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ABSTRACT

Process-based and facies models to account for the origin of pre-vegetation (i.e.
pre-Silurian) preserved fluvial sedimentary architectures remain poorly
defined in terms of their ability to account for the nature of the fluvial
conditions required to accumulate and preserve architectural elements in the
absence of the stabilizing influence of vegetation. In pre-vegetation fluvial suc-
cessions, the repeated reworking of bars and minor channels that resulted in
the generation and preservation of broad, tabular, stacked sandstone-sheets
has been previously regarded as the dominant sedimentary mechanism. This
situation is closely analogous to modern-day poorly vegetated systems deve-
loped in arid climatic settings. However, this study demonstrates the wide-
spread presence of substantially more complex stratigraphic architectures.
The Guarda Velha Formation of Southern Brazil is a >500 m-thick synrift flu-
vial succession of Cambrian age that records the deposits and sedimentary
architecture of three distinct fluvial successions: (i) an early rift-stage system
characterized by coarse-grained channel elements indicative of a distributive
pattern with flow transverse to the basin axis; and two coeval systems from the
early- to climax-rift stages that represent (ii) an axially directed, trunk fluvial
system characterized by large-scale amalgamated sandy braid-bar elements,
and (iii) a distributive fluvial system characterized by multi-storey, sandy
braided-channel elements that flowed transverse to the basin axis. Integration
of facies and architectural-element analysis with regional stratigraphic basin
analysis, palaeocurrent and pebble-provenance analysis demonstrates the
mechanisms responsible for preserving the varied range of fluvial architectures
present in this pre-vegetation, rift-basin setting. Identified major controls that
influenced pre-vegetation fluvial sedimentary style include: (i) spatial and
temporal variation in discharge regime; (ii) the varying sedimentological char-
acteristics of distinct catchment areas; (iii) the role of tectonic basin
configuration and its direct role in influencing palaeoflow direction and fluvial
style, whereby both the axial and transverse fluvial systems undertook a dis-
tinctive response to syn-depositional movement on basin-bounding faults.
Detailed architectural analyses of these deposits reveal significant variations
in geometry, with characteristics considerably more complex than that of sim-
ple, laterally extensive, stacked sandstone-sheets predicted by most existing
depositional models for pre-vegetation fluvial systems. These results suggest
that the sheet-braided style actually encompasses a varied number of different
pre-vegetation fluvial styles. Moreover, this study demonstrates that contem-
poraneous axial and transverse fluvial systems with distinctive architectural
expressions can be preserved in the same overall tectonic and climatic setting.

Keywords Axial fluvial systems, pre-vegetation, Camaqua Basin, Cambrian,
depositional architecture, distributive fluvial systems, pre-vegetation, rift

basin.
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INTRODUCTION

The interpretation of fluvial successions
preserved in the rock record typically relies on
the analysis of depositional features that are not
necessarily diagnostic of any specific deposi-
tional setting and the reconstruction of fluvial
system type from preserved successions is
therefore typically not straightforward. The
concept of a continental rock record that is
dominated by the preserved deposits of distri-
butive fluvial systems has gained favour in
recent years based largely on studies that rely
on remotely sensed imagery from modern-day
depositional systems (e.g. Hartley et al., 2010a,
b; Weissmann et al., 2010), although also
supported by detailed studies of ancient fluvial
successions (e.g. Nichols & Fisher, 2007; Fisher
et al., 2008; Cain & Mountney, 2009, 2011).
Considerable discussion exists in the published
literature regarding the mechanisms by which
predominant fluvial styles may become prefer-
entially preserved in the rock record (Sambrook
Smith et al., 2010; Fielding et al., 2012). How-
ever, to date little work has been undertaken to
apply these concepts to pre-vegetation alluvial
systems. This study describes the sedimentology
and stratigraphic evolution of a Cambrian
fluvial succession that was oriented transverse
to the axis of an evolving rift basin; further, this
study considers the style of interaction of this
transverse system with a contemporaneously
active, axially directed fluvial system. The two
preserved fluvial successions have markedly
different sedimentological expressions, despite
both having developed under the influence of
the same set of basin controls and experiencing
similar climatic regimes.

Many pre-vegetation fluvial successions are
characterized by preserved sedimentary expres-
sions that mimic those of present-day systems
developed under the influence of arid or semi-
arid climatic regimes (Long, 2006). Two main
depositional styles are common in pre-vegeta-
tion fluvial successions: braided fluvial architec-
tures with compound-bar elements and fluvial
architectures dominated by bedload-sheet
elements. These two contrasting sedimentary
styles are commonly considered to have arisen
as a consequence of fluvial system development
under the influence of different climatic settings,
reflecting perennial and ephemeral flow, respec-
tively (e.g. Eriksson et al., 1998, 2006; Tirsgaard
& Oxnevad, 1998). Existing facies models for

such pre-vegetation fluvial systems (e.g. Cotter,
1978; Long, 1978, 2006, 2011; Eriksson et al.,
1998, 2006; Sgnderholm & Tirsgaard, 1998;
Tirsgaard & Oxnevad, 1998) are not necessarily
effective as tools with which to account for
observed palaeoenvironmental characteristics
because they do not provide a generically appli-
cable methodology with which to account for
climatic signatures.

This study describes a >500 m-thick fluvial
succession deposited in a continental rift-basin
of Cambrian age in Southern Brazil. The research
was conducted through the integration of high-
resolution depositional facies and architectural-
element analysis, in combination with pebble-
provenance and palaeocurrent analysis, and
supported by the erection of a regional tectono-
stratigraphic framework. Specific objectives are
as follows: (i) to study different architectural ele-
ments and their association with various types of
primary fluvial forms, including channels, bars,
dunes and sheets; (ii) to investigate the relations
between preserved fluvial architecture, sediment
provenance and palaeogeographic location
within an evolving rift basin; (iii) to examine the
relative roles played by autogenic and allogenic
controls; (iv) to characterize depositional styles
and fluvial palaeoenvironments in a pre-vegeta-
tion, synrift alluvial-plain succession; (v) to pro-
pose models with which to explain how fluvial
styles can be preserved for pre-vegetation sys-
tems; and (vi) to provide a predictive facies
model with which to better understand pre-
Silurian (i.e. pre-vegetation) systems.

This work is significant for the following
reasons: (i) it provides a specific case-study for
the interpretation of depositional architecture
from a pre-vegetation fluvial succession; (ii) it
identifies how local environmental factors act to
control the preserved architecture of such sys-
tems; (iii) it demonstrates the style of interplay
between contemporaneously active axial and
transverse fluvial systems; (iv) it outlines a
method by which an improved understanding of
the particular characteristics of such systems
can be better understood.

PRE-VEGETATION FLUVIAL SYSTEMS
The absence of land plants prior to the Silurian

resulted in the development of distinctive types
of fluvial environments, many of which were
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apparently characterized by poorly stabilized
channel banks and floodplains. The absence of
land plants in these systems meant that rates
of both chemical weathering and production of
mud and soil were low, meaning that palaeosols
in such successions are typically only poorly
developed (Retallack, 1985; Davies & Gibling,
2010). High rates of sediment yield due to high
run-off rates (Schumm, 1968) and great discharge
variation occurred as a consequence of the
absence of the dampening effects of vegetation
cover and tended to result in bypass of fine-
grained deposits to distal areas of many pre-
vegetation fluvial systems (Long, 1978; Winston,
1978; Eriksson et al., 1998). The absence of vege-
tation cover also facilitated enhanced rates of aeo-
lian deflation (winnowing) of fine-grained
sediment fractions (Fuller, 1985). Relatively rapid
rates of rise to peak discharge, coupled with the
presence of unstable, non-cohesive channel
margins and banks tended to result in channel
widening (Wolman & Brush, 1961), resulting in
the preservation of channel elements with
high width-to-depth ratios (Fuller, 1985). Non-
vegetated river-banks would have encouraged
enhanced rates of channel avulsion through rapid
erosion of sandy fluvial surfaces, resulting in high
rates of sediment delivery and consequent
channel aggradation, a common feature of many
post-vegetation dryland fluvial successions (e.g.
Cain & Mountney, 2009, 2011). Moreover, as
pre-vegetation fluvial channels were able to
widen readily in response to increases in fluvial
discharges (Wolman & Brush, 1961), rivers would
have been prone to seasonal, local avulsion
events within a broad belt, leaving other parts
temporarily abandoned. Overall, the absence of
land plants prior to the Silurian is considered to
have resulted in the preservation of fluvial suc-
cessions with distinctive sedimentary signatures
of facies associations and depositional architec-
tures, which in many ways resemble those of
modern dryland river systems (Long, 2004).

In  Neoarchean-Palaeoproterozoic  cratons,
fluvial braided-channel successions were more
common than at present and large-scale braided
perennial systems were the dominant fluvial
style (Eriksson et al., 2006). In basin fills of
Upper Proterozoic age, occurrences of preserved
architectural elements indicative of downstream
accretion and the downstream migration and
accumulation of trains of dune complexes,
together with the preservation of well-defined
channel forms in sand-prone successions, with
the local occurrence of floodplains and aban-
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doned channels, were recorded by Hjellbakk
(1997). The only rare occurrence of mud-prone
facies in pre-vegetation fluvial deposits is typi-
cally considered to be related to the vulnerabil-
ity of non-vegetated floodplain deposits to
reworking in the aftermath of channel avulsion
and rapid channel migration, combined with
low rates of chemical weathering that inhibited
the production of clays (Long, 1978). However,
Winston (1978) proposed models for the occur-
rence of laterally extensive, distal alluvial plains
for the argillaceous rocks of the Belt Supergroup
(Middle Proterozoic), which accumulated as ter-
minal splays flowing in a basinward direction.

The significance of the role of different
climatic conditions in dictating the style of
preservation of pre-vegetation fluvial deposits
remains an unsolved question discussed by
many authors (e.g. Tirsgaard & @Ixnevad, 1998;
Eriksson et al., 2006; Long, 2006). Pre-vegetation
river systems were subject to high discharge vari-
ation, even under wet climates, and consequent
significant fluctuations in run-off probably
served to prevent the development of meander-
ing fluvial channel systems because the predomi-
nance of bed-load and the non-stabilized nature
of the channel banks resulted in near-constant
sediment reworking as flow conditions changed
repeatedly, thereby inhibiting the development
of large, laterally accreting point bars. The pres-
ence of conditions considered favourable for the
development of meandering channels in present-
day fluvial systems, such as low gradients and
only modest fluctuations in precipitation, were
apparently not sufficient for pre-Silurian chan-
nels to commonly adopt such planform patterns
and behaviour (Sgnderholm & Tirsgaard, 1998).
Despite bearing a superficial resemblance to
modern-day dryland systems, Long (2006) inter-
preted deep-channel, perennial to semi-perennial
braided systems developed under wet climatic
conditions, recognizing similarities with mod-
ern-day perennial braided systems. Noting that
pre-vegetation fluvial systems were relatively
more sensitive to climate changes due to high
run-off rates, Tirsgaard & @xnevad (1998) identi-
fied three different fluvial styles in a 30 m-thick
succession of sand-sheet deposits, each of which
was considered to reflect different climatic set-
tings; these authors interpreted preserved aeolian
sets within fluvial sequences as indicative of
high water table, and used it as an indicator of a
wet climatic setting.

Cotter (1978) introduced the term sheet-
braided (genetic units width-to-depth ratios of
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more than 20:1) to describe the sedimentary
architecture of pre-vegetation fluvial deposits,
and concluded that this style was dominant in
such successions, whereas channel-braided and
meandering styles became common only from
the Devonian onwards. The increasing occur-
rence of meandering styles in post-Silurian
fluvial successions has previously been consid-
ered to be directly related to the evolution of
land plants (Cotter, 1978), as recorded by the
progressive increase in the abundance of the lat-
eral-accretion macroforms and thick mud-prone
floodplain deposits with well-developed palaeo-
sols, as well as well-organized, high-sinuosity
channels (Davies & Gibling, 2010).

Sedimentary signatures that can demonstrably
be shown to be an indicative of the occurrence
of meandering fluvial architectures in pre-Silu-
rian rocks, although recognized, are few in num-
ber and are not yet well-understood, with some
lateral-accretion macroforms interpreted from
pre-vegetation fluvial systems apparently related
to braid-bar development (Long, 2006). Casshyap
(1968), Morey (1974) and Sweet (1988) have
interpreted meandering channel forms for some
pre-vegetation successions, and Nubbaumer
(2009) described meandering channels and point
bars on Mars.

Resolution of the relative roles of both allogenic
and autogenic controls in dictating fluvial style in
pre-vegetation systems can only be achieved
through highly detailed outcrop studies involving
the mapping of the relative inclination and direc-
tional variability of foresets and higher-order
bounding surfaces (Long, 2011). Only by undertak-
ing such detailed studies can comparisons
between fluvial processes in post-vegetation and
pre-vegetation successions be undertaken reliably,
such that distinctions can be made between the
specific  processes that dominated alluvial
processes prior to the Silurian. This methodology
is here combined with regional palaeocurrent
mapping and provenance data analysis in order to
understand the interplay of two distinct, coeval
fluvial systems developed in the same rift basin.
The comparison between the distinct fluvial archi-
tectures preserved in the same climatic and basinal
settings allows the identification of other controls
on the variability of pre-vegetation fluvial styles.

GEOLOGICAL SETTING

At the end of the Ediacaran, after the complete
cessation of the main orogenic events related to

the Neoproterozoic assembly of West Gondwana,
a large system of rift-basins formed in eastern
South America, from southern Uruguay to
south-eastern Brazil (Fragoso-Cesar, 2008; Alme-
ida et al., 2010). The Camaqua Basin is the main
preserved basin of the system, preserving a
>10 000 m-thick succession of siliciclastic and
volcanogenic deposits of Ediacaran to Cambrian
age (Fragoso-Cesar et al., 2003; Janikian et al,
2008; Almeida et al., 2012a). Its deposits are
controlled structurally by NNE trends (Almeida
et al., 2012b) and located on a ca 50 km-wide
and >150 km long basin (Almeida et al., 2009).
The Guaritas Group (Fig. 1) overlies in angular
unconformity a >10 km-thick sedimentary and
volcanic succession of Ediacaran age (Janikian
et al., 2008). The Rodeio Velho Intrusive Suite
presents many syn-sedimentary intrusive
features, such as shallow sills and dykes that
caused fluidization (i.e. soft-sediment deforma-
tion) of the host sediments of the Guaritas
Group: the crystallization age of this intrusive
suite is thus considered to have occurred
penecontemporaneously with the sedimentation
of the Guaritas Group. Ar—Ar whole-rock dating
revealed a 535-2 4+ 1-1 Ma age (Almeida, 2005),
whereas U-Pb zircon dating revealed a
547 + 6-3 Ma age for the Rodeio Velho Suite
(Almeida et al., 2012a). Several previous works
have discussed distinct aspects of the sedimenta-
tion of this group, including Ribeiro &
Lichtenberg (1978), Fragoso-Cesar (1991), Paim
(1995), Paim et al. (2000), Paim & Scherer (2003),
Scherer et al. (2003), Marconato et al. (2009) and
Santos et al. (2012). Geological mapping and
correlation between stratigraphic sections led Al-
meida et al. (2009) to confirm previous interpre-
tations (Fragoso-Cesar et al., 1984, 2000; Paim,
1995; Paim et al., 2000; Paim & Scherer, 2007)
that the Guaritas Group accumulated as the rem-
nant fill of a rift basin that was characterized by a
variety of depositional environments preserved
in a >1500 m-thick succession.

The Guarda Velha Formation is the basal unit
of the Guaritas Group, preserving a >500 m suc-
cession of fluvial strata; the lowermost succes-
sion of the Guarda Velha Formation is restricted
to fills of localized depressions directly above the
basal unconformity and is markedly coarser
grained than the overlying deposits, being char-
acterized by conglomerate bars forming assem-
blages of strata that apparently accumulated in
unconnected depocentres during the rift-initia-
tion stage (Almeida et al., 2009). Paim (1994,
1995) highlighted two major sub-environments
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schematic cross-section of the
Guaritas Group (youngest unit of
the Camaqua basin) basin
architecture (below, simplified
from Almeida et al., 2009). The log
presented in the lower figure
indicates the location of the

>500 m long core described further
on this work.
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Fluvial Systems

Early Rift Fluvial System
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(Fig. 2) for the alluvial succession of the Guaritas
depositional sequence (equivalent to the Varzin-
ha Alloformation of Paim et al., 2000): alluvial
fan sub-environments recording palaeocurrents
aligned perpendicular to the basin-bordering
trends (eastern border alluvial fan deposits and
western border alluvial fan deposits), and a trunk
braided river sub-environment recording palaeo-
currents aligned parallel to the basin axis
(western border trunk river deposits). The allu-
vial fan systems were interpreted as having
formed tributary systems to the main axial trunk
system. For the alluvial fan sub-environment
from the eastern part of the basin, Paim (1995)

described a basinward grain-size decrease and
high palaeocurrent-vector dispersion, character-
izing two distinct fan lobes. Through analysis of
palaeocurrent and pebble provenance data,
Almeida et al. (2009) suggested that an axial flu-
vial system (the trunk river system of Paim,
1995) was fed by a broad catchment area north of
the basin, which acted as the source area for a
great volume of arenaceous sediment but only a
modest supply of fine-grained, argillaceous sedi-
ment. The presence of multiple alluvial fan-lobe
deposits that apparently originated at both basin
borders and that are characterized by (i) a basin-
ward grain-size decrease from NNE-striking
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Fig. 2. Palaeogeographic
reconstruction of the alluvial facies
of the Guaritas Group (simplified
from Paim, 1995) showing the two
major dispersal trends of
palaeocurrent: contributary streams
showing main sedimentary
transport to the west and trunk
river streams showing main
transport to the south. Reworked
alluvial fans are present to the west

regional faults (Paim, 1995); and (ii) preserved
vertical successions that are each several hun-
dred metres thick, has been interpreted previ-
ously to indicate the syn-sedimentary
development of an escarpment at the basin mar-
gins (Almeida et al., 2009), which probably acted
as a local sediment source. Alluvial-fan deposits
on the western border are preserved in isolated
occurrences (Paim, 1995) which are character-
ized by debris-flow related breccias and con-
glomerates composed of sub-angular pebbles and
cobbles (Almeida et al., 2009); these fans were
intensely reworked by the trunk river system
(Paim, 1995). Evidence of syn-sedimentary tec-
tonic activity in the western basin margin is also
recorded by rhythmically repeated occurrences
of seismically induced liquidization features
throughout the vertical profile of the western
deposits of the Guarda Velha Formation (Santos
et al., 2012). The presence of these well-defined
syn-sedimentary faults defines a tract of laterally
equivalent units ascribed to the mid- to late-rift
climax episodes by Almeida et al. (2009).

METHODOLOGY

An integrated study was conducted through
regional stratigraphic mapping, provenance and
palaeocurrent analyses, in combination with
high-resolution outcrop logging and mapping to
describe the spatial and temporal evolution of a

of these deposits.

distinctive succession of preserved fluvial
deposits that accumulated in a range of sub-
environments in a pre-vegetation alluvial plain
rift-basin setting. Depositional architectures have
been interpreted based on an analysis of litho-
facies and their association with one another to
classify architectural elements according to their
external and internal geometry and orientation,
together with analysis of palaeocurrent data and
interpretation of the sedimentary significance of
different types of bounding surfaces. A series of
two-dimensional measured architectural and
photographic panels have been used to charac-
terize depositional architectures from cliff faces
aligned in a variety of orientations. These panels
form the basis for reconstruction and interpreta-
tion of the three-dimensional geometry of fluvial
elements. Detailed palaeocurrent and lithofacies
data were located on panels representing
studied sections, and this involved the measure-
ment of depositional surfaces (for example, fore-
sets and trough forms exposed on well-exposed
bedding surfaces), parting lineation, clast imbri-
cation and erosional bounding surfaces (for
example, channel margins) in order to determine
the relation between various types of fluvial ele-
ments and primary bedding. Sediment prove-
nance investigation was undertaken to identify
likely sediment-source areas and to establish
regional palaeoflow trends of the fluvial systems
within the basin. This was achieved via a com-
bined analysis of 17 spatially distributed loca-
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tions where pebble type was examined to
establish ~ provenance; 599  palaeocurrent
measurements were made and 139 depositional
bounding surfaces were recorded. At each site
examined for provenance, at least 300 pebbles
were examined, recording lithology, roundness,
and the orientation and lengths of the two prin-
cipal axes, with a total of 5440 pebbles exam-
ined across all 17 sites. Statistical analysis was
undertaken to account for the variance found in
the data set, enabling a correlation between
provenance data and depositional system type
to be made. Potential source areas for the pebbly
clastic detritus were identified based on compar-
isons between clast-lithology type in the fluvial
deposits of the Guarda Velha Formation and
known regional bedrock lithologies. Basin struc-
tural setting was determined by Almeida et al.
(2012b); tectonic tilting is minimal (regional tilt
<5°). The stratigraphic position of the studied
deposits, as well as the location of the inferred
source areas, was determined by (i) regional
field mapping supported by information avail-
able in previously published papers; and (ii) by
additional mapping based on remote sensing.
Results were integrated to generate a series of
palaeogeographic reconstructions (models), both
in three-dimensions (two spatial dimensions
plus time) and four-dimensions (three spatial
dimensions plus time).

THE GUARDA VELHA FORMATION

The Guarda Velha Formation comprises a
>500 m-thick succession of feldspathic-arenite
(arkosic) composition preserving mainly coarse-
grained sandstone and conglomerate, with minor
occurrences of finer-grained sandstone, siltstone
and mudstone. Predominant primary structures
include trough and planar cross-stratification,
horizontal to low-angle-inclined stratification,
and localized occurrences of ripple forms on
bedding surfaces. Three distinct assemblages of
fluvial deposits of the Guarda Velha Formation
have been identified and studied through analy-
sis of depositional architecture, facies associa-
tions, palaeocurrents and pebble provenance
analysis: (i) a basal conglomerate succession that
unconformably overlies rocks of the Santa
Bérbara Group, and which crops out in isolated
areas of the basin (early-to-climax rift stage
deposits); (ii) a conglomeratic sandstone succes-
sion that overlies the basal conglomerate and
crops out in the eastern part of the study area

Fluvial sedimentation in a Cambrian rift basin 887

(early to climax rift-stage deposits); and (iii) a
conglomeratic sandstone succession that also
overlies the basal conglomerate but crops out in
the western part of the study area (early-to-
climax rift stage deposits). The characteristics of
distinct lithofacies and architectural elements of
the Guarda Velha Formation are presented in
Tables 1 and 2, respectively. Palaeocurrent data
(Figs 3 and 4) reveal two main dispersal pat-
terns: one transverse to the basin axis (from both
basin borders) and the other parallel to the basin
axis (from north to south). Results of statistical
analyses of pebble provenance data (Fig. 5) indi-
cate three clusters of distinct clast types; main
source areas are Precambrian igneous and meta-
morphic rocks of the basement located to the
north and east of the basin, with a minor contri-
bution from the west. Overall, the entire succes-
sion records a general fining-upward trend and
this is summarized in a graphic sedimentary log
from a core (CPRM-CQP-01) that records 518 m
of stratigraphy from the study interval of the Gu-
arda Velha Formation (Fig. 6).

The examined fluvial deposits have been
classified and interpreted to represent three dis-
tinct fluvial system types, based on the occur-
rence of distinct styles of depositional
architecture, facies associations, palaeocurrents
and pebble provenance. The three identified flu-
vial systems include one from the basalmost part
of the succession (early rift-stage deposits) and
two from the uppermost and thicker part of the
succession (early-to-climax rift stage deposits)
that represent a transverse and an axial system,
each characterized by distinct palaeocurrent
trends, source areas and depositional architec-
ture.

Early-Rift Fluvial System

Description

The lowermost strata of the Guarda Velha For-
mation lie in angular unconformity over the
Santa Bdrbara Group and are characterized by a
distinctive coarse-grained succession (Table 1).
The basement is characterized by folded and
faulted, older sedimentary rocks from the Cama-
qua Basin (Almeida et al., 2012b). A vertical log
representing the typical facies assemblages of
this system is presented in Fig. 7A. This lower
part of the succession is characterized by
crudely stratified conglomerates, typically of
rounded, imbricated pebbles to boulders of poly-
mictic composition (Fig. 8A), alternating with
sets of medium-grained sandstone with
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890 M. G. M. Santos et al.

plane-parallel to low-angle-inclined cross-strati-
fication — exposed bedding surfaces of which
commonly preserve parting lineation (Fig. 8B)
— and 02 to 0-9 m-thick lens-like bodies of
low-angle-inclined, planar-stratified medium
sandstone (Fig. 8A and B), and trough cross-
bedded medium- to coarse-sandstone (Fig. 8C).
No mudstone clasts or lenses are preserved in
this part of the succession. Pebbles are imbri-
cated with their long axes aligned transverse
to the inferred direction of palaeoflow to the
west.

The preserved depositional architecture of this
system (Table 2) is dominated by gravel bed-
forms, which commonly alternate with lami-
nated sand sheets and sandy bedforms (Fig. 9).
Sandy bedforms occur nested within channel-
like bodies, which are each 1 to 3 m thick and
principally composed of trough cross-stratified,
pebbly sandstone and conglomerate (Fig. 8C).
These sandy bedforms typically grade laterally
to laminated sand sheets characterized by plane-
bedded sandstones with parting lineation. Crude
cross-stratification is observed locally in con-
glomerate sets, examples of which are com-
monly overlain by lens-shaped sets of
laminated, horizontally bedded, medium-grained
to coarse-grained sandstone.

Analyses of the bounding surfaces of forms
show a mean dip direction towards an azimuth
of 215° (n = 7), whereas cross-strata preserve a
mean flow direction to 274° (n = 57). Pebble
imbrication data indicate a mean flow direction
to 269° (n = 51), similar to the mean palaeocur-
rent direction obtained from cross-beds and to the
trend of parting lineations (Fig. 8B). Provenance
analysis reveals potential sediment sources of
granitic and metamorphic composition to the
east of the studied locations in an area related to
the eastern margin of the basin, which is
thought to have become uplifted during subsi-
dence of the basin (Almeida et al., 2009).

Interpretation

Conglomerate sets preserving crude cross-strati-
fication that are truncated by lenses of flat
bedded to low-angle-inclined cross-stratified
conglomerate are interpreted, respectively, as
bar and bar-top deposits, the latter recording
waning-stage flow (Smith, 1990; Best & Bridge,
1992). Isolated lenses of trough cross-bedded
sandstone are interpreted as 3D dune deposits
in braided channels that developed at low-flow
stage (Bristow, 1993). Provenance analysis
reveals a polymictic composition, with sources

to the east of the basin; this is supported by pal-
aeocurrent analysis (mean vector of 268°). The
coarse grain size of this system is indicative of a
proximal position within the fluvial system in
relation to the eastern border of the basin.

Overall, this fluvial system is interpreted to
represent the deposits of an alluvial apron
(bajada), representing the accumulation of clas-
tic detritus in areas close to the eastern basin
margin that accumulated in a depositional envi-
ronment related to rift-initiation that was char-
acterized by gravel-dominated braided fluvial
systems, with shallow braided channels devel-
oped between large conglomerate bars. The
source of this system is located to the east of
the basin — as interpreted through palaeocurrent
and provenance analysis — indicating that this
system flowed transverse to the basin axis with
a radial pattern of palaeocurrents (Figs 3 and
4). Collectively, these interpretations suggest
that this system was a distributive fluvial sys-
tem (a fluvial fan) that originated close to the
eastern margin of the basin and which proba-
bly represents the fluvial-dominated part of
alluvial fans that flowed from the eastern basin
border in the direction of the main basin de-
pocentre.

Early- to Climax-Rift Stage Fluvial Systems

The younger and thicker (>400 m) succession of
the studied fluvial systems is characterized by
sandstone and pebbly sandstone deposits with
distinct facies associations (Table 1). Deposi-
tional architectural analysis (Table 2) reveals
the occurrence of sandy bedform elements that
alternate with elements of laminated sand
sheets, fine-grained units (overbank deposits)
and abandoned channels in the easternmost
part of the study area, whereas larger scale flu-
vial forms of amalgamated bars, which are
indicative of both lateral and downstream
accretion, occur to the west. Provenance analy-
sis (Fig. 5) reveals two major sediment sources,
one related to basement rocks associated with
the northern part of the basin and the other
related to the eastern basin margin; this is sup-
ported by palaeocurrent analysis, which also
reveals two preferential flow directions in the
preserved fluvial successions of the upper part
of the basin fill (Figs 3 and 4). This analysis
has led to the recognition of two distinct, coe-
val fluvial successions: one fluvial succession
crops out in the western part of the study
region, and is indicative of a fluvial system that
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Table 2. Summary description and interpretation of architectural elements of the Guarda Velha Formation.

Early-rift Axial  Transverse
Element Lithotype Geometry system system system

Sandy bedforms F3, F2, F9, F4 Description: Laterally continuous sheets X X X
and lenses presenting planar- to smoothly
convex-bases, 0-6 to 1-8 m thick
and 2 to 15+ m wide
Interpretation: Deposits of small
channels subaqueous dunes and
low amplitude bars

Gravel bedforms F1, F2, F3 Description: Tabular bodies with X
incipient stratification, 0-3 to 1-8 m
thick and 4 to 15+ m wide
Interpretation: Conglomerate
bedform migration during
peak flood discharge.
Bar-top preservation
indicates preservation of form

Laminated sand F2 Description: Tabular sheets 0-6 to 2:1 m thick X X X
sheets presenting planar, erosive basal surface

Interpretation: Deposits of unconfined and

low-depth flow of main flood waning stages

Downstream F2, F3, F4 Description: Lenses of 0-3 to 1-6 m thick X X
accretion and 5 to 15 m wide.

May pinch out downstream.

Basal surface dips on the same direction

as the cross-sets but at much smaller angles.

May be undulated

Interpretation: Bar accretion

during peak flood events

Scour fill F5, F3 Description: 0-3 to 1-2 m thick and X X
0-4 to 2 m wide incised channels
cutting erosively elements SB or FF
Interpretation: Peak discharge floods
deposits under subcritical flow

Abandoned F8, F7, F3 Description: 0-15 to 0-7 m thick and X
scour 4 to 14 m wide channel-shaped lenses

with erosional basal surface filled

by mud drape

Interpretation: Ephemeral

channel filled by mud

Overbank fines F8, F7 Description: 0-05 to 0-7 m-thick and X
4 to 20 m-wide lenses with planar basal
and upper surfaces
Interpretation: Areas next to main
channels flooded during peak discharge
and posteriorly deactivated and eroded
on top by superposed SB

Lateral accretion F2, F3, F4 Description: Lenses of 0-6 to 1:6 m thick and X
10 to >15 m wide.
May pinch out downstream.
Basal surface dips perpendicular to the
cross-sets but at a smaller dip angle. May
be undulated
Interpretation: Bar accretion with lateral
component during peak flood events

© 2013 The Authors. Journal compilation © 2013 International Association of Sedimentologists, Sedimentology, 61, 881-914
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flowed southward in an orientation parallel to
the main basin axis (the Axial Fluvial System);
the second fluvial succession crops out in the
eastern part of the study region and is represen-
tative of a fluvial system that evolved from the
early-rift fluvial system and that flowed in a
transverse direction relative to the basin axis
(the Transverse Fluvial System).

Axial Fluvial System

Description: This fluvial system is represented
by deposits located in the western part of the
study region, close to the main basin-bounding,
syn-depositional fault. A typical vertical log of
this system is presented in Fig. 7B. Main facies
associations are presented in Table 1, and are
characterized by medium- to pebbly-sandstone
with trough (Fig. 10A) and planar cross-stratifica-
tion (Fig. 10B), preserved as decimetre-scale sets
bounded by low-angle-inclined, down-current-
dipping surfaces, and associated with minor
scour-filling bodies.

The preserved depositional architecture of
this system (Table 2) is characterized by the
alternation between laterally extensive, amal-
gamated bars indicative of both lateral and
downstream accretion (Fig. 11), with minor
occurrences of sandy bedforms and scour-fill
forms. The outcrop depicted in Fig. 11A records
evidence for upstream deposition on the upper
part of a unit bar in the form of sets overlying
preserved bar forms (cf. Reesink & Bridge,
2009). The outcrops depicted both in Fig. 11A
and B show evidence of an upward transition
from lateral to downstream accretion where the
latter truncates the former. Figure. 11B reveals
the stacking of elements indicative of both
downstream accretion and lateral accretion, as
indicated by the relation between the orienta-
tion of both foresets and bounding surfaces.
Intraformational mud-clast occurrences are rare;

no mudstone lenses or drapes are preserved.
Scour-and-fill structures in Fig. 11 are rare and
those that are present are laterally extensive for
less than 4 m, occurring solely in the upper-
most parts of the bar form elements. Localized
occurrences of lobate diamictites presenting
angular clasts of western provenance and palae-
ocurrents directed to the east inter-finger with
these deposits and record the activity of debris-
flow-dominated alluvial fans in the western part
of the basin.

Figure 11A reveals a widely dispersed
distribution of palaeocurrents with the mean
vector direction of cross-strata towards 186°
(n = 93). Set bounding surfaces indicate a mean
vector direction of maximum dip towards 155°
(n = 80). Provenance analysis of this system
(Fig. 5) indicates a source area mainly to the
north of the study region, with a secondary minor
contribution from the eastern and western bor-
der-fault scarps. Regional palaeocurrent analysis
reveals a southward-directed flow. Figure 11B
reveals a consistent pattern of palaeocurrents,
with evidence for modest lateral accretion of
channels demonstrated by the orientation of
cross-bedding foresets in relation to set-bounding
surfaces. Preserved mean set thickness obtained
from 46 non-scoured cross-bedded sandstone sets
is 0-57 m. Figure 12 shows a laterally extensive
fifth-order surface at the base of fluvial forms
deposited over older sediments which were
subject to considerable erosion prior to the
deposition of these forms.

Interpretation: These deposits are interpreted to
record an axial river system that flowed parallel
to the main basin axis, in a NNE to SSW
direction. The obtained preserved mean set thick-
ness, coupled with the large horizontal-scale of
cross-beds is indicative of deep flow and possibly
large channels (Bridge, 2003). Evidence for rela-

Fig. 3. Location map (upper left) and present-day outlines of the Guaritas Group (centre), with the synthesis of
palaeocurrent data and studied outcrops. Provenance data obtained in many of the studied outcrops are presented
in Fig. 2. Points ‘A’ to ‘C’ show the location of the columnar sections presented in Fig. 7. Arrows represent the
vector means of palaeocurrent data presented in the corresponding rose diagrams. Rose diagrams are organized
from proximal to distal (see grey arrows) as follows: Axial Fluvial Systems (from top to bottom); Transverse Flu-
vial System (from right to left). Note the predominance of southward-trending palaeocurrents of the Axial Fluvial
System (blue), and the predominance of a radial pattern of east-trending palaeocurrents of the Transverse Fluvial
System (orange), as well of the Early-Rift Fluvial System (green). Rose diagram frequency is expressed in number
per cent; red arrow in each rose diagram represents vector mean direction. Numbers at the top-left of each rose
diagram indicate the number of measured readings. The Guaritas Group comprises the Guarda Velha Formation,
and younger units (including the Rodeio Velho Suite). Older Units comprise unconformable underlying older
groups from the Camaqua Basin (Santa Barbara Group, Bom Jardim Group and Maricd Group) and its basement.

© 2013 The Authors. Journal compilation © 2013 International Association of Sedimentologists, Sedimentology, 61, 881-914



tively continuous deposition includes the
absence of small-scale bedding and mudstone
bodies (mud chips are rare), observations typical
of relatively constant flow characteristics and

Fluvial sedimentation in a Cambrian rift basin 893

indicative of a fluvial system that experienced
perennial or at least semi-perennial (intermittent)
flow (cf. Miall, 1996; Long, 2006). The accumu-
lation of this large river system, with a markedly
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Early to Climax Rift Stage

Resultant : 187
Ang. Dev. : 37

Resultant : 257
Ang. Dev. : 45

Total Data : 287
Largest Freq : 16%

Axial Fluvial System

Transverse Fluvial System

Total Data : 204
Largest Freq : 13%

Early Rift Stage

Resultant : 268
Ang. Dev. : 43

Early Rift Fluvial System

Total Data : 128
Largest Freq: 15%

Fig. 4. Palaeocurrent data recorded
by this study for the three studied
fluvial systems: Early-Rift Fluvial
System; Early to Climax-Rift
Fluvial System (Axial system); and
Early to Climax-Rift Fluvial System
(Transverse system).

different palaeocurrent flow direction from that
of the underlying rift-initiation deposits, proba-
bly reflects the capture of an existing river sys-
tem that flowed outside the confines of the
basin during the early-rift stage (cf. Gawthorpe
& Leeder, 2000). The mechanism for this capture
might have arisen as a consequence of ongoing
subsidence leading to an increase of gradient in
a direction towards the main basin depocentre,
with this fluvial system constantly migrating or
avulsing towards the maximum-subsidence
areas (e.g. Leeder & Gawthorpe, 1987; Peakall,
1998).

Fluvial forms record a tendency of bars to
develop upwardly from lateral- to downstream-
accretion, a pattern described elsewhere by
Bridge (2003), and which would be expected in
longitudinal sections wherever a braid-bar
shows both downstream accretion and some
degree of lateral expansion. Smaller-scale bed-
forms, such as minor-scours, which are charac-
terized by relatively  widely  dispersed
palaeocurrent distributions, probably reflect the
presence of bar-chute and bar-top channels (Bri-
stow, 1993). By contrast, larger-scale forms are
characterized by relatively uniform and unimo-

dal trends of palaeocurrent data. Analyses inte-
grating the complete set of palaeocurrent data,
together with bounding-surface data, reveal a
predominantly downstream pattern of bedform
migration, showing vector mean dip direction
towards 158° for bounding surfaces (n = 122)
and 187° for cross-strata (n = 183).

The combined interpretation of outcrops
shows mean palaeocurrent vectors with similar
trends, but a contrasting dispersion of palaeo-
current directional data. For example, the
presence of scour and fill structures (Fig. 11A),
as well as the occurrence of small-scale sets of
trough cross-stratification, corroborates the idea
of a more complex arrangement of bar-top
channels for this succession in relation to that
of the panel depicted in Fig. 11B. This diffe-
rence may be due to variation in the preserva-
tion of the upper part of the bars due to
different flow regimes as a consequence of
variations in fluvial discharge related to differ-
ent rates of precipitation. The presence of con-
cave-up fifth-order surfaces (for example,
Fig. 12) suggests considerable channelization,
probably induced by the confined palaeogeo-
graphic setting of this system determined by the

© 2013 The Authors. Journal compilation © 2013 International Association of Sedimentologists, Sedimentology, 61, 881-914



basin margin to the west and the transverse flu-
vial system (see below) to the east.

It seems that the fluvial-fan system located
close to the eastern margin of the basin (related
to the Early-Rift Fluvial System described previ-
ously and the Transverse Fluvial System
described below) was directly eroded by the
large-scale, axial fluvial system. It is likely that
the erosion of this fan system inhibited the
development of more extensive and more
complex fan-systems emanating from the eastern
part of the basin, principally because the rate of
water discharge and sediment supply from the

Fluvial sedimentation in a Cambrian rift basin 895

northerly source was sufficiently great to
overwhelm sediment being delivered by the
system flowing from the east.

Transverse Fluvial System

Description: A typical vertical succession show-
ing the style of stacking of lithofacies present in
deposits of the eastern part of the study region is
illustrated in Fig. 7C. This system preserves a
more varied occurrence of facies associations
than that of the previously described axial
system. Not only do sets and cosets of trough
cross-stratified, medium to pebbly sandstone

Younger
Units of the
Guaritas
Group

Legend
+ Early rift system

Sampling points: g Axial system
© Transverse system

Lithotypes:

- Sienite - Granite

I Rhyolite I ylonitic granite

[0 quartz mylonite [l Metassediments

I Vein quartz Sandstone
Quartzite Aplite

I Fegmatite Il Andesite

I Leucogranite

Fig. 5. Pebble count data from the Guarda Velha Formation. For each counting site, all clasts bigger than 50 mm
were analysed in one or more rectangular areas containing in total at least 300 clasts. Clast percentage is based in
magnitude of area which was obtained through the measurement of the bigger and minor axes, and through the

assigning of form parameters.
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Fig. 6. Sedimentary analysis of a
>500 m long core showing the
basal coarse-grained deposits of the
early-rift fluvial system, and the
P overall fining-upward trend of the
Aa @ Guarda Velha Formation.

nne Occurrences of soft-sediment
deformation (from Santos et al.,
2012) are represented, showing a
gradual increase in its occurrence
in the upper part of the succession.
Vertical scale is in metres. Grain
size: m (mud), s (silt), fs (fine
sand), ms (medium sand), cs
(coarse sand), p (pebble),

ms fsmsecsp ¢ b

m s fsmscsp c b

alternate with horizontally laminated medium to
coarse sandstone or planar cross-stratified sand-
stone but mud drapes and mud lenses are also
present (Fig. 10C), outcropping examples of
which are always eroded at their top by erosion-
ally based overlying sandy-bedform elements
typically formed of coarse pebbly sandstone.
Deposits of this system are characterized by
abundant occurrences of soft-sediment deforma-
tion structures (Fig. 10D), which occur at multi-
ple scales, and which are present in different
types of fluvial bedforms and elements. Mud-
cracks up to 0-15 m deep occur locally, as do
intraformational mud chips up to 0-1 m long,
which are always associated with scour-fill ele-

¢ (cobble) and b (boulder).

ments (Fig. 10E). Many small-scale features,
including ripple-marks and sets of ripple cross-
lamination (Fig. 10F) are intimately associated
with draping mud lenses. Laterally extensive
major erosional bounding surfaces commonly
cut through a series of different fluvial forms
(Fig. 10G) and are typical of this succession.
The preserved mean set thickness is 0-4 m,
which was obtained through the analysis of 70
cross-sets.

Four distinctive facies occur in this fluvial
succession: (i) sigmoidal stratification, which
preserves part of the topset of bedforms; (ii) peb-
bly sandstones with normally graded normally-
graded foresets preserved as sets up to 0-3 m
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Fig. 7. Typical columnar sections
of the Guarda Velha Formation: (A)
Early-rift fluvial system; (B) Axial
fluvial system; (C) Transverse
fluvial system. Legend: F1,
stratified conglomerate; F2, planar-
stratified sandstone; F3,
channelized, trough cross-stratified
pebbly sandstone; F4, planar cross-
stratified sandstones; F5, scour-
filling trough cross-stratified pebbly
sandstones; F6, cracked mudstones;
F7, fine-grained sandstones with
climbing-ripple cross-lamination;
F8, laminated mudstones; F9,
liquidized medium to pebbly
sandstones; F10, sigmoidal-
stratified sandstones; F11, coarse to
pebbly sandstones with graded
foresets; F12, cross-stratified pebbly
sandstone with mud flakes.
Distances are in metres.

thick; (iii) small-scale structures, such as climb-
ing ripples, that only occur rarely and which are
laterally related to fine-grained floodplain and
overbank deposits; and (iv) soft-sediment
deformed structures, which occur in multiple
horizons and which are abundant particularly in
the distal parts of the succession (i.e. near the
main syn-depositional fault).

Deformation structures indicative of syn-depo-
sitional liquidization processes (Allen, 1984) in
the Guarda Velha Formation are present in fine-
sandstone or pebbly-sandstone facies but such
features do not occur in mudstone facies. Such
structures include water-escape cusps, recum-
bent-folded cross-stratification, synclines, anti-
clines, disharmonic folds, eye-shaped folds and
dewatering pipes. None of these structures are
apparently related to any particular bedform
type or fluvial form. There is no evidence of
slumps or deformation related to heterolithic
features. The size of liquefaction features ranges
from centimetre-scale (open folds restricted to
individual sets and with associated water-
escape structures) to metre-scale (overturned

cross-stratification always bounded sharply by
non-deformed, overlying erosional surfaces).
Some examples of laterally extensive deforma-
tion affecting a series of several cross-bedded
sets are also observed, but are rare. Although
erosional set-bounding surfaces are typically
non-deformed, some examples of deformed
surfaces are also present, especially where
deformation is pervasive through a series of
sets. Importantly, there is a near-rhythmic
alternation between trough cross-stratified sets
presenting overturned cross-stratification and
non-deformed foresets.

Details of the varied range of depositional
architectures present in this system are provided
in Table 2, and include the presence of elements
indicative of the development of scour-fill, the
accumulation of fine-grained overbank deposits,
abandoned channels, downstream accretion and
the common alternation between sandy bedforms
and laminated sand sheets. Depositional architec-
ture is characterized by the dominance of sandy
bedforms, alternating with laminated sand sheets
(Fig. 13), abandoned-scours (Fig. 13), overbank-
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Fig. 8. Principal facies and facies associations of the early-rift fluvial system: (A) stratified conglomerate in Gravel
Bedform element, with lens of bar-top planar-stratified sandstones; (B) detail of planar-stratified sandstone pre-
senting parting lineation (scale has 10 mm markings; arrow points north); (C) channelized pebbly sandstone

facies. Hammer for scale is 330 mm long.

fines (Fig. 14), downstream accretion and scour
filling (Fig. 15). Fine-grained overbank elements
and abandoned-scours are rare but those observed
are exclusive to this system. Concave-up, ero-
sional bounding surfaces of higher-order (inferred
fifth-order; see Fig. 16) cut a series of laterally
extensive, 1 to 5 m thick sandy bedform elements
themselves composed of multi-storey cosets of
trough and planar cross-stratified pebbly sand-
stone; some examples of such erosional surfaces
are incised up to 6-5 m into the underlying ele-
ments. Sandy bedform elements are commonly
truncated and immediately overlain by laminated
sand-sheet elements, which are themselves later-
ally extensive for 10 to 30 m (Fig. 10G). Palaeo-
current analysis demonstrates a mean flow
direction towards 257° (n = 189) with a consider-
able dispersion of palaeoflow direction, recording
a radial pattern with direction trends varying
from 015° to 140°, and an overall direction trans-

verse to the basin axis and perpendicular to the
interpreted flow of the previously described axial
system.

Interpretation: Analysis of data collected from
the eastern part of the study region reveals the
deposits of a fluvial system originated from a
basin-border region with a radial pattern of pal-
aeocurrents recording flow that was transverse
to the elongate axis of the basin and towards the
main depocentre, similar to those interpreted in
the literature as distributive fluvial systems (e.g.
Hartley et al. 2010a, Weissmann et al., 2010).
Provenance analysis demonstrates a sediment
source area related to the bedrock lithologies
currently present at the eastern margin of the
basin, revealing no relative lateral displacement
of the basin during or following accumulation.
Tectonic uplift of the eastern-margin fault scarp,
as demonstrated by accumulation of a continu-
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Fig. 10. Principal facies and facies associations of the Early to Climax-rift fluvial systems (Axial and Transverse
Fluvial Systems): (A) pebbly trough cross-stratified sandstone; (B) medium-grained to coarse-grained sandstone
arranged into planar cross-stratified sets; (C) mudstone lens; (D) soft-sediment deformed pebbly sandstone with
liquefaction features; (E) scour-filling trough cross-stratified pebbly sandstone with intraformational mud chips;
(F) fine-grained sandstone with climbing-ripple cross-lamination (coin for scale is ca 20 mm); (G) example of later-
ally extensive, planar erosional surface related to toe-cut erosion (Prof. Fragoso-Cesar for scale at the front of the

picture is 1-72 m tall). Hammer for scale is 330 mm long.

ous belt of debris-flow-dominated alluvial-fan
deposits with basinward-directed palaeocur-
rents originating from a NNE-striking fault
region (Paim, 1994, 1995; Almeida et al., 2009),
probably resulted in the development of a flu-
vial-fan system, of which the distributive flu-
vial system studied here is interpreted to
represent the distal part. Importantly, such flu-
vial fans reworked sediments delivered by the
debris-flow-dominated fans. Moreover, the
transverse orientation of the mean palaeocur-
rent direction relative to that of the axial
fluvial system denotes a contributory character
for this particular sub-system that enables it to
be distinguished from the axial fluvial system,
implying that the transverse river system
drained into the axial trunk river. This situa-
tion, together with the basinward grain-size fin-
ing described by Paim (1995), suggests a basin-
wide overall downslope gradient towards the
western part of the basin. Provenance analysis
indicates that metamorphic and granitic base-
ment regions with limited areal extent lying
adjacent to the eastern margin of the basin
acted as source areas to these sediments, simi-
lar to the previously described early-rift fluvial
system; sediment source repeatedly varied
through time from distal to proximal.

Accumulation and preservation of sigmoidal-
stratified sets occurs under conditions transi-
tional between the dune and plane-bed stability
fields (Fielding, 2006). Pebbly sandstones with
normally graded foresets are interpreted as con-
glomeratic unit bars with angle-of-repose formed
by the avalanching of particles previously sorted
in superposed bedforms (McConnico & Bassett,
2007). Preserved mean set thickness suggests
that water depth for this fluvial system was shal-
lower than that of the axial fluvial system, as
would be expected for a contributory system;
the ability of this system to avulse coupled with
its relatively unconfined setting (in comparison
with that of the axial system) would also have
facilitated channel widening allowing the fluvial
system to occupy broader areas.

The cyclic intercalation between bodies of
trough and planar cross-bedded sets of varied
thickness that are commonly eroded in their
upper part by sets of plane-parallel-laminated
sandstone is interpreted to reflect high variation
in discharge (Miall, 1984). The presence of var-
ied facies associations, including mud lenses
and rippled sandstone also supports the inter-
pretation of a fluvial system subject to consider-
able discharge variation. The local occurrence of
mud flakes implies that mud deposits were dried
and then eroded, and in this way such features
are indicative of sub-aerial exposure soon-after
succeeded by flow characterized by traction cur-
rents (cf. Tirsgaard & Oxnevad, 1998). Mud
lenses, minor-scale bedforms and mudcracks are
interpreted in Fig. 17. Some laterally extensive
laminated sand-sheet elements characterized by
planar erosional surfaces cutting a series of
fluvial forms (Fig. 10G) might record floods from
the axial system that occurred at a time when
the distal alluvial plain of the contributory
(transverse) system acted as the floodplain to the
main axial system, resulting in toe-cutting ero-
sion processes (cf. Leeder & Mack, 2001), or
alternatively floods originating in the uplands
to the east, with reworking and erosion of the
un-vegetated river-banks. This type of erosion
therefore could record the lateral erosion of baj-
ada-forming alluvial systems by river channels
directed along the main basin axis. The style of
preservation of a transverse river system drain-
ing into an axial trunk river system demon-
strates not only the evolution of the fluvial
system on the hangingwall of a half-graben but
also the evolution of the early-rift system (rift-
initiation stage) into a mature through-going
basin (through-going-rift) with a well-developed
bajada system along its eastern margin (cf. Gaw-
thorpe & Leeder, 2000).

The common occurrence of scour-fill elements
(Fig. 15), together with large sandy-bedform
elements preserving concave-up lower surfaces,
is indicative of a system in which channels were
widely developed. The actual size of the main
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channel elements is not clearly recognizable
because they are laterally more extensive than the
studied outcrops; however, examination of the
more extensive outcrops reveals numerous major
erosional surfaces incising a series of older
deposits (Fig. 16). Channel incisions are probably
related to proximal parts of fluvial systems, lead-
ing to the amalgamation of channel forms (cf.
Nichols & Fisher, 2007; Cain & Mountney, 2009).
The transverse-system deposits preserve highly
amalgamated channel forms, which are inter-
preted to have accumulated as the result of high
rates of channel avulsion, a situation probably
enhanced by the non-cohesive (and non-
vegetated) nature of the channel banks. This
probably resulted in the generation and preserva-
tion of laterally extensive sandbodies, which are
many tens to hundreds of metres wide, indicating
the likely occurrence of preserved channel ele-
ments with high width-to-thickness ratios
(Gibling, 2006). Inferred fifth-order bounding sur-
faces (Miall, 1985; Fig. 16) confirm that channel
forms were indeed laterally extensive; preserved
channel elements are 10 to 20 m thick and
>200 m wide. According to the methodology pro-
posed by Gibling (2006), the data presented
herein are indicative of medium-width channels
characterized by narrow to broad sheets, demon-
strating that this system was characteristically
poorly confined.

Facies analysis of soft-sediment deformed
strata reveals no relation between liquefaction
structures and bedform type, set thickness or
grain size; thus, the deformation features occur
in an apparently random distribution. This sit-
uation, combined with the similarity of the
studied structures with laboratory features
which were triggered by seismic-shaking
(Owen, 1996; Moretti et al., 1999), suggests that
these structures are likely to have been trig-
gered by seismic activity (Santos & Almeida,
2010; Santos et al.,, 2012). This would be
expected in a tectonically active basin,
particularly during the climax rift stage, during
which tectonic activity would have been
heightened (Prosser, 1993). For an autokinetic

(process-based) mechanism to have served as
the trigger for liquidization, a direct relation
between facies and architectural elements and
deformation structures would be expected
(Leeder, 1987). Overturned cross-stratification
reveals liquefaction events that occurred simul-
taneous to current shear-drag (Allen & Banks,
1972), revealing a relation between river-flow
activity and liquidization. The near-rhythmic
alternation between sets preserving overturned
cross-stratification and non-deformed sets
suggests constant flow because the coincidence
of river-flow activity and seismic-events is very
unlikely to have been repeatedly recorded had
the fluvial system not experienced perennial
flow (Santos et al., 2012).

Interpretation of the Early- to Climax-Rift-
Stage Fluvial Systems

The Guarda Velha Formation records the deve-
lopment of a complex arrangement of fluvial
deposits that collectively demonstrate the coeval
development of an alluvial plain comprising
two laterally interacting fluvial systems: an axial
river characterized by a channel belt indicative
of a braided fluvial system that flowed from
north to south and a transverse, contributory
distributive fluvial system that flowed from east
to west. A large catchment area north of the
basin is interpreted from the scale of the pre-
served bedforms, together with palaeocurrent
and pebble provenance analysis. The main dif-
ference between eastern and northern sources is
the presence of a belt of quartz mylonites and
mylonitic granites next to the eastern basin bor-
der and trending parallel to the basin. Granites
and rhyolites occur in all areas surrounding the
basin. Given the restricted occurrence of these
mylonites to the first few kilometres to the east
of the basin, the abundance of such clast types
in the transverse system (always more than
25%) suggests a greater contribution of local
sources than is observed in the axial system,
which is richer in reworked vein quartz. Since
the transverse system was contributory to the

Fig. 11. Architectural elements of the Axial Fluvial System: (A) amalgamated braid-bars exhibiting a markedly
dispersed pattern of palaeocurrent, combined with scour features, suggesting preservation of bar-chute and bar-
top channels (I. bounding surfaces of fluvial forms, n = 80; II. palaeocurrent diagram of cross-strata dip directions,
n = 93); (B) prograding bars presenting both lateral and downstream accretion (I. palaeocurrent diagram of bound-
ing surfaces of fluvial forms, n = 42; II. palaeocurrent diagram of cross-strata dip directions, n = 90). Note the vari-
ation in the direction of dip of the bounding surfaces (thick arrows) and the palaeocurrents measured from foreset
attitudes (thin arrows). Overall flow direction was from left to right (the outcrop is aligned parallel to mean flow
direction). Arrow directions are presented with north pointing upwards.
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axial one, mylonites are also found in the lat-
ter, and are notably more abundant down-
stream of the area of the inferred confluence of
the two systems. Apart from this marked differ-
ence in proportion of clasts from an identifi-
able source, some clast types found in the
axial system seem to be absent from the trans-
verse one: notably, sandstones from older units
of the Camaqua Basin are composed, in part, of
detrital minerals and clasts of aplite, and low-
grade metasediment, sources of which crop out
in the area west of the basin, suggesting trans-
port to the axial system via debris-flow related
alluvial fans identified in the western border
area.

The area of occurrence of the Guarda Velha
Formation supports the interpretation of a
basin-wide intra-rift fluvial plain that, accord-
ing to the variation and spatial distribution of
facies associations, accommodated a complex
fluvial system in which the two recognized
fluvial-system types were characterized by con-
trasting patterns of channels and hydraulic
regimes. These were due, in part, to their dif-
ferent catchment areas (identified through
provenance analysis — Fig. 5 — which revealed
different sediment sources), their different set-
tings within the evolving rift basin (rift axis
versus hangingwall rift-basin margin) and their
style of lateral inter-fingering. The basinal-scale
development of the hangingwall fluvial and
alluvial fans to the east apparently forced the
axial river system to the footwall side of the
basin, a situation typical of asymmetrical rifts
(e.g. Leeder & Gawthorpe, 1987; Peakall, 1998;
Gawthorpe & Leeder, 2000). Indeed, the depos-
its of the eastern basin margin were able to
develop fluvial-dominated streams, whereas the
deposits of the western basin margin were fed
by proximal sources, and were rapidly
reworked by the major, southerly flowing axial
system. This situation is similar to those
described by Gawthorpe & Leeder (2000),
where hangingwall-sourced alluvial fans typi-
cally present larger dimensions than footwall-
sourced fans. These results collectively suggest
that, although both basin borders were active,
the western fault represents the main syn-sedi-
mentary basin border fault that gave rise to a
basin asymmetry with the western part of the
basin experiencing higher subsidence rates.

There exists an overall upward-decrease in
grain size throughout the Guarda Velha Forma-
tion, from the early-rift fluvial system with its
conglomeratic bars, passing upward through the

Fluvial sedimentation in a Cambrian rift basin 903

relatively finer-grained succession characterized
by the inter-fingering of the axial river system,
in the west, and the transverse river system in
the east of the rift. There is clear evidence,
particularly in the transverse system, to demon-
strate the increased proportion of mud lenses in
higher parts of the succession. This style of
preservation may have arisen as a result of cli-
matic controls leading to distinct temporal
changes in fluvial discharge regime, or subsi-
dence rates, or to a combination of both.

DISCUSSION

The study of the early-rift succession docu-
ments a coarse-grained fluvial system that flo-
wed transverse to the elongate basin axis
towards an inferred depocentre that developed
in response to progressive movement on a main
basin-bounding fault. The radial pattern of this
system supports its interpretation as a fluvial
fan (i.e. a distributive fluvial system) that
originated close to the eastern margin of the
basin and flowed towards the main depocentre
in the west. The succession probably records
the distal (fluvial-dominated) part of one or a
series of alluvial fans, which originated close
to the eastern border of the evolving basin.
This system is interpreted to have evolved into
the younger transverse system, and the finer-
grained characteristic of this younger system
might indicate that the basin was widening in
an orientation perpendicular to its axis
(Fig. 18).

Geological mapping of depositional units of
the early- to climax-rift stage confirms that the
axial fluvial succession represents a major trunk
river system and that the transverse/contributory
system developed contemporaneously to this,
as demonstrated by the lateral inter-fingering
relation of these successions. The contributory
system not only supplied the axial fluvial sys-
tem with additional sediment supply, but also
confined it to the western region of the basin.
Moreover, the western margin debris-flow-domi-
nated alluvial fans also forced the axial system
basinward, but probably exerted a minor influ-
ence compared to that of the eastern-margin
fans. This situation resulted in the axial fluvial
system being confined by debris-flow-dominated
alluvial fans to the west and fluvial-dominated
fans to the east. This relation may have been
characterized by lateral erosion due to toe-cut-
ting (cf. Leeder & Mack, 2001) which could be
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Fig. 12. Example of channelized incised form in the Axial Fluvial System. The red line represents a fifth-order
bounding surface; black lines represent set and coset boundaries; grey lines represent depositional surfaces. Out-
crop is perpendicular to mean palaeoflow direction. Notice the abundant soft-sediment deformation in different
types of bedforms. Upper right: rose diagram with palaeocurrents (n = 20). Person for scale is 1-80 m tall.

controlled by a combination of tectonic or cli-
matic factors.

The main sedimentological differences
between these two coeval systems most probably
arose as a function of the different geomorpho-
logical and basin settings that they occupied,
which resulted in the adoption of different
drainage patterns in the same regional basin
setting (Fig. 19). Discharge was apparently
greater and more consistent in the main axial
trunk river, as demonstrated by the preserved
depositional architecture and set and coset
dimensions. This is also supported by the pres-
ervation of compound bars, built by successive
flood events, each promoting the accretion of
additional sediment in the same macroforms
(Allen, 1983). Accommodation space also played
an important role in controlling the preserved

sedimentary architecture: the axial system,
which was located close to the main basin-
bounding fault, probably experienced greater
rates of accommodation creation due to higher
rates of subsidence. By contrast, accumulation of
the transverse system, which developed on the
hangingwall and originated at the eastern basin
margin, was probably limited by a relatively slow
rate of generation of accommodation, meaning
that the transverse fluvial system was more prob-
ably to undertake progradation and to adopt a
distributive form (Nichols & Fisher, 2007). This
alone could potentially account for the difference
in preserved fluvial style.

Downstream and lateral accretion in the axial
system occurred as a result of incremental bar
growth during episodes of high-stage flow, a
diagnostic  indicator for continuous and
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Fig. 14. Architectural elements of the Transverse Fluvial System: sandy bedform and laminated sand-sheet ele-
ments, with lenticular overbank-fine and floodplain elements. The outcrop is organized into stacked multi-storey
channel complexes comprising sandy bedform elements bounded by erosional surfaces. Associated laterally exten-
sive laminated sand-sheet elements are recorded at the bottom and the top of the panel. Lower right: palaeocur-

rent diagram based on measured foreset attitudes (n = 15).

relatively constant flow activity (Smith, 1970;
Bristow, 1987; Miall, 1994; Best et al., 2003). An
aggrading river system bounded laterally by the
basin’s main fault to the west and by a bajada
system to the east, implies a considerable degree
of confinement, and suggests that the basin
might have experienced high rates of subsidence
overall. The interpreted constant and consider-
able high-water discharge suggests relatively wet
conditions at the depositional surface during
accumulation of the studied succession. This
succession can be ascribed to a typical rift-basin

axial fluvial system bounded by basin-margin
bajada deposits.

The transverse, distributive fluvial system,
which evolved as a contributory system to the
main axial river system, is characterized by an
abundance of scour surfaces, an amalgamation
of forms and sedimentary structures indicative
of upper-flow regime conditions. The existence
of scarce ponds demonstrated by rare preserva-
tion of mud drapes and lenses of mudstone
(some with preserved cracks) may indicate the
development of a floodplain with lateral and
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[] Sandy Bedforms Deposicional Surface

[[] Laminated Sandsheets = ———— Bar Increment ™. Bounding Surface direction and dip amount
[] ScourFill Minor Erosive Surface e M,

[] Downstream Accretion ———— Major Erosive Surface

Fig. 15. Architectural elements of the Transverse Fluvial System: typical intercalation of elements of sandy bed-
forms and laminated sandsheets. Thick arrows denote bounding surfaces between forms (n = 10); thin arrows
denote palaeocurrents measured from foresets (n = 20). Note the laterally extensive erosional surface beneath the
laminated sandsheet element. Person for scale is 1-80 m tall.
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Fig. 16. Interpretation of architectural elements preserved in the Transverse Fluvial System: a series of fifth-order

bounding surfaces and channelized incised forms.

associated minor channels that were active only
during peak floods (Bristow, 1993; Tirsgaard &
Oxnevad, 1998). Increased rates of channel
avulsion due to the presence of non-stabilized
banks may also explain the occurrences of mud
drapes, which would be deposited after minor-
channel abandonment (Tirsgaard & Oxnevad,
1998). Some of these mud deposits were
reworked, as revealed by the local presence of
intraformational mud flakes, probably in
response to the cutting of new channels in the
immediate aftermath of avulsion events (cf. Steel
& Thompson, 1983; Cain & Mountney, 2009).
These results collectively indicate considerable
discharge variation. The downslope gradient of
this contributory river system was probably
greater than that of the trunk river, given that
the former flowed from one active basin border
in the east across the hangingwall, which was
tilting down to the west. As a consequence, dur-
ing peak precipitation, this relatively high-gradi-
ent area would be subject to substantial
discharge variation; floods would be more easily

drained in comparison to those affecting the
axial system. An aerially limited region of
hydraulic catchment, as revealed by provenance
analysis, may also have contributed to a higher
discharge variation than that of the axial system
with its regional catchment area (cf. Walling &
Moorehead, 1989; Orton & Reading, 1993), lead-
ing to decreased flow during drier seasons in the
transverse system.

Despite the absence of vegetation cover, the
studied fluvial systems were apparently able to
develop long-lived, major channelized networks.
The basin-wide extent of this pre-vegetation
fluvial system has allowed the recognition of
particularities of the depositional architecture of
a Cambrian axial river that was laterally con-
fined by both fault-scarp and bajada deposits;
this recognition is important for the study of
pre-vegetation fluvial systems. Importantly, this
tectonic setting, together with the contempora-
neous deposition of two distinct fluvial systems,
may have induced the incision of fluvial streams
into younger deposits, and systems recording
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1]]

Fig. 17. Idealized depositional
model to account for the origin of
overbank and floodplain deposits,

2m

including mudcracks and ripple
forms in the contributory
Transverse Fluvial System. Flow
direction is towards the reader.

long-lived channels. These results agree with
previous models suggesting that pre-Silurian flu-
vial successions developed wide channels (e.g.
Cotter, 1978; Davies & Gibling, 2010). However,
it may be that the recognition of the actual styles
and particularities of such wide-channel systems
can only be achieved through basin-scale stud-
ies; this may be particularly difficult for most
mainstream preserved river successions, which
developed in cratonic settings and consequently
are characterized by much less system variabil-
ity. The presence of demonstrably channelized
macroforms led Santos et al. (2012) to interpret
the axial fluvial system herein described as a
channel-braided fluvial system, although it was
not possible to determine the actual width-to-
depth ratio as an outcome of their study. A
considerable body of published work (e.g. Hjell-
bakk, 1997; Segnderholm & Tirsgaard, 1998;
Tirsgaard & Uxnevad, 1998; Long, 2006), together
with the findings of this study, demonstrates that
pre-vegetation fluvial systems can indeed
preserve varied depositional architectures in

= Trough cross-stratification

® Flow direction
| Cross-lamination

. \ud

response to different tectonic, geomorphic and
climatic settings. It is plausible to suggest that
the laterally extensive genetic units grouped by
Cotter (1978) in the term ‘sheet-braided’ may in
fact encompass a series of different styles of pre-
vegetation fluvial systems; the lack of vegetation
propitiated such laterally extensive channel
forms to develop a varied number of possible flu-
vial styles and these were controlled by tectonic
and palaeoenvironmental settings.

The paucity of mud in the systems described
here probably relates to the particular charac-
teristics of this basin, which was a hydrologi-
cally open system. The axial fluvial system
continuously removed finer-grained sediments
to distal areas beyond the confines of the
basin, via the downstream bypass of fine-
grained sediment (Winston, 1978; Eriksson
et al., 2006). Alternatively, mud deposits may
have experienced repeated deflation (Dalrymple
et al., 1985). An increased occurrence of bed-
load streams would also have been promoted
by the absence of vegetation cover, with little
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Fig. 18. Two-dimensional
interpretation of the evolution of
the Guarda Velha fluvial system
and the associated basin-scale
structures: (1) Early rift; (2) Climax
rift. Upper right: example of basin
structures associated with the
Guaritas rifting event, with the

Transverse fluvial system
flow direction

Axial fluvial system
flow direction

interpreted palaeostress fields (S1
to S3), Schimidt projection, lower
hemisphere (n = 18). Note the
basin-widening event between (1)
and (2).

opportunity for the deposition of mud, which
would be transported in suspension and
bypassed downstream. The open-system charac-
teristics of the Camaqua basin probably contrib-
uted to such bypass. Alternatively, the low
proportion of mud in this system might be a
result of slower rates of chemical weathering
as a result of the absence of deep-penetrating
plant-root systems (Long, 2004). However,
where and when suitable conditions for accu-
mulation occurred, mud did accumulate locally
and was preserved in abandoned channels and
incipient floodplains.

CONCLUSIONS

Three fluvial styles have been recognized in the
Guarda Velha Formation (Cambrian, southern
Brazil) through detailed analysis of lithofacies,
depositional architecture, palaeocurrent data
and pebble-provenance studies. The lowermost
(oldest) recognized fluvial system is related to
the initial subsidence of the area during an early
stage of rift-basin development and is character-
ized by conglomeratic braided channels and bars
in an arrangement indicative of a distributive
fluvial system. The two overlying fluvial systems

accumulated coevally but are differentiated on
the basis of each having distinct morphological
and architectural characteristics, and differing
relations to the local tectonic basin setting. One
of these systems can demonstrably be shown to
be the preserved succession of a perennial major
trunk river, with preserved lithofacies and archi-
tectural elements indicative of braided channels
and associated longitudinal bars that underwent
both lateral and downstream accretion. The
other system is distinguished mostly by the
preservation of deposits indicative of repeated
(and probably frequent) high discharge variation
and is indicative of a perennial distributive flu-
vial system aligned transverse to the basin axis
that flowed towards and contributed to the
major trunk river. Both of these fluvial systems
apparently evolved coevally throughout the cli-
max rift-stage and both are interpreted as peren-
nial  fluvial  streams, despite  probably
experiencing considerable differences in total
discharge and its variability (particularly in the
transverse fluvial system). The identification of
two distinct, perennial fluvial systems fed by
two different source areas, with one of these sys-
tems — the transverse river system — having been
fed by a relatively local source area (indicated
by sources located in the eastern basin margin),
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Fig. 19. Reconstruction of the palaeogeographic evolution of the Guarda Velha fluvial system.

suggests a regional semi-humid to humid palae-
oclimate for the regional depositional setting.

Although several aspects of the behaviour and
preserved architectural style of pre-vegetation
fluvial deposits are known to mimic those of
modern-day arid fluvial systems, the Guarda
Velha Formation demonstrates that simulta-
neous deposition of different facies assemblages
in a pre-vegetation fluvial plain can give rise to
apparently contrasting interpretations of the
external controls on deposition. This may be the
case where different parts of the fluvial plain are
fed by distinct catchment areas and are located
in different positions in relation to the basin
axis, resulting in different patterns of discharge
variation occurring simultaneously in the axial
river system and its contributory system. Diffe-
rent rates of subsidence and accommodation
generation controlled by tectonic basin setting
probably served as a primary control on the
preservation of the different depositional archi-
tectures.

The succession preserves a great variety of
types of bedform elements, many nested
hierarchically within channelized elements.
Despite the absence of vegetation cover, the
fluvial systems discussed here were able to
develop long-lived, major channelized networks;
this is different from many Cambrian fluvial
systems interpreted in the literature as sheet-
braided styles (e.g. Todd & Went, 1991; Davies
et al., 2011), although those were preserved in
different tectonic settings (cratonic basins).
Other Cambrian fluvial systems in the literature,
such as the Rozel Conglomerate Formation from
the British Channel Islands (Went, 2005), were
also able to develop channelized elements.

Apparently, to date, the Guarda Velha Forma-
tion is the only example in the literature docu-
menting the preservation of the inter-fingering
relation of pre-vegetation axial and transverse
systems. The preservation of such varied fluvial
styles characterized by channel elements with
high width-to-depth ratios similar to those
described for ‘sheet-braided’ styles (e.g. Cotter,
1978; Davies et al., 2011) was probably deter-
mined by the tectonic context (i.e. rift basin),
demonstrating that new studies on pre-Silurian
deposits can still provide valuable information
for discussions regarding the form of the land-
scape on the continents prior to land-plant colo-
nization. These results collectively suggest that
the ‘sheet-braided’ fluvial style encompasses a
varied number of pre-vegetation fluvial styles,
each with distinct preserved architectures char-
acterized by channel elements which exhibit
high width to depth ratios. In this way, the pres-
ent authors propose that the term ‘sheet-braided’
should be expanded in order to contain a num-
ber of different sub-groups containing distinct
pre-vegetation fluvial styles.

Existing facies models for pre-vegetation
fluvial systems are not necessarily effective in
accounting for climate and palaeoenvironmental
controls. Resolution of climate and environmen-
tal signatures for these kinds of fluvial systems
is not straightforward, and must consider spatial
variation of depositional architecture and
relation to palaeocurrent and provenance data.
Pre-vegetation fluvial systems can be as complex
as many present-day fluvial systems, despite the
absence of vegetation cover. This work has
applied implications, including the develop-
ment of more sophisticated predictive deposi-
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tional models with which to characterize sub-
surface reservoir intervals developed in pre-Silu-
rian fluvial successions.
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