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The Ediacaran Salinas turbidites, Araguat
Orogen, MG: tectonics and sedimentation
interplay in a syn-orogenic basin

Felipe Garcia Domingues da Costa?*®, Fernando Flecha de Alkmim?,
Pierre Muzzi Magalhaes?

ABSTRACT: 7he Ediacaran Salinas Formation exposed in the northern Aracuai orogen is made up of syn-orogenic turbidites deposited between 580
and 560 Ma. Aiming to investigate how tectonic and sedimentary processes interact during the development of a flysch basin, we carried out a detailed
field-based sedimentological and stratigraphic investigation of the Salinas Formation in its type-area located in northern Minas Gerais. Lithofacies and
lithofacies assemblages recognized in the unit represent proximal to distal turbidite fan deposits, all of them affected by sofi-sediment deformation.
Based on the amount of lateral displacement and sediment volume involved, we distinguished four classes of soft-sediment deformation structures. The
vertical facies changes of the whole Salinas Formation characterizes a coarsening-upward Ist-order sequence that record a general southwest-south pro-
gradation of a turbidite fan system fed from the north. The overall organization of the 25-60 m-thick fining-up cycles are especially elucidative of the
interplay between tectonic and sedimentary processes during the accumulation of the Salinas turbidites. They initiate with thick sandstone beds deposited
on top of intensively deformed strata, continuing with various sandy turbidite pulses, and ending with fine-grained sediments. In our view, they record

the retraction and reorganization of the basin fill system after a sequence of seismic events.
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INTRODUCTION

Two categories of syn-orogenic basins, namely, fore-
land and remnant ocean, are sites in which thick pack-
ages of turbidites can accumulate and be incorporated in
the evolving orogenic edifice (e.g., Ingersoll 2012, Allen
et al. 2015). The turbiditic fill units of these basin types
preserved in the Alpine and Apennine systems were origi-
nally referred to as flysch assemblages. Because of the geo-
logical setting and sedimentary processes associated with
these successions, the term flysch was also used in the past
to denote a tectofacies of the geosyncline cycle and, for a
while, as synonymous of turbidites (see Mutti ez a/. 2009
for a comprehensive review). Besides the famous Alpine
occurrences exposed in Switzerland and France, other exam-
ples of intensively studied syn-orogenic turbidite basins
include the Proto-Adriatic basin in Northern Apennines,
Italy, the Hecho Group in the Spanish Pyrenees, and Late

Paleozoic sequences of the Appalachian-Ouachita orogenic
system in the United States (Mutti 1977, Ricci Lucchi &
Valmori 1980, Shanmugam & Moiola 1988, Ingersoll
eral. 1995, 2003, Mutti ez al. 2009, Magalhaes & Tinterri
2010, Remacha & Ferndndez 2003, Cunha ezt 2/. 2017,
Tinterri et al. 2016).

The Ediacaran Salinas Formation, made up of muddy,
sandy and conglomeratic turbidites metamorphosed under
greenschist to amphibolites facies conditions, occupies a rel-
atively large area of the Araguai orogen located between the
towns of Taiobeiras, Salinas, and Minas Novas in northern
Minas Gerais (Pedrosa-Soares ez 2/. 2001, 2008, Lima ez al.
2002, Santos et al. 2009) (Fig. 1). Other small occurrences
of the unit have been detected along a roughly NS-trend
schist belt that extends between 18° and 21° South Lat
in the central portion of the orogen (Peixoto et al. 2015).
The Salinas Turbidites are currently interpreted as a fly-
sch assemblage, accumulated during the final closure of
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the Macadbas basin (precursor of the Araguai orogen) in
the course of the Brasiliano orogeny (Santos ez a/. 2009,
Pedrosa-Soares et al. 2008).

How did tectonic processes control the accumulation
of the syn-orogenic turbidites of the Salinas Formation?
Having this question in mind we performed a detailed
sedimentological and stratigraphic study in a representa-
tive section of the formation, which is exceptionally well
exposed in a series of road cuts and quarries located between
the towns of Taiobeiras, Salinas and Rubelita in northern
Minas Gerais, the type area of the unit. This particular sec-
tion comprises turbidites that preserve their typical sedimen-
tary features, constituting thus the best site for the purpose
of our investigation.

The present paper summarizes the results of our study
on the Salinas Formation and aims to contribute to the
understanding of the controls exerted by collisional tec-
tonics on turbidite systems active in syn-orogenic basins.
After describing and exploring the significance of lithofa-
cies and soft-sediment deformation structures, the paper
discusses vertical and lateral facies changes, and concludes
with a model for the Salinas basin in the scenario of the
development of the Aracuaf orogen.

GEOLOGICAL SETTING

The Brasiliano Araguai orogen, located between the Sao
Francisco craton and the Brazilian continental margin, corre-
sponds to approximately two thirds of a much larger tectonic
feature, the Aracuai-West Congo orogenic system (AWCO).
Formed during the assembly of West Gondwana in the course
of the Ediacaran and Cambrian periods, the AWCO also
encompasses the West Congo belt of West-Central Africa
(Pedrosa-Soares et al. 1992, 2001, 2007, 2008, Tack et al.
2001, Alkmim et al. 2006) (Fig. 1).

The Araguai orogen, consisting of an external fold and
thrust belt and a crystalline core, is made up of the follow-
ing lithotectonic assemblages (Fig.1):

1. basement complexes composed of units older than 1,80 Ga;

2. Paleo/Mesoproterzoic rift-sag sequences of the Espinhago
Supergroup;

3. Tonian/Cryogenian Macatibas Group and correlative
units, representing rift to passive margin strata of the
basin that closed to form the orogen;

4. 630-580 Ma granites of the pre-collisional G1 Supersuite,
which together with coeval volcanosedimentary rocks

form the Rio Doce magmatic arc;

Figure 1. (A) The Aracuai orogen as part of the Aracuai-West Congo orogenic system, a component of the
Neoproterozoic orogenic network of West Gondwana (South America and Africa). (B) Simplified geological map of
the Aracuai orogen. CASZ: Chapada Acaua shear zone; SFC: Sdo Francisco craton. Cities: V: Vitoria; T: Taiobeiras;

S: Salinas; R: Rubelita.
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5. paragneisses of the Jequitinhonha and Nova Venécia
complexes, the latter representing an Ediacaran back-
arc basin fill sequence;

6. 585-540 Ma syn- to late collisional S-type granites of
the G2 and G3 Supersuites;

7. syn-orogenic turbidites of the Ediacaran Salinas Formation;

post-collisional granites of the 530-490 Ma G4 and G5

Supersuites (Pedrosa-Soares & Wiedemann-Leonardos

2000, Pedrosa-Soares ez al. 2001, 2007, 2011, Gongalves

et al. 2016, Tedeschi et al. 2016).

o)

The Salinas Formation occurs in the northwestern portion
of the Aracuai orogen in a large-scale synformal structure,
partially bounded on the west and south by the Chapada
Acaua normal sense shear zone and Minas Novas trans-
pressional corridor, respectively (Fig. 1). In the remaining
portions of its occurrence, the formation is separated from
glacial and post-glacial units of the Macatibas Group by a
regional unconformity, and intruded by post-collisional
granites of the G4-Supersuite (Pedrosa-Soares ez al. 2001,
Alkmim et al. 2007, Santos et al. 2009, Peixoto et al. 2018).

Pioneer studies on the Salinas Formation were carried out by
Cobra (1970), Karfunkel ez /. (1985) and Pedrosa-Soares et a/.
(1992), followed by more focused investigations conducted by
Pedrosa-Soares (1995) and Pedrosa-Soares ez /. (2001). Except for
Cobra (1970), these authors described the metapelites and met-
awackes exposed near the town of Salinas in northern Minas
Gerais as a distinct facies assemblage of the Macatibas Group.

Lima ez al. (2002) performed the first detailed sedimen-
tological study on the Salinas Formation, identifying nine
pelite, sandstone and conglomerate facies interpreted as tur-
bidites accumulated in a deep sea fan and sourced essentially
by a continental magmatic arc. The existence of an unconfor-
mity at the base of the formation and its lower metamorphic
grade and internal strain, in clear contrast with the Macatibas
Group exposed in the adjacent areas, led Lima ez al. (2002)
to portray the Salinas Turbidites as a younger and late-oro-
genic succession. Furthermore, U-Pb SHIMP ages obtained
by these authors on 13 detrital zircon grains indicated a max-
imum depositional age of ca. 568 Ma for the unit.

According to Santos ¢t al. (2009), rocks of the Salinas
Formation were affected by three phases of deformation.
Elements of the first phase comprise a variety of soft-sed-
iment deformation structures in association with growth
strata. Structures of the second phase, coupled to a systematic
WNW-directed tectonic motion and assisted by greenschist
to amphibolite facies regional metamorphism, record the
collisional stage of the Araguaf orogen. The third phase was
interpreted by the authors as a response to the emplacement
of G4 post-collisional plutons, which induced deformation
and contact-metamorphism in their vicinity. The Salinas
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Formation was interpreted by Santos ez a/. (2009) as a syn-oro-
genic (flysch) assemblage, for the fact that it experienced the
main collisional deformation and regional metamorphism.
The anomalous low internal strain and metamorphic grade
of Salinas Turbidites, which are on a first glance incompati-
ble with its occurrence in the internal portion of the orogen,
were explained by the authors as a result of ESE-directed nor-
mal motion along the Chapada Acaua shear zone (Marshak
et al. 2006) that bounds the Salinas Formation to the west.
During the extensional collapse of the orogen, the shear
zone brought down a rock package that included the Salinas
Formation and juxtaposed it with higher grade rocks of the
Macadbas Group (see also Peixoto ez al. 2018).

Further estimations of the maximum depositional age
of the Salinas Formation based on U-Pb geochronological
determinations on detrital zircons and monazites, carried out
by Pedrosa-Soares ez al. (2008), Peixoto et al. (2015), Costa
(2018), and Peixoto ez al. (2018), resulted in the ages of 588
+ 24 Ma, 579 £ 11 Ma, 594 + 10 Ma, and ca. 580 Ma,
respectively. However, Kuchenbecker (2014) found 4 zircon
grains in one single metasandstone sample with concordant
ages around 548 Ma, considered by the author to represent
the maximum depositional age of the Salinas Formation.

Another important outcome of the geochronological
determinations carried out on detrital zircons extracted
from the Salinas Formation was the characterization of its
provenance. As pointed out by Pedrosa-Soares ez al. (2008),
Kuchenbecker (2014) and Costa (2018), the Salinas Turbidites
must have been sourced mainly by the plutonic and volcanic
rocks of the 630-580 Ma Rio Doce magmatic arc, exposed
to the south and southeast of the Salinas Formation main
occurrence area (Fig. 1).

The Macatbas basin in its full development stage
(Fig. 1), was a large gulf or inland sea connected to the
Late Neoproterozoic Adamastor ocean that separated the
Sao Francisco peninsula (currently represented by the Sao
Francisco craton) from the Congo continent (the present-day
Congo craton) (Pedrosa-Soares ez al. 2001, 2008, Alkmim
et al. 2006). The distal and largest portion of the basin was
floored by oceanic crust, as indicated by the occurrence of
ophiolites tectonically imbricate with passive margin deposits
of the Upper Macaibas Group in the southern half of the
Aracuai orogen (Pedrosa-Soares ez al. 1992, 2001, Queiroga
etal. 2007, Peixoto ez al. 2015). However, during the depo-
sition of the Salinas Turbidites, the ensialic sector of the
Macatbas basin started to be inverted and most of its oce-
anic segment had been already consumed under the 630-580
Ma Rio Doce continental margin arc (Santos 2007, Peixoto
etal. 2015, Alkmim ez al. 2007, 2017). The Macadbas gulf
was then converted into the Salinas basin, a remnant ocean
basin sensu Ingersoll (2012).
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METHOD Six of these stations correspond to large cuts of the BR-251 road,
which expose continuous 33.0 to 179.0 m-thick intervals of
a 1,830 m-thick section of the Salinas Formation. As shown
in the schematic structural map and section of Figures 2B
and 2D, the measured intervals are located in the hinge zones

Our detailed sedimentological study was carried out in
25 stations (road cuts and quarries) located in the region
between the towns of Taiobeiras, Salinas and Rubelita (Fig. 2).

Figure 2. (A) Spatial distribution of the field stations. (B) Simplified structural map and the geological section on
the map. (C) Schematic stratigraphic column showing the exposed and the covered parts of the rocks on the field.
(D) Geological section showing the stations’ distribution and the interval of exposed rocks.

786
Brazilian Journal of Geology, 48(4): 783-804, December 2018




Felipe Garcia Domingues da Costa et al.

of two adjacent NE-plunging regional folds. Along these
zones, the beds show shallow dips and are almost free from
the effects of orogenic deformation. Individual lithofacies
and soft-sediment deformation structures were carefully
described. Paleocurrents and kinematic indicators related to
soft-sediment deformation structures were also documented.

As demonstrated by Talling (2001), Ricci Lucchi &
Valmori (1980), Talling ez a/. (2007) and Remacha &
Ferndndez (2003), the grain-size of a turbidite bed is related
to its thickness. Knowing that the grain-size of the Salinas
turbidites was modified by dynamic recristalization during
the syn-collisional metamorphism (Pedrosa-Soares ez /. 2001,
Lima ez a/l. 2002), we compare the grain-size/thickness plots
of the Marnoso-Arenacea Turbidites (Oligocen-Miocen,
Northern Apennines) obtained by Talling (2001) and Ricci
Lucchi & Valmori (1980) with our data. As expected, quartz
and feldspar grain-size were reduced, whereas the original
clays, replaced by biotite and white mica, experienced a con-
siderable enhancement. Despite these effects, the aforemen-
tioned relationship is maintained, and the studied intervals
were equally affected by metamorphic processes, so that we
could describe the Salinas lithofacies in the same way as their

sedimentary equivalents. Of note, preservation of the finest
details of the sedimentary features (see photos in the next
sections) is one the most remarkable aspects of the Salinas
Formation in its type locality.

LITHOFACIES AND
LITHOFACIES ASSEMBLAGES

Eight distinct sedimentary facies were discriminated
based on grain size and sedimentary structures in the expo-
sures of the Salinas Turbidites. Among these, five occur in
close association with other lithofacies, characterizing two
distinct assemblages described in the next sections and sum-
marized in Table 1. The codes used for the individual litho-
facies and lithofacies assemblages are according to Mutti

et al. (1999, 2009).

Conglomerates (F3)

Thick sections of clast-supported conglomerates inter-
bedded with sandstones (Fig. 3A) occur in the vicinity of the
town of Taiobeiras in the northern portion of the study area.

Table 1. Summary of described facies, sedimentary processes and architectural elements of the Salinas Formation.

Facies Code Description Sedimentary process L
element
Metric beds of clast-supported conglomerates
containing boulder-sized sandstone intraclasts, Gravel bars deposited Feeder channels in
Conglomerates F3 . . . -
sandstone intercalations, and long-axis by density flows transfer zone
imbrication of lithic cobbles and pebbles.
Clasts generated and
captured by density flow
. Lenses and beds of angular fragments of impact on obstacles
Intraclastic - g -
breccias deformed sandstones and pelites dispersed in a or
fine grained sandstone matrix Dismembered slump Channel fill inside
F5 sheets and incorporation the turbidite system
in density flows transfer zone
Metric beds of coarse- to fine-grained sandstones . -
. . . Quickly deposition by a
Graded arranged in normal-grading cycles, showing . .
. o granular flow, confining fluids
sandstones erosional sharp base, pelitic intraclasts and ; .
in a high pore pressure strata
water escape structures
Decimeter-thick beds of coarse- to medium- . . Boundaries between
. o . Reworking of density flow o
Cross-bedded grained sandstones exhibiting mega-ripple . turbidite system
F6 . deposits by the turbulent
Sandstones through cross-bedding that occur on top of transfer zone and
upper flow -
graded sandstones accumulation zone
. Centimeter- to meter-thick beds of homogenous Laterally compensated
Massive . . . . Sand lobe
F8 fine- to medium-grained sandstones showing sand lobes deposited .
sandstones . . accumulation zone
erosional sharp base and load casts by density flows
Centlmeter-thlc}( layers of ﬁne-gralned Sedimentation through
Sandstones sandstones and pelites containing ripples and -
U A - - . o traction-plus-fallout
with ripples climbing ripples. In this facies, cross-lamination ; -
processes. Traction dominant
are well preserved
Laminated F9 Centimeter to decimeter-thick layers of Sedimentation through Basin plain
sandstones interbedded fine-grained sandstones and pelites traction-plus-fallout
and pelites showing planar laminations processes. Fall-out dominant.
Laminated Millimeter to meter-thick layers of pelites .
. . s Fall-out process dominant
pelites showing planar laminations
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The conglomerates are poorly sorted and in general unstrat-
ified. When present, the stratification is marked by a dif-
fuse inverse gradation or thin sandstone intercalations. Well
rounded, pebble- to boulder-sized lithic clasts are immersed
in a fine- to medium-grained sandy matrix. Clasts of gran-
ites and acid volcanic rocks predominate. Quartzites, schists,
vein-quartz, and minor carbonates clasts also occur. Bolder-
sized intraclasts of deformed sandstones containing pebbles
and cobles were also often observed.

A remarkable feature exhibited by all conglomer-
ates is the long-axis imbrication of their clasts (i.e., a(p)
a(i)-imbrication sensu Harms er al. 1975) (Fig. 3B).
The clast long-axes define a lineation preferentially ori-
ented at 040/35, characterizing thus S40W as the dom-
inant flow direction (Fig. 4A). Although the number of
effective data measured is low, the data acquired are con-
sistent because the conglomerates outcrops exposures is
quite large (located mainly in a closed mining field) and

Figure 3. (A) Clast-supported conglomerates (F3). (B) Long-axis imbrication of the conglomerates clasts. (C) Two
layers of intraclastic breccias (F5) showing clasts totally deformed. (D) Deformed base of the graded sandstone
(F5) strata. This deformation probably occurred during the quickly deposition of the graded sandstone over thin
and underconsolidated strata. (E) Large exposure of graded sandstones layers (F5) in direct contact with other
thin-layered facies. (F) Dispersed intraclasts in the basal portion of the graded sandstone (F5).
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a visual control of this data dispersion was made during
data collection.

Conglomerates with distinct structures and textures char-
acterize proximal deposits of the turbidite fan systems (Walker
1975, 1992, Mutti 1992, Mutti ez al. 1999). Specifically,
poorly-sorted, coarse-grained, unstratified or inversely graded
conglomerates with imbricate clasts characterize the depos-
its of the basal planar density flows, accumulated in form
of bars in the system feeding channels (Mutti ez 2. 1996).

Intraclastic breccias (F5)

Breccias made up of fine-grained sandstones and pelite
intraclasts containing a medium to coarse-grained sandy
matrix occur in the form of lenses intercalated with graded
sandstones beds. They show sharp scoured bases and thick-
nesses varying between 0.2 and 1.5 m. The pebble- to boul-
der-sized intraclasts are deformed and imbricated (Fig. 3C).

For Magalhaes & Tinterri (2010), Tinterri & Magalhaes
(2011) and Amy ez 4l. (2005), the incorporation of clasts
removed from the bottom irregularities by the action of
dense flows is the process that led to the generation of the

A

Figure 4. (A) Rose diagram showing the paleocurrent
data as indicated by imbricated clasts from
conglomerates facies (F3). (B) Rose diagram showing
the paleocurrent indicated by sole marks associated
with the graded sandstone facies (F5).
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intraclastic breccias associated with graded sandstones.
Alternatively, we suggest that these breccias could also be
generated by the full disaggregation of slump sheets (see next
section). The produced fragments would be subsequently
captured by dense flows, as indicated by their imbrications.
In favor of our hypothesis, we observe the presence of inten-
sively deformed clasts and the sharp contacts of these breccias.

Graded sandstones (F5)

Centimeter- to meter-thick beds (Figs. 3D and 3E) of poorly
sorted, very coarse- to medium-grained sandstones showing
normal gradation characterizes this lithofacies. The base of the
beds is often erosive and associated with flute casts, groove
marks and water escape structures. Their upper portions are
marked by abrupt contacts or transitions into massive sandstones
(F8 facies) and, less frequently, to sandstones with ripples, and
interbedded sandstones and pelites (F9 facies). Well-rounded to
angular intraclasts of fine-grained sandstones and pelites dis-
persed in the basal portion of the strata were often observed
(Fig. 3F). As mentioned before, lenses and beds of intraclastic
breccias also occur in association with this lithofacies.

In the models of Mutti e al. (1999, 2003), graded
sandstones are portrayed as deposits of the transition zone
between channels and sand lobes of the turbidite system.
Due to the decrease in the slope angle that characterizes the
transition zone, deposition of these sands is very fast, caus-
ing liquefaction and fluidization of the underlying strata.

Paleocurrent data from sole marks associated with graded
and massive sandstones (F8 facies, see below) are plotted
together in the diagram of Figure 4B. They indicate S32W
as dominant flow direction, compatible with the direction
obtained from imbricate conglomerate clasts (Fig. 4A).

Cross-bedded sandstones (F6)

Tangential cross-bedded sandstones are rare in the described
sections. When present, they occur in form of 10 to 80cm-thick
beds of very coarse- to coarse-grained sandstones showing trough
and less frequently tabular cross-bedding (Figs. 5A and 5B).
Following Mutti ez al. (1999), we interpret this lithofacies as
the last product or the granular density flow along its down
slope motion, also accumulated in the channel-lobe transition
zone. For D’Avila et al. (2008), cross-bedded sandstones reflect
the action of very turbulent and long-lived flows, which exert
significant traction on the sandy substrate.

Massive sandstones (F8)

Massive sandstones are by far the most abundant litho-
facies in the sections we have described. They occur in the
form of centimeter- to meter-thick strata of medium- to
fine-grained sandstones, often showing sole marks (Fig. 4B),

water escape structures, and always associated with members
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A B
D
C
E
G
F

Figure 5. (A) Cross-bedded sandstone (F6) exhibiting large oblique stratifications. (B) Deformed cross-bedded
sandstone between thin layers. (C) Association between massive sandstone (F8) and other thin lithofacies.
(D) Contact between facies F8 and F9, showing a complete scheme proposed by Mutti et al. (1999) and Bouma
(1962). (E) Lithofacies association between fine sandstone and pelites arranged in planar and cross-bedded
laminations (facies F9). (F) Outcrop showing laminated pelites sequences (F9). (G) Detail of the pelite lamination.
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of the F9 lithofacies assemblage (see below and Table 1) (Fig.
5C). Their upper bondaries can be planar or undulated.

Graded and massive sandstones form the basal Ta inter-
val of the classical Bouma sequence (Bouma 1962), which
in later published models is portrayed as sand lobes accumu-
lated in the mid-fan zone by turbulent flows associated with
a near bed suspension (Middleton & Hampton 1973, Mutti
et al. 1999, D’Avila et al. 2008).

Sandstones with ripples,
intercalated sandstones and
pelites, laminated pelites (F9)

Due to their effective association, these individual lithofacies
are here grouped in the assemblage F9, as in the facies models
developed by Mutti (1992) and Mutt ez 4/. (1999, 2003, 2009).

Sandstones with ripples and climbing ripples are medium-
to fine-grained and occur in the form of 5 to 80 cm-thick
strata and intercalated with laminated sandstones and
pelites on top of the massive sandstones (Figs. 5D and 5E).
The members of this lithofacies assemblage are very fre-
quently affected by a variety of soft-sediment deformation
structures, as described in the next section.

In the measured sections, the laminated pelites occur only
intercalated with sandstone laminae. However, as observed in
outcrops in the southern portion of the study area and well doc-
umented in the literature, the basal portion of the unit consists
essentially of fine-laminated pelites containing small lenses and
thin beds of marls (Figs. 5F and 5G). Metamorphosed into
biotite garnet schists, these rocks dominate the exposures of
the Salinas Formation south of the town of Rubelita (Fig. 2)
(Pedrosa-Soares et /. 2001, Lima ez al. 2002, Santos et al. 2009).

The assemblage of F9 lithofacies correspond to the
Tb, Tc and Td intervals of the classical Bouma sequence.
Similar facies assemblage documented in turbidite systems
of passive margin basins were interpreted as deposits of
levee-channel complexes by Walker (1992). In the models
by Mutti (1992) and Mutti ez a/. (1999) for confined tur-
bidite systems, the F9 assemblage represents deposits of the
turbulent upper flow in the more distal portions of the lobes
and basin plains, where pelagic fallout also occurs.

The paleocurrent directions obtained from ripples of
the F9 lithofacies define a bimodal distribution with rela-
tively great dispersions around S55°E, the main direction,
and §70°W (Fig. 6). A comparison of diagrams of Figures 4
and 6 shows that the main vector obtained from ripples is
orthogonal to the flow direction indicted by the sole marks
and imbricate clasts, which in turn diverge in 35° from the
subordinate direction indicated by the ripples. This discrep-
ancy in the orientation of the paleocurrent indicators can be
observed even in beds that are only a few centimeters apart

in vertical sections, as shown in Figure 7.
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Figure 6. Rose diagram showing the paleocurrent data
collected on the fine sandstones and laminated pelites
facies (F9) from ripple marks.

Figure 7. (A-A’) Large outcrop exposure showing the
oblique paleocurrent direction (blue arrows) between
flute casts in the base of a massive sandstone (F8) and
ripple marks in the top of laminated sandstones and
pelites (F9).
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Imbricate clasts and sole marks are paleocurrent indicators
of high accuracy and low variability, reflecting the dense flow
along the highest slopes of the basin floor (Miall 1990, Potter
& Pettijohn 1977, Graham 1988). Ripples, on the other hand,
as bed forms of turbulent tractive flows, are largely influenced
by local factors, providing current directions of lower accuracy
and high variability. Because of that, we assume that the main
current direction during the sedimentation was towards south-
west, following the NE-SW oriented axis of the Salinas basin.

SOFT-SEDIMENT
DEFORMATION STRUCTURES

Strata of all previously described lithofacies show deforma-
tion structures that predate the collisional deformation phase
of the Araguaf orogen, as documented by Santos ez /. (2009).
These structures affect mainly the finer-grained rocks of

lithofacies F8 and F9, are confined to specific beds, and asso-

ciated with growth features in most cases. Developed imme-

diately bellow the depositional surface and preceding any

diagenetic processes, these features record multiple events

of soft-sediment deformation (sensu Rosseti 1999, Owen

et al. 2011, Moretti & Sabato 2007, Tinterri et 2/. 2016).
The soft-sediment deformation structures documented

in the Salinas Formation define a broad spectrum of fea-

tures, which reflect increasing motion of the strata involved.

The end members of this spectrum are represented by unde-

formed strata and intraclastic breccias. According to the

nature and amount of lateral displacement, these structures

were grouped into four classes, as follows (Fig. 8):

1. Class 1: Water-escape structures;

2. Class 2: Slightly deformed depositional and post-depo-
sitional structures;

3. Class 3: Folds and faults;

4. Class 4: Chaotic strata.

Figure 8. Diagram showing a panorama of the syn-sedimentary deformation structures observed in the Salinas
rocks assemblage, their distribution in four classes of the intensity deformation, the deformation driving-force
systems and the triggering mechanisms interpreted for each class.
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Water—escape structures

A large variety of water-escape structures occur in the
described sections of the Salinas Formation. The most common
type of these features are flame structures, which occur in form
of 1 to 80 cm-high pelitic injections into sand beds of facies F5
and F8 (Fig. 9A). Other features of this class are pseudo-nodules,
balls and pillows, dishes, pillar structures and mushroom-like
protrusions of pelites into sandstones (Figs. 9B, 9C and 9D).

As pointed out by various authors, the development of
these structures requires rapid sedimentation and entrap-
ment of a considerable amount of water in the intergranu-
lar space, followed by the action of a triggering mechanism,
as discussed at the end of this section (Potter & Pettijohn
1977, Bosellini et al. 1989).

Other structures of this category are clastic or neptunian
dykes. Very rare in measured sections, they occur in the form of
wedge shaped, cm- to dm-sized wide cracks filled by fragments
of the above laying strata. The upper portions of the dykes are
in general bounded by series of small normal faults (Fig. 9E).

All structures ascribed to this class are symmetric, i.e.,
they show an orthorhombic symmetry in vertical sections and
are not associated to any visible lateral motion, being thus
considered autochthonous. This fact implies that their gen-
eration occurred essentially under a pure shear stress regime.

Slightly deformed depositional
and post-depositional structures

This category comprises all structures of class 1, which
underwent significant shearing, exhibiting thus a clear asym-
metry. The sense of shear deduced from these features is always
compatible with the vergence of classes 3 and 4 structures
affecting strata nearby. Examples of class 2 structures are
asymmetric open folds, sheared balls and pillows, pseudo-

nodules, and load cast ripple marks (Figs. 9F, 9G and 9H).

Folds and faults

Confined between undeformed strata, centimeter- to
meter-thick individual beds or bed sets are affected by thrust
faults and asymmetric folds and, less frequently, by normal
faults. Together, all these structures have been developed during
motion of relatively larger masses of soft sediments, and as such
seem to represent the internal fabric elements of slump sheets.

The folds are closed to isoclinal and in general asym-
metric. They occur in centimeter- to outcrop-scale as iso-
lated elements or in fold trains, associated or not with faults.
The thrusts faults also occur in form of small- to large-scale
features, showing the same sense of motion indicated by the
vergence of the associated folds. Normal faults were only
observed in a few places affecting centimeter-thick strata.

The slumped beds as a whole and their internal structures
created highs and lows in the depositional surface. The lows,
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represented by synclines, bounded or not by thrust faults, are
filled by subsequent turbiditic deposits, giving rise to a large
variety of growth features, as illustrated by Figures 10A, 10B,
10C and 10D.

Folds and thrusts exhibit a strong preferential orienta-
tion. They trend N37E and verge preferentially southeast
(Fig. 11). Only a few cases of NW-vergence were observed.

Chaotic strata

Some intervals of the investigated sections show thick
beds (up to 50 m-thick) of fully contorted strata bounded
by undeformed layers. Internally, they show complex folds
and faults (Figs. 10E and 10F). Despite their chaotic nature,
they represent a coherent rock mass, differing from intraclas-
tic breccias end member mainly by the absence of a matrix
separating loose rock fragments. In our view, the intraclas-
tic breccias very likely correspond to the most intensively
deformed and disaggregated portions of slumps. This rela-
tionship was, however, not observed in outcrops, due to the
spatial limitation of exposures in the study area.

Driving forces, causative
mechanisms and triggers of
the soft-sediment deformation

The pre-orogenic deformation features documented in
the Salinas Formation clearly resulted from a fast decrease in
the shear strength of the sediments immediately after their
deposition. Fast deposition (causing water saturation of the
pore space), liquefaction, and fluidization are the processes
involved in the generation of soft-sediment deformation struc-
tures (Allen 1984). The triggering mechanism for liquefaction
and fluidization and generation of the class 1 observed struc-
tures is, however, a matter of a longstanding debate in the
literature. Overloading, differential loading, sudden changes
in the ground-water level, earthquakes, and wave-induced
stresses are currently invoked by the authors as possible trig-
gers (see, among others, Rosseti 1999, Allen 1980, Moretti
& Sabato 2007, Owen & Moretti 2011, Owen et al. 2011,
Shanmugam 2017).

Except for the clastic dykes, structures of classes 1 and 2
in turbidites are commonly interpreted as product of over-
loading of water saturated sediments (Tinterri ez a/. 2016,
Owen 2003). Fast deposition of thick turbiditic strata on
top of sediments of the same nature can induce their lig-
uefaction and fluidization. As pointed out by Tinterri ez a/.
(2016), another possible causative mechanism is wave impact.
Especially in tectonically controlled depositional settings,
reflections of the upper turbulent flows on obstacles can
enhance water waves and their impact on the substrate,
inducing the generation of overpressurized zones and their

subsequent deformation. Therefore, all these processes are
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Figure 9. (A) Pelitic flame structures penetrating the base of the massive sandstone (F8) by overloading process.
(B) Deformation structures like a ball and pillows and pelitc pseudonodules inside the fine sandstone facies F8 and
F9. (C) Accommodation of the pelitic pillows formed by the vertical movement of the sand during the water escape
process. (D) Vertical conducts formed by the water escape process inside the sandstone facies F8. (E) A set of small
blocks of laminated rocks filling the clastic dyke. Note that each block has a different spatial orientation. (F) Sheared
balls and pillows showing vergence. (G) Oriented deformation of the massive sandstone (F8) forming convolute folds.
(H) Intense deformation on the top of the massive sandstone (F8) strata establish a set of sheared balls and pillows.
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endogenic (Owen & Moretti 2011, Owen et al. 2011) and
often documented in turbidite successions.

Clastic dykes, representing open tensile fractures filled
with fragments of the beds involved, are currently viewed
as a response to extensional stresses acting upon cohesive
sediments (Moretti & Sabato 2007). They may be formed
in the proximal and upper portions of slump sheets, which
in turn can be triggered by seismic events.

Structures of classes 3 and 4, as well as large-scale features
of class 2 affect bed sets over relatively larger areas and are quite
frequent in the studied sections. They meet the criteria listed
by Owen & Moretti (2011) to be related to external driving
forces and probably to seismic triggers. As fabric elements of
slumps sheets (see Owen ez al. 2011), these structures record
successive mass motions towards southeast, as indicated by
their vergences. This sense of motion is however orthogonal

Figure 10. (A) Syn-sedimentary folds and sedimentary pelitic growth in a thin sandstone layer. (B) Slumped
beds of laminated sandstones and pelites between a set of undeformed strata or displaying a different pattern
of deformation. (C) Facies F9 deposits affected by normal faults and exhibiting growth strata. The deformed
sedimentary successions are enclosed by undeformed strata. (D) Bottom irregularities formed by the deformational
structures and covered by a differential sedimentation pattern. (E and F) Chaotic strata displaying a complete

disorganization of internal layers patterns.
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Figure 11. (A) Metric-thick strata facies F8 deposited above a bottom irregularity formed by a thrust fold
structure. (B) Centimetric thrust fault and related fold affecting fine sandstones and laminated pelites (F9) and

covered by a massive sandstone (F8).

to the paleocurrents deduced from sole marks and imbri-
cate clasts, but coincident with the main transport direction
obtained from ripples, suggesting that a considerable topo-
graphic relief marked the cross sections of the Salinas basin.
Thus, along SE-inclined ramps, large sediment masses prob-
ably became often unstable and slid down.

LATERAL AND VERTICAL
FACIES VARIATIONS

Lateral facies changes

The exposures in the study area are limited and do not
allow the mapping of individual beds over distances larger
than a road cut outcrop. Because of that, we could not docu-
ment lateral facies changes in individual beds. However, our
observations in the various stations in the study area together
with literature data suggest that the facies distribution related
to a single turbiditic flux along the NE-SW trending axis
of Salinas basin occur in the form, as illustrated in Figure
12. F3 facies conglomerates and subordinate F5 facies sand-
stones predominate in the north, near the town of Taiobeiras,
characterizing thus the most proximal domain of the system
preserved in the Salinas Formation. Towards southwest, the
conglomerates would grade into the F5 facies. The F8 and
F9 lithofacies dominate the various exposures in the vicin-
ity of Salinas, whilst the F9 laminated pelites are the more
abundant lithofacies in areas farther south.

In order to characterize the geometry of the F5/F8 facies
sandstones, we also have documented their thickness variations
across the basin axis. For this purpose we examined exposures
located in opposite sides of Route BR 251. Even over such short
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distances, the thickness of the sandstone beds varies significantly,
reflecting their lobate geometry and therefore important facies
changes across the basin axis. Furthermore, we estimated the
minimum lateral extension of the sand bodies based on bed
thickness, bed surface angle and distance between measure-
ment stations. The results we obtained indicated minimum
widths between 50 and 70m for the sandstone bodies of sec-
tion 2 (Fig. 2) and between 90 and 130m for the section 7.

Vertical facies changes

As documented by Santos (2007) and Santos ez 4/. (2009),
the Salinas rocks occur inside a NE-plunging synclinorium,
in which the fine-grained lithotypes occupy the south side
and limbs, and coarser rocks its central and northern por-
tions. These facts led to the conclusion that the Salinas
Formation comprises an overall coarsening-upward and
progradational succession (Fig. 13). This succession seems
to represent a complete basin-fill and thus an unconformi-
ty-bounded 1*-order sequence (sensu Catuneanu 2005).

The sections we investigated in detail belong to the mid-
dle Salinas Formation. As previously mentioned, these sec-
tions together with the covered or poorly exposed intervals
encompass c. 1,830 m of turbidites of a total thickness that
probably exceeds 3,600 m. They consist of c. 150 m-thick
coarsening and fining-up successions, which in turn encom-
pass 25-60 m-thick fining-up cycles. Cyclic successions with
average thicknesses of 8.0 and 1.2 m, respectively, always
exhibit fining upward patterns (Fig. 14).

Figure 15 illustrates the typical stacking pattern of the
Salinas 25-60 m-thick fining upward successions. In general,
they initiate with high-energy turbiditic events, represented
by deposits of relatively thick beds of the F5/F8 lithofacies,
which follow important soft-sediment deformation episodes,
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recorded by class 4 or 3 soft-sediment deformations. In the
example of Fig. 15, the 25-60 m-thick succession starts
with three high-energy turbiditic events deposited on top of
a thick bed of chaotic sandstones. Further upsection, after
two more high-energy events succeeding intervals with class
3 soft-sediment deformation structures, the F9 lithofacies

become predominant.

TECTONICS AND SEDIMENTATION
IN THE SALINAS BASIN: A MODEL

The data and interpretations presented in the previous
sections along with the available literature allow us to pro-
pose a model for a tectonically controlled accumulation of
the Salinas Turbidites during the syn-orogenic development
stage of the Aragual orogen.

The Salinas Turbidites were deposited in the Edicaran
Period, between 580 and 560 Ma (Pedrosa-Soares ez al.
2008, Peixoto et al. 2015, Costa 2018, Peixoto ezt 2l. 2018).
At this time, the Macatibas basin, in process of closure, was
succeeded by the Salinas basin, a remnant of the preexis-
tent gulf or inland sea (Pedrosa-Soares ¢t al. 2008, 2011,
Santos et al. 2009).

As postulated by Santos ¢¢ 2/. (2009) and confirmed by
our study, the Salinas basin, fed from the north-northeast,
would correspond to a large and curved trough, open to
south-southwest, and bounded to the east by an advancing
tectonic wedge (Fig. 13). The turbidite fan system prograded
toward southwest and south along the main depocenter fore-
deep, as indicated by the paleocurrent data set, lateral facies

variations, and the coarsening-up pattern of the preserved
Salinas 1%-order sequence. Moreover, the WNW-directed
propagation of the thrust wedge, besides segmentation of
the basin floor, might have imposed a pronounced asym-
metry in the basin cross-sections, which probably consisted
of long and shallower dipping ramp on the west and with
a short and steep slope developed on the eastern orogenic
wedge. Similar geometries are reported in various settings
documented worldwide (Magalhaes & Tinterri 2010, Cunha
et al. 2017, Romans et al. 2011).

In the basin scenario portrayed above, the controls exerted
by tectonic processes upon the Salinas turbidite system
are recorded especially by the 25-60-thick fining upward
successions, which start with thick F5/F8 lithofacies beds

Figure 13. Structural 3-D model of the Salinas basin
formation and basin-fill succession. Note the box showing
the coarsening-upward first order sedimentary pattern.

Figure 12. Proposed spatial facies distribution and transformation along 40 km during a single turbiditic event.
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deposited on top of intensively deformed strata, continue
with various sandy turbidite pulses, and ends with F9 dom-
inated successions. This succession reflects the energy decay,
retraction, and reorganization of the system after a major
seismic event (recorded by the chaotic bed), which prob-
ably triggered high-energy tubidite flows and introduced
significant changes in the basin morphology. The 8m-thick
cycles reflect successive events in the aftermath of seismic
episodes of decreasing magnitude, whereas the 1.2 m-thick
single turbiditic pulses as systematically documented in the
literature since Bouma (1962).

The generation of classes 2 to 4 soft-sediment defor-
mations recorded in the 25-6 Om-thick successions was
associated with an overall SE-directed mass motion, 7.e., at
a high angle to the principal sediment transport direction
and in the opposite sense of the orogenic front propagation.

Reproducing the main paleoccurent vector indicated by rip-
ples, the SE-directed moving slumps are probably a conse-
quence of piggy-back propagation of the thrust front. As defor-
mation progressed, newly nucleated thrusts and associated
folds emerged in the west side of the basin, enhancing local
slopes, giving rise to SE-moving slumps, and generating new
obstacles for the tubiditic currents (Fig. 16). Furthermore, as
emphasized by Tinterri & Magalhdes (2011), the interaction
of the turbiditic currents with the irregular morphology of
a basin in process of closure creates the conditions for their
partition in a basal dense flow and an upper turbulent flow,
followed by the decoupling of the latter. The basal flow is in
general not influenced by obstacles, eroding them away. This
is, however, not the case of turbulent upper flow. The dis-
persion of the ripple paleocurrent data shown on Figure 6
may reflect the sinuous trajectories of decoupled turbulent

Figure 14. Diagram displaying three orders of sedimentary basin-fill cycles.
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Figure 15. 25-60 m-thick cycle of the Salinas Formation and its typical stacking pattern, showing the tendency of
finning-upward and decrease of the intensity of syn-sedimentary deformation to the top of the sequence.
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flows, recorded by the F9 lithofacies assemblages. Again,
their preferred SE-direction might be a response to obsta-
cles located mainly in the west side of the basin.

DISCUSSION AND CONCLUSIONS

Some implications of the data and interpretations presented
here demand a discussion in the light of the literature on the
Aragual orogen and syn-orogenic basins in general. The first
concerns the nature of the Salinas basin, which shares many
attributes with the various types of pro- and retro-foreland
basins. Foreland or downwarp basins are formed on a subsid-
ing lithosphere, flexed under an encroaching dynamic load
represented by an advancing orogenic wedge (Dickinson 1974,
Miall 1995, Ingersoll 2012, Allen ez 4l. 2015). The Salinas
basin differs from them essendially in the geological setting
and subsidence mechanism. The Salinas Formation occurs
in a domain of the internal sector of the Aragual orogen that
follows its suture zone, representing thus a remnant of the
Macatibas basin under continuous closure. In this respect,
the Salinas basin differs from foreland basins, which are
not residual and can migrate as the orogenic load advances
(Ingersoll 2012, Ingersoll ez al. 1995). However, the tectonic
processes we supposed to have been active in the Salinas basin
are essentially the same that take place in foreland piggy-back
basins and wedge-top domains of down-warp basins in gen-
eral (Ingersoll 2012, Ingersoll ez 2l. 1995). Thus, the Salinas
basin is similar to the foreland Proto-Adriatic basin of the
Northern Apeninnes (Marnoso-Arenacea turbidites) (Tinterri
& Magalhdes 2011, Magalhaes & Tinterri 2010), Ainsa-Jaca
basin, Pyrenees, Spain (Hecho Group tubidites) (Caja ez al.
2010, Remacha & Ferndndez 2003), Punta Barrosa, Chilean
Andes (Romans et 2/. 2011, Hubbard ez /. 2008, 2010), and
DPeira Cava basin, French Alpes (Annot Sandstone) (Tinterri
etal. 2016, Cunha et al. 2017). Its best analogs are, however,

Figure 16. 3-D schematic model displaying the
generation of new obstacles for the turbiditic currents
during the progressive tectonic deformation.

800

remnant basins represented, for instance, by the present-day
Bengal and Indus fans (Ingersoll ez al. 1995, 2003), and the
Carboniferous Jackfork Formation of the Ouachita Mountains,
United States. As pointed out by Moiola and Shanmugam
(1984), the Jackfork basin was an elongated trough devel-
oped between the colliding margins of North America and
Africa and filled with submarine fans that prograded along its
axis. The resulting turbidite succession characterizes a typical
coarsening upward 1*-order sequence, marking the suture
between the two terranes. An intriguing aspect of the Salinas
Turbidites is their provenance primarily from the Rio Doce
magmatic arc (Lima ez al. 2002, Pedrosa-Soares ez al. 2008,
Costa 2018). Authors devoted to the study of the Rio Doce
arc postulated that it terminates around 16°30” South Lat.
in the central portion of the Aracuai orogen (Fig. 1). In fact,
the northernmost occurrences of the G1 Supersuite granitic
rocks and volcano-sedimentary rocks of the Rio Doce Group,
which together form the arc assemblage (Tedeschi ez al.
2016, Gongalves et al. 2014, 2016), are located ¢.150 km
to the east and southeast of the Salinas Formation exposures.
Knowing that the Salinas basin was fed from the north, a
complex source-sink linkage must have been established in
the northern portion of the orogen in development. A possi-
ble solution here would involve an efficient drainage system
flowing north and filling a depocenter located in the region
of the present-day Rio Pardo valley. From this temporary
accumulation site, the sediments would be then captured
by dense flows and carried southwestwards into the Salinas
trough (Fig. 17).

We also observe the lack of lateral feeding systems in the
studied sector of the Salinas basin. Smaller transverse fans
have been documented almost in all basin examples men-
tioned above. Their absence in the studied sections can be
explained by both the spatial limitation of our observations
and low preservation potential of these elements in the pres-
ent level of exposure of the Araguaf orogen.

In sum, our investigation led to following conclusions:
1. the syn-orogenic Salinas Formation consists of a succes-

sion of the following turbidite facies and facies assem-

blages: clast-supported conglomerates (F3), intraclastic
breccias and normally graded sandstones (F5), cross-bed-
ded sandstones (F6), massive sandstones (F8), sandstone
with ripples, interlaminated sandstones and pelites, and
laminated pelites (F9). These facies represent deposits
of proximal channel bars (F3), channel-lobe transition

(F5, F6), sand-lobes (F8), and basin plain (F9) of a tur-

bidite fan system;

[\

paleocurrent vectors obtained from conglomerate clast
imbrications and sole marks indicate flow preferentially
towards $35°W;, the principal sediment transport direction

along the axis of the Salinas basin. Paleocurrent vectors
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obtained from ripples show a relatively large dispersion
and a bimodal distribution around S55°E (main vector)
and S70°W;

. soft-sediment deformation (SSD) affected all litho-
facies. Four classes of SSD-structures were discrim-
inated based on the amount of lateral displacement
and rock volume involved. These are: water-escape
structures (class 1); slightly deformed depositional
and post-depositional features (class 2); faults and
folds (class 3); and chaotic beds (class 4). Class 1
and 2 structures result from endogenic processes,
whereas elements of class 3 and 4 very likely initi-
ated by seismic shocks;

. the Salinas Formation as a whole comprises a coars-

ening upward 1%-order sequence, which encompasses
g q

6.

four lower rank successions, three of them of fining
upward character;

the 1%-order sequence reflects the southwest-south pro-
gradation of the turbidite fan system along the axis of
Salinas basin, a remnant of the precursor Macatbas gulf
in process of closure;

the Salinas turbidite fan was fed from the north by
sediments sourced primarily by the 630-580 Ma Rio
Doce magmatic arc, which developed in association
with the consumption of the oceanic segment the
Macaubas basin;

the interplay between tectonic processes in the syn-oro-
genic Salinas basin is especially well recorded by the
25-60 m-thick fining-up, successions, which initiate
with high energy turbidite events in the aftermath of

Figure 17. Simplified geological map showing the spatial distribution of the Salinas Formation and the Rio Doce
Group, as well as the hypothetic two systems of drainage and the sedimentary depocenter before filling the
Salinas basin.
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a major seismic episode (represented by chaotic beds
and slumps), follows with other turbiditic events of
decreasing energy, and ends with the deposition of
finer-grained facies. The middle and upper portions
of these sequences reflects the energy decay and reor-
ganization of basin morphology after a major defor-
mation event;

8. the exceptional degree of preservation and high quality
of the exposures make the Salinas Formation type area
in northern Araguai orogen an excellent natural lab for
unraveling the relationships between tectonics and sed-
imentation in syn-orogenic basins.
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