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FiG. 6.—Continued.

Fic. 6.—Sedimentary architecture of the middle Wolfville Formation, photomontage and line drawings (See Fig. 5 for location of panels). A) Halfmoon Cove,
perpendicular to paleoflow. B) Halfmoon Cove, longitudinal to paleoflow. C) Base of Burntcoat Head section, perpendicular to paleoflow (log D). D) Burntcoat Head
section, perpendicular to paleoflow. Note surface B§ and B9. E) Burntcoat Head section, longitudinal to the flow. Note the surfaces B9 and B10. Note that panels D and
E are continuous (the arrow in D and E corresponds to the same outcrop). F) Burntcoat Head section, longitudinal to paleoflow. Panels E and F are separated by
50 meters where no internal architecture could be picked up due to weathering. Note the surfaces B10 and B11. Surface 10 pinches out in the middle of the panel.
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Fig. 7A). In the upper part of the section, there are two types of channel
bodies. The main one has a depth of up to 6 m and a width of 30-100 m
(Fig. 7B). These bodies are roughly limited to 200-500 m in length
parallel to paleoflow. The third channel body type occurs at the top of the
channel facies association and has an irregular erosional base; it is thin
(< 1.5 m) and does not exceed 50 m in width and 100-150 m in length
where parallel to paleoflow (Fig. 7C).

ARCHITECTURAL EVOLUTION

Development of architecture and facies vary systematically from the
base to the top of the succession. Using stacking patterns, two main
fluvial architectural styles can be recognized. At the base of the studied
succession (below surface B1), the fluvial style is composed of multilateral
channel fills (Fig. 7) that exhibit a sheet-like geometry (Fig. 8). They have
a stacked-channel-sheet architecture (as defined by Holbrook 2001) and
comprise an erosion-dominated, multistory channel body (as defined by
Gibling 2006) with little abandonment facies association (< 5%)
preserved. Lateral-accretion elements are present in these multilateral
channel fills. Width:thickness ratios are high (very broad; classification of
Gibling 2006), but individual channel bodies are not well defined such
that the ratio could be smaller. Paleoflow has a wide spread, probably due
to the presence of lateral accretion (Fig. 6A). The fluvial architecture
changes between surfaces Bl and BS5, where a sheet-like geometry is
developed in packages Ul to U5 (individual “B” surface-bounded
packages are referred to as “U” units), which are similar to those below
B1, but the multilateral channel fills are thicker and floodplain facies
become increasingly preserved (Fig. 8). Paleocurrents show a narrower
azimuthal range, and the mean flow direction shifted slightly from
northeast at the base to north-northeast between B1 and BS.

A major change in fluvial architecture occurs above BS in units
US to UlS, when well-defined stacked channel bodies (referred to as
multistory channel bodies using the scheme of Gibling 2006), overlain by
associated floodplain deposits, can be distinguished (Fig. 8). Each
individual channel body comprises a complex architecture of bar and
channel-fill elements and local fine-grained channel-fill deposits. Paleo-
flow still has a relatively narrow azimuthal range with a northeastwards
mean direction.

GRAIN-SIZE EVOLUTION WITHIN FLUVIAL CHANNELS

Grain-Size Evolution

The mean bedload grain size varies significantly from the base to the
top of the studied succession, and a series of trends can be recognized
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Fic. 7.—Three main types of channel geom-
etry recognized in the middle Wolfville Forma-
tion. A) Channels dominating the base of the
succession are typically shallow (< 3 m) and
broad (< 50 m) with a length which could be
estimated at ~ 200 m. B) Channels dominating
the upper part of the succession are larger (30—
100 m) and deeper (3-6 m) on average; their
length is also estimated at ~ 200 m but possibly
longer (500 m); C) Channels located in the upper
part of the channel complexes (units U) and
forming the gradual transition from channel and
to abandonment facies associations, are nor-
mally smaller scale (< 50 m wide by 100 m long)
and shallow (< 1.50 m). Those channels often
present either coarse fills (mud pellets, granules,
and pebbles) or a mud layer at the base overlain
by medium- or fine-grained sandstones.

(Figs. 8, 9). In the following section, we describe grain-size changes within
the channel elements in the studied sections. The lowest three packages in
the basal part of the Halfmoon Cove section are relatively coarse, with
very coarse sand- and granule-grade material dominating the coarser
fraction before a section of medium sandstone is developed below the B0
surface. Above the B0 surface at the top of the Halfmoon Cove section a
pebbly conglomerate is developed locally and forms the coarsest unit in
the studied succession (Figs. 3, 9).

Above the 90 m stratigraphic gap, the Burntcoat Head section starts
with units of medium sand up to surface Bl. Above Bl a very coarse
sand- to granule package (U1), is followed by three coarse-grained (U2, 3,
and 4) and two medium-grained sandstone units (U5 and 6; Fig. 9). From
the base of the granular unit (surface Bl) to the last medium (fine to
medium) sandstone unit (below surface B7), the sedimentary succession
forms a fining-upward package (referred to as GSPI1; Fig. 9). Another
fining-upward package (GSP2) starts with a granular unit (overlying B7)
and is followed by several medium-grained sandstone units (U7-U11) and
ends at B12. The mean grain size of GSP2 is finer than that of GSP1. The
upper part (above B12) of the Burntcoat Head section is relatively coarse
and displays a coarsening-upward package (GSP3) comprising four units
(U12-15) that become increasingly coarser grained, from medium to
coarse sand to granule grade (Fig. 9).

Relationship between Grain Size and Fluvial Development

Grain-size analysis of the Burntcoat Head section allows the
recognition of two fining-upwards packages (GSP1, 2) and a coarsen-
ing-upwards package (GSP 3), and architectural analysis reveals the
presence of smaller-scale stacked units which represent multistory channel
bodies above the B5 surface (U5 to Ul5). Grain-size fluctuations are
independent of the style of channel stacking, inasmuch as no significant
variation is associated with the architectural change from sheet-like
multilateral channel fills between B1 and B5 to the stacked multistory
channel bodies developed above BS.

The coarsest-grained units (U1, U7, and UlS) display an internal
architecture that is different from that of the other units. They have
larger-scale bedforms and are dominated by planar cross-stratified
amalgamated bar deposits rather than the stacked bar and channel-fill
bodies that characterize the other units. As such, although the evolution
of the fluvial architecture and variation in grain size are not related, and
despite the fact that most of the internal architecture of the multilateral
channel bodies or multistory channel bodies is independent of grain size,
there is a relationship between grain size and internal architecture in the
coarsest sedimentary units.
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bounded by two “B” surfaces. Channel bodies
bounded by fifth-order surfaces overlie relatively
deep scours and gradually pass upwards into
shallower and smaller channels. Light gray
shading represents finer-grained sandstones and
dark gray shading represents siltstones to clay-
stones containing locally coarse-grained
channels.

DISCUSSION

Cycle Hierarchy

The hierarchical elements described above stack to form three distinct
cyclic patterns developed at different scales. At the smallest scale, channel
bodies (2.5-6 m) stack to form a channel-belt complex. Channel-belt
complexes then stack into packages intercalated with floodplain deposits
that form units 8-16 m thick (Ul to U15). The large-scale cycles (GSP
packages) are marked by grain-size changes and encompass several
channel-belt complexes and related floodplain facies (units U).

The overall fluvial architecture of the entire section records a gradual
evolution. The base of the section is formed by multilateral stacked
channel bodies with little preservation of fine-grained floodplain facies.

The architecture progressively evolves upwards into multistory stacked
channel bodies that form channel-belt complexes intercalated with thicker
floodplain deposits. The geometry of individual channel bodies evolves at
the same time as the overall architecture: channels are thin and broad at
the base and become deeper and narrower upwards.

Controls on Cycles

Paleogeographic reconstructions for the Late Triassic fluvial systems of
the eastern seaboard suggest that they were located a significant distance
from any marine influence (Leleu and Hartley 2010) and that the fluvial
system would not therefore have been influenced by any fluctuations in
relative sea level. Nevertheless fluvial systems are commonly connected
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downstream to lakes, and lake-level fluctuations can significantly affect
the longitudinal profile of the fluvial system (e.g., Holbrook 2006). The
influence of downstream base-level change upon the middle Wolfville
may be difficult to determine but there is no evidence for large-scale
incision (i.e., erosional relief < 6 m) or the presence of mature paleosols
associated with regionally extensive interfluve surfaces which would be
expected if significant lowering of the fluvial base level had occurred (e.g.,
Scholz et al. 1990; Wright and Marriott 1993; Shanley and McCabe 1994;
Holbrook 2006). The presence of shallow ephemeral lake sediments at the
base of the middle Wolfville Fm and in the overlying upper Wolfville Fm
and Blomidon Fm suggests that the middle Wolfville fluvial system most
likely developed in an endorheic basin. In this scenario, the fluvial system
is controlled solely by changes in upstream parameters, such as catchment
hydrology, sediment transport capacity, sediment supply, uplift rate, and
drainage-basin expansion, features related to climatic and tectonic
controls. Cyclicity is therefore likely to result from autocyclic processes
within the fluvial system (e.g., Godin 1991) and variations in autocyclic
and allocyclic processes that affect the drainage basin.

In the lower part of the succession, the sheet-like geometry of the
stacked multilateral channel-fill deposits suggests that erosion dominates
over accumulation. In the upper part of the succession, channel bodies are
preserved showing deep scours and preservation of more fine-grained
sediment. Accumulation in the upper part of the succession was
associated with larger amounts of incision and greater floodplain
preservation indicating that accumulation dominated over erosion.

The stacked channels bodies form channel-belt complexes that are
intercalated with floodplain deposits. Erosion of fine-grained facies
records the lateral displacement of the active channel belt. McLaurin and
Steel (2007) suggest that channel-belt migration and avulsion may give an
indication of allocyclic controls but modern-day examples show that
channel belts can avulse in one season associated with a single flood event
(e.g., Kosi fan; Wells and Dorr 1987), and therefore channel-belt
migration and avulsion may be controlled by autocyclic processes. In
an outcrop example, Godin (1991) recognized channel-scale cycles and
sheet-scale cycles (equivalent to our channel-belt complex) in braided-
river deposits of the Westwater Canyon Member of the Morrison
Formation (Upper Jurassic; New Mexico, USA), and interpreted them to
have resulted from avulsion.

In our dataset, larger-scale packages have been recognized using grain-
size variation. Changes in grain size indicate a variation in bedload
transport capacity (e.g., Andrews 1980; Singh et al. 2007) that we consider
to be related to discharge and therefore linked directly to climatic
fluctuations in the catchment and/or changes in drainage-basin dimen-
sions. If there are no abrupt changes in drainage basin size then it is likely
that the fluvial gradient would remain relatively constant and that the
transport capacity would be relatively stable. In this scenario, it is likely
then that climate would be the main external factor controlling discharge.
A change to a wetter climate, or a climate with more seasonality or
instability could trigger progradation of coarser grain-sizes downstream.

-

Fic. 9.—Vertical grain-size distribution throughout the studied section. In-
channel bedforms display grain-size variation of granular-, very coarse-, coarse-,
medium-, and occasionally fine-grained sandstones. Only one specific bed contains
a significant amount of pebbles (bed overlying B0). On average, the section
contains very few pebbles. In the Burntcoat Head section, trends in grain-size
variation show a gradual evolution from granular to fine-grained sandstones
between surfaces Bl and B7 defining a fining-upward sequence (GSP1). Above
surface B7, grain size coarsens abruptly in unit U7. Between B8 and B12, grain size
varies between coarse sand and medium to fine sand. Although the section between
B7 and B12 could represent a fining-upward sequence (GSP2), unit 7 could also be
regarded as a catastrophic event because the upward grain-size fining is not really
gradual. From surface B12 to the top of the section, a gradual coarsening-upwards
trend forms the sequence GSP3.
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Fi6. 10.—End-member models of basin-scale fluvial architecture when upscaling stacking patterns from outcrop observations. Despite the recognition of large-scale
bounding surfaces, uncertainties remain because it is difficult to relate outcrop-specific observations to the entire fluvial system, and due to external controls that are
difficult to quantify such as change of accommodation space. A) Migration or avulsion of channel belts in the basin with limited preservation of floodplain deposits.
Channel-belt complexes are connected laterally. In this example the definition of sixth-order surfaces can be difficult. This occurs when rate of creation of accommodation
space is low, channel avulsion rate is high and channel belts migrate rather than avulse. B) Avulsion of channel belt with preservation of floodplain deposits. This occurs
when rate of creation of accommodation space is high and avulsion dominates over migration.

However, if a sudden change in size of the drainage basin occurred, such
as capture of an adjacent drainage basin, then the capacity of the fluvial
system to transport material would also change abruptly. This may be
represented by the coarser bed that overlies the B7 surface and displays an
abrupt grain-size change relative to underlying and overlying strata,
which may be seen as a “catastrophic” deposit and does not record the
gradual evolution of a fluvial system. However, the fining-upward (GSP1)
and coarsening-upward (GSP3) sequences are gradual and can be
interpreted as recording a progressive change in climate within the
drainage basin.

The overall sedimentary architecture evolves upwards from multilateral
stacked channel bodies, each of which is thin and broad, to multistory
stacked channel bodies, each of which is deeper and narrower. These
channel bodies form stacked channel-belt complexes between which
thicker floodplain deposits become increasingly preserved upwards.
Increased floodplain preservation coincides with a decrease in lateral
erosion but an increase in deeper channel development. This evolution
suggests an allocyclic control on the overall architecture.

The effect of changes in base level, climate, and tectonics on alluvial
architecture continue to be a subject of debate (e.g., Shanley and McCabe
1994) but usually models are too simplistic and fail to take into account
modern geomorphic concepts (Ethridge et al. 1998). Early studies of the
controls on alluvial architecture suggested that greater floodplain
preservation is related to an increased rate of subsidence (Leeder 1978;
Allen 1978; Bridge and Leeder 1979). More recently Heller and Paola
(1996) have shown that avulsion frequency is also a major factor in
controlling the architecture and connectivity of sand bodies if the
sedimentation rate varies. Additional factors that control fluvial stacking

patterns but are considered to be minor (Heller and Paola 1996) include
the ratio of channel belt width to basin width, compaction, discharge
magnitude and distribution, slope, distribution of the topography, and
sediment yield (Bridge and Leeder 1979; Mackey and Bridge 1995).

The lower part of the studied succession displays a sheet-like geometry
of stacked multilateral channel-fill deposits with little preservation of
claystone, which suggests that avulsion was frequent, probably related to
a low rate of generation of accommodation space (e.g., Miall 1980; Todd
and Went 1991; McLaurin and Steel 2007). The upper part of the
succession displays an increase in the amount of incision associated with
channel bodies and greater floodplain preservation relative to the lower
part of the succession. This suggests that avulsion frequency had
decreased and that areas of floodplain sedimentation had become
increasingly stabilized; both features could indicate a relative increase
in accommodation space generation.

Architecture and Definition of Bounding Surfaces

Stacked vertical units bounded by “B” surfaces are the most significant
large-scale bounding surfaces in the sedimentary architecture of the
studied section and can be traced up to the limit of exposure (~ 200 m).
The “B” surfaces depicted in this studied section represent the channel-
belt basal composite surface (sixth-order surface; Holbrook 2001).
Comparison with modern braid-plain channel-belt widths (e.g., Ashworth
et al. 2000; Skelly et al. 2003) suggests that lateral extent of active channel
belts should not be more than a few kilometers for a single-thread river
and could be over tens of kilometers for a multiple-thread river, which
makes upscaling fluvial architecture at a basinal scale problematic
because of the limited extent of outcrop.
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However, one of the observed “B” surfaces (B10; see panels Fig. 6D, E,
F) when traced laterally becomes a less significant surface within stacked
channel bodies. This indicates that channel-belt complexes may amal-
gamate laterally (Fig. 10A) and that the sixth-order surface represents a
composite surface of fifth-order surfaces, a feature which may account for
some of the difficulties associated with tracing surfaces laterally within
stacked channel bodies. This observation illustrates how the recognition
and definition of surface hierarchy is dependent on where the studied
section is located within the entire fluvial system. Laterally equivalent
sections could contain different packages, with major surfaces going
unrecognized. Thus, identification of major surfaces defining channel
belts is strongly dependent on the scale and location of observation
undertaken on the fluvial system as well as the style of fluvial architecture
at basin scale (Fig. 10). Distinguishing the sixth-order surfaces is easier
when channel belts are isolated (Fig. 10B) or when observations are made
on the edge of the channel-belt complex (Fig. 10A). These issues highlight
the difficulties inherent in the subsurface correlation of fluvial systems by
use of borehole data.

CONCLUSIONS

Detailed assessment of the architecture of a fluvial sandy bedload deposit
from the middle Wolfville Formation in the Minas Basin (Fundy Basin,
Nova Scotia) allows the determination of architecture of sedimentary
packages and larger-scale sequences based on grain-size evolution. The
middle Wolfville Formation comprises stacked channel bodies forming
channel-belt complexes in a braided fluvial system (< 350 m in thickness). It
comprises three orders of stacked sedimentary packages. The smallest order
consists of channel bodies stacked to form a channel-belt complex. Channel
belt complexes are intercalated with floodplain deposits and stacked to form
fifteen repetitive units. Larger-scale sequences based on grain-size evolution
encompass several channel-belt complexes. Multilateral stacked channel
bodies with little preservation of fine-grained floodplain facies form the base
of the section and evolve upwards to multistory stacked channel bodies that
form channel belt complexes intercalated with thicker floodplain deposits.
The geometry of individual channel bodies evolves at the same time as the
overall architecture: channels are thin and broad at the base and become
deeper and narrower through time.

Although the architecture is relatively well constrained, the lateral
extent of these packages cannot be determined beyond 200 meters due to
outcrop constraints. We question the recognition of the order of some
bounding surfaces. The main bounding surfaces are composite surfaces,
locally difficult to trace laterally when sandstone bodies become
amalgamated. However, identification and definition of the surface order
is important in reconstructing the regional fluvial system. The vertical
stacking pattern of channel belts reveals a cyclic pattern but it is partly
apparent since the sedimentary packages change laterally depending on
the regional architecture. Surface recognition depends on the type of
fluvial system and on regional parameters such as subsidence and
frequency of avulsion, as well as the location of the studied section within
the entire system. These observations highlight the difficulty associated
with subsurface correlation in fluvial succession.

The larger-scale architectural evolution, including the development of
the channel-belt architecture, channel-body dimensions, and the increased
upwards preservation of greater floodplain units, results from allocyclic
controls which may reflect an increase in accommodation-space
generation. The sequences defined by grain-size changes are developed
at a longer time scale than the migration of channel belts within the braid
plain. The gradual grain-size changes suggests a climatic control which
influences the bedload transport capacity of the river, while an abrupt
change in grain size could be related to catastrophic events occurring in
the hinterland. Smaller-scale repetitive channels and channel-belt
migration and avulsion possibly result from autocyclic processes. Thus,

S. LELEU ET AL.

the two smaller-scale cycles are most likely related to autocyclic processes
while the larger-scale cycle and the gradual evolution of fluvial style are
most likely driven by allocyclic signals.
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