins, and not before [Jackson and Hudec, 2017; Peel, 2014;
Pichel et al., 2018]. Post-intrusion salt movement could also be restricted by [Schofield et al.,
2014]: (i) the presence of mechanically strong crystalline intrusions within the salt, forming a
rigid framework that buttressed salt movement; and (ii) the syn-intrusion dehydration of weak
evaporite layers (e.g., gypsum and carnallite), which commonly lubricate salt movement,
compared to stronger counterparts, such as anhydrite and halite [e.g., Jackson and Hudec, 2017,

Urai et al., 1986; Van Keken et al., 1993].

CONCLUSIONS
Salt tectonics and magmatism are prevalent in many sedimentary basins worldwide. It is thus

inevitable that, in some places, magma will interact with salt rocks as it ascends towards the

surface. We use 3D seismic reflection data from the Santos Basin, offshore Brazil to examine the

interactions between igneous sheet intrusions emplaced below, within, and above an Aptian salt
layer. Sills are geometrically similar regardless of whether they were emplaced below, within, or
above the salt, although those within the salt intrusion are characterised by smoother reflections.
We also observe intra-salt and supra-salt sill clusters to be laterally offset and not linked. We
suggest some areas of the salt captured ascending magma, perhaps because they contained
hydrous salts that favoured sill emplacement, whilst other areas were bypassed by dyke
intrusion. Mapping of salt structures and halokinetic sequences reveals salt movement began in

the Albian-to-Santonian due to gravity driven extension. This Albian-to-Santonian phase of salt
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movement was primarily focused above the pre-salt Merluza Graben where salt rollers developed
with listric normal faults in the sedimentary cover. Seismic-stratigraphic analyses of onlaps onto
intrusion-induced forced folds and vents indicates sill emplacement, which was focused above
the Merluza Graben, coincided with this Albian-to-Santonian phase of salt movement. Post-
Santonian salt movement above the Merluza Graben continued via extensional roll-over with
little salt rise, albeit at a decreased rate, but elsewhere was dominated by active and/or passive
diapir ascent. We suggest the intrusion of hot magma enhanced salt flow during the Albian-to-
Santonian, localising salt movement above the Merluza Graben, but upon crystallisation formed
a rigid intrusive framework within the salt that inhibited Post-Santonian salt rise. Overall, our
results suggest salt-magma interactions influenced magma emplacement mechanics and intrusion
distribution, whilst the presence of hot magma and crystallised intrusions within the salt

impacted salt tectonics.

FIGURE CAPTIONS

Figure 1: (a) Location map of the Santos Basin offshore Brazil, highlighting relevant tectonic
and salt-related domains [modified from Davison et al., 2012; Jackson et al., 2015a]. (b)
Tectono-stratigraphic column showing mapped seismic horizons [Duarte and Viana, 2007,
Jackson et al., 2015a; Modica and Brush, 2004]. (¢) Geoseismic section depicting the passive
margin structure of the Santos Basin and the location of the extensional, translational, and
contractional domains [modified from Davison et al., 2012; Jackson et al., 2015a]. See Figure 1a

for location.
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Figure 2: (a-b) Uninterpreted and interpreted, time-migrated seismic sections across the study
area showing a sample of the different salt structures, halokinetic sequences, and intrusions

present. See Figure 3 for line locations.

Figure 3: Time-structure maps of the (a) Base Salt and (b) Top Salt horizons, and (c) an isochore
map showing the vertical thickness in time between the Base and Top Salt horizons. Salt

structure distribution is interpreted in (c¢).

Figure 4: (a-c¢) Uninterpreted and interpreted, time-migrated seismic sections across the study
area showing a sample of the different salt structures, halokinetic sequences, and intrusions
present. An inferred vent associated with sill emplacement is shown in (b). See Figure 2 for key

and Figure 3 for line locations.

Figure 5: (a-d) Time-structure maps of H1, H2, H3, and H6. (e-f) Isochore thickness maps for
the Top Santonian-to-Top Salt horizons and the Top Cretaceous-to-Top Santonian horizons,

respectively.

Figure 6: Expansion index plots for the western and eastern listric faults above the Merluza

Graben.

Figure 7: (a) Map of sill outlines highlighting those observed below, within, and above the salt.

(b) Supra-salt sill time-structure maps shown above the Top Salt horizon time-structure map. (¢)

Oblique 3D view of (b). Vertical exaggeration = VE. (d) Sill outline maps overlaid onto salt
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isochore map. (e) Intra-salt sill time-structure maps shown above the Base Salt horizon time-

structure map. (f) Sub-salt sills beneath the Base Salt horizon.

Figure 8: (a-c) Interpreted seismic sections showing examples of sills and inferred vents in the
study area; see Supplementary Figure 1 for uninterpreted sections. Time-structure maps, as well
as combined Root-mean squared (RMS) amplitude and dip maps, highlight the plan-view

geometry of key sills.

Figure 9: Cross-plots of different sill geometrical parameters highlighting little difference

between the structure of those intrusions below, within, and above the salt.

Figure 10: Schematic showing salt-magma interactions in the Werra salt, Germany [redrawn
from Schofield et al., 2014]. The mafic magma intruded as dykes within halite, but fluidised

carnallite layers where it formed sills [Schofield et al., 2014].

Figure 11: Schematics showing the possible salt tectonic and magmatic evolution of the study
area. (a) In the Aptian, salt was deposited over a rugged topography, including the pre-salt
Merluza Graben. (b) Near the Cenomanian-Turonian boundary, after salt deposition, salt flow
towards the east led to passive diapirism and development of rollers in the study area; the rollers
occur in the footwall of extensional, salt-detached faults located above the boundaries of the
Merluza Graben. Magmatism above the Merluza Graben produced discrete intra- and supra-salt
sill-complexes. (¢) At the end Santonian, magmatism had ceased, resulting in a crystallised rigid

framework of intrusions within the salt and younger Cretaceous strata above the Merluza
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Graben. (d) In the Cenozoic, up till in the Neogene, salt kinematics up-dip of the Merluza
Graben was locally characterised by shortening and active diapirism, produced teardrop-shaped
salt bodies. Extension continued above the Merluza Graben on the east-dipping salt-detached

fault. (d). General section structure based on Figure 2a.
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Highlights
Magma inevitably intrudes salt in some basins, but what are the consequences of such
interaction?

Use seismic reflection images of sills below, within, and above salt in the Santos
Basin, Brazil

We show the salt trapped ascending magma in places, whereas other areas were
bypassed by dykes

Intrusion of hot magma enhanced salt flow, but crystallised sills inhibited later salt
movement

Salt rheology and structure impacts magma plumbing systems, which in turn impacts
salt tectonics
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Figure 2
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Figure 6
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Figure 7
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Table 1: Sill measurements and position information

Basin Research

Sill number Style Area  Major axis  Minor axis Aspect ratio Maximum depth  Minimum depth Height Position relative to salt Top sill termination depth
(km?) (km) (km) (ms TWT) (ms TWT) (ms TWT)

1 Saucer 04.5 2.53 2.27 1.1 4505.6 4163.6 341.9 Above Above Coniacian-Santonian

2 Saucer 13.0 4.55 3.63 1.25 4872.5 4523.4 3491 Above Above Turonian

3 Saucer 07.2 3.27 2.80 117 4695.2 4447.9 247.3 Above Above Turonian

4 Saucer 07.0 4.47 2.00 2.23 4226.3 3988.0 238.3 Above Above Turonian

5 Saucer 03.3 3.02 1.38 2.19 4021.3 3840.6 180.7 Above Above Turonian

6 Saucer 05.3 2.96 2.30 1.29 4650.6 4369.6 281.0 Above Above Turonian

7 Saucer 07.8 4.70 212 2.22 48354 4207 .1 628.3 Above Above Turonian (probably)

8 Saucer 21.9 6.27 4.44 1.41 5015.5 44445 571.0 Above Above Turonian (probably)

9 Saucer 01.9 2.22 1.10 2.02 4785.1 4480.5 304.6 Above Above Turonian (probably)

10 Saucer 27.9 6.42 5.52 1.16 5105.4 4363.6 741.8 Above Above Turonian (probably)

11 Inclined 06.1 3.74 2.09 1.78 5046.1 4479.5 566.6 Above Above Turonian (probably)

12 Strata-concordant 16.5 5.93 3.54 1.68 51741 4621.0 553.1 Above Above Turonian (probably)

13 Strata-concordant 12.6 5.84 275 212 5281.8 4707.3 574.5 Above Above Turonian (probably)

14 Transgressive 07.1 3.69 243 1.52 5153.0 4709.9 443.2 Above Above Turonian

15 Transgressive 04.3 2.93 1.87 1.57 4539.5 4299.7 239.9 Above Above Turonian

16 Transgressive 03.9 3.69 1.33 2.77 4814.5 4525.8 288.8 Above Above Turonian (probably)

17 Saucer 16.5 6.01 3.49 1.72 6114.5 5490.2 624.3 Above Above salt

18 Transgressive 08.9 3.53 3.21 1.10 6168.3 5596.0 572.3 Above Above salt

19 Saucer 09.4 4.30 2.79 1.54 5658.3 5269.9 388.5 Within Below top salt

20 Inclined 04.4 2.70 2.07 1.30 5378.7 4934.9 443.8 Within Below top salt

21 Saucer 04.5 2.83 2.03 1.39 5348.2 5003.0 345.2 Within/above Above salt

22 Transgressive 04.1 2.84 1.85 1.53 5028.0 4732.0 296.0 Within/above Above salt

23 Inclined 02.5 2.18 1.43 1.52 5133.7 4752.5 381.2 Within Below top salt

24 Inclined 04.4 2.75 2.06 1.34 5468.2 4977.4 490.8 Within Below top salt

25 Inclined 06.7 3.22 2.63 1.23 5649.1 5107.2 541.9 Within Below top salt

26 Sub-horizontal 09.1 4.24 273 1.55 5218.8 4898.2 320.6 Within Below top salt

27 Sub-horizontal 03.8 247 1.98 1.25 5103.1 4966.6 136.5 Within Below top salt

28 Inclined 04.6 2.95 2.00 1.47 4658.5 4024.9 633.7 Within Below top salt

29 Inclined 01.3 1.64 1.00 1.64 4759.0 4492 1 266.9 Within Below top salt

30 Saucer 15.2 5.80 3.33 1.74 5527.5 4785.2 742.3 Within Below top salt

31 Inclined 01.7 1.98 1.1 1.79 4957.9 4663.5 294.4 Within Below top salt

32 Saucer 111 3.86 3.65 1.06 6194.3 5844.9 349.4 Within Below top salt

33 Inclined 02.9 2.38 1.56 1.53 5852.9 5489.0 363.9 Within Below top salt

34 Saucer 04.6 3.94 1.49 2.64 5877.2 5597.2 280.0 Within Below top salt

35 Inclined 01.6 1.99 1.01 1.96 5147.2 4848.6 298.6 Within Below top salt

36 Transgressive 07.1 3.18 2.85 1.12 5256.5 4727.6 529.0 Within Below top salt

37 Transgressive 06.1 4.47 1.75 2.55 5911.0 5481.9 4291 Below/within Below top salt

38 Transgressive 09.7 5.00 247 2.02 5930.9 5496.5 434.5 Below/within Below top salt
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