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The operation of depositional processes in fluvial systems prior to the development of land-
based, macrophyte vegetation has undergone considerable research. The differences in
sedimentation in the channels and floodplains compared to post-vegetation systems
should result in differences also existing in the deposits developed where the rivers
debouch their loads into standing bodies of water. These deltaic deposits have been
studied relatively less. The 1.4 Ga Kama Hill and Outan Island Formations of the Sibley
Group, northwestern Ontario, provide a site to further investigate these potential
differences. Four totally cored drill holes intersect this 340 m thick, prograding, deltaic
to fluvial succession. It is divisible into eight lithofacies associations representing
environments ranging from prodelta to the delta-top floodplain-channel assemblage.
The sub-aqueous portion of the succession is composed of two thick progradational
delta lobes probably caused by: deposition induced regression followed by a condensed
sequence due to channel avulsion with distal repositioning, and finally channel avulsion
with proximal repositioning driving another depositional induced regression. Large-scale
sequence stratigraphic nomenclature does not properly describe this succession. At a
smaller scale, members of progradational parasequence sets decrease in thickness from
the prodelta to upper distributary-mouth bars. The deltaic deposits are compared to the
modern, large Mississippi deltaic system. Sub-aqueous sub-environments are similar to
this, except: 1) the lack of infauna bioturbation leads to better preservation of Sibley Delta
sedimentary structures; 2) scarce organic sediment does not allow reducing diagenetic
reactions, thus preserving the highly oxidized nature of the fluvial sediments; 3) the Sibley
distributary-mouth bars havemore medium- and coarse-grained sand than theMississippi
bars; 4) the Sibley distributary-mouth bars have abundant thick, massive, non-graded,
normal graded and reverse graded sandstones, likely the result of high-discharge slurry-
flows from the fluvial channels; 5) the lack of macrophytes (coastal marshes) complicates
interpreting the transition from bar tops to sub-aerial environments; 6) the abandonment
phase of bay-fill progradational parasequences is further condensed due to the lack of
organic deposits. However, the considerable similarities between the Sibley Delta and the
Mississippi Delta denote that not all pre-vegetation deltas conform to general braid and fan
delta models.
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INTRODUCTION

In 1997 a mineral exploration company used the winter ice of
Lake Superior, Ontario, Canada, to drill ~900 m deep cored
holes through the sedimentary strata of the 1.4 Ga Sibley
Group (Figure 1). Sedimentological study of these cores
revealed a previously unknown ~350 m thick deltaic
assemblage (Rogala, 2003; Rogala et al., 2005). Floodplain
sediments dominate the delta top with only rare channel
sandstones (Fralick and Zaniewski, 2012; Ielpi et al., 2018).
This contrasts with the majority of fluvial systems developed
prior to the evolution of land macrophytes, which are channel
dominated (Long, 2019), leading to the possibility that the
subaqueous portion of the delta may supply additional
information on pre-vegetation delta types.

Numerous classification schemes have been developed to
differentiate various types of deltas (Gallloway, 1975;
McPherson et al., 1987; Orton, 1988; Nemec, 1990; Postma,
1990; Wescott and Ethridge, 1990; Reading and Orton, 1991;
Boyd et al., 1992; Dalrymple et al., 1992; Orton and Reading,
1993; Ethridge and Wescott, 1994). These classifications can be
equally applied to deltas formed in non-vegetated settings. The
lack of macrophytes will affect processes in the channels and
floodplains on the delta top, but once the water flow exits into the
sub-aqueous portion it enters a realm similar to that of vegetated
deltas, with the exception of the presence of transported organics
and in-fauna in the latter. Thus, the main differences between the
sub-aqueous portions of deltas formed in vegetated versus non-

vegetated regions will be mainly inherited from processes that
occurred in the sub-aerial realm.

There is an extensive literature on sedimentation styles of
fluvial systems in non-vegetated terrains (for review articles see:
Long, 1978; Cotter, 1978; Long, 2004; Davies and Gibling, 2010;
Davies et al., 2011; Ielpi et al., 2018; Long, 2019). Many of the
aspects that are important in non-vegetated fluvial systems will
influence the processes and products in the sub-aqueous portion
of deltas connected to them. The intensity of chemical weathering
prior to the development of land vegetation is the major
determinant of clay production and is therefore important for
the promotion of bank stability, floodplain extent and
preservation potential. Some authors believe that larger
amounts of CO2 in the Precambrian atmosphere (Kastings and
Ono, 2006) would have led to more intense inorganic-driven
hydrolysis reactions, and thus, more robust production of clays
(Corcoran et al., 1998; Donaldson and Kemp, 1998; Hessler and
Lowe, 2006; Hao et al., 2017), whereas others argue that without
plant roots promoting organically-driven hydrolysis reactions
clay production would have been significantly less than after
rooted vegetation evolved (Fuller, 1985; Bennett and Siegel. 1987;
Johnsson et al., 1991; Baars et al., 2008; Davies et al., 2011). Davies
et al. (2011) also emphasize the likelihood of fluvial and aeolian
removal of fines from the alluvial setting (Dalrymple et al., 1985;
Davies and Gibling, 2010) and its increased abundance in marine
settings. Many authors have commented on the lack of bank
cohesion produced by low clay contents and lack of roots as
important factors in the dominance of braided rivers in non-

FIGURE 1 | (A) Location map of the study area. Box delineates region covered in Figure 1B. (B)Outcrop area of the Sibley Group. Box delineates region covered in
Figure 1C. (C) Locations of the four cored drill-holes used in this study. (D) Stratigraphy and depositional environments represented by the Sibley Group. The Kama Hill
and Outan Island Formations studied here are in red.
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vegetated settings (Cotter, 1978; references in; Eriksson et al.,
1998; Davies et al., 2011; Long, 2019). However, recently some
examples of deep channels with lateral accretion have been
reported (e.g. Ielpi and Rainbird, 2016a; Ielpi and Rainbird,
2016b). In addition, Almeida et al. (2016) infer that some
lower reaches of non-vegetated fluvial systems may have
developed deeper channels.

The prominence of high width to depth ratios of braided rivers
in non-vegetated regions and time periods has a consequential
effect on delta morphology and processes, leading to the
dominance of braid or fan deltas depending on the local
topography. Fan deltas (i.e. definition of Ventra and Clarke,
2018) form where a confined river valley meets a flooded area,
whereas braid deltas form where a braidplain mostly composed of
gravel and/or sand meets a standing body of water (i.e. definition
of McPherson et al., 1987). Obviously these two types of deposits
are difficult to distinguish in the rock record where their
difference in slope can only be conjectured by examining
grainsize and sedimentary structures to interpret distributary
energy levels, or by the presence of debris-flows and
sheetflood deposits (McPherson et al., 1987). Sedimentation
processes on possible non-vegetated fan deltas are described
by Roe (1995), Martins-Neto (1996), Gouramanis et al. (2003),
Patranabis-Deb and Chaudhuri (2007), Bhattacharya and
Mahapatra, (2008), Dhang and Patranabis-Deb (2011),
Wendland et al. (2012), Ghandour et al. (2013), Bayet-Goll
and de Carvalho (2016), de Oliveira Costa et al. (2018),
Drabon et al. (2019), Vaucher et al. (2020), and Dhang and
Patranabis-Deb (2011). Non-vegetated deltas that are more likely
to be braid deltas are described by Vos (1981), Fralick and Miall
(1989), Fedo and Cooper (1990), Haddox and Dott (1990),
Hjellbakk (1993), Junnila and Young, (1995), Macnaughton
and Narbonne (1999), Grazhdankin (2004), Fralick and Pufahl
(2006), Rogala et al. (2007); Chakraborty and Sensarma (2008),
Le Heron et al. (2010), Melvin (2015), Khalifa et al. (2015),
Counts et al. (2016), Bayet-Goll and de Carvalho (2020),
Muhlbauer and Fedo, (2020) and Went (2020). Due to the
relative scarcity of fines capable of retaining water on the
floodplains of some fan and braid deltas, as well as, or in
combination with, locations in arid areas, modern examples of
little-to non-vegetated fan and braid deltas exist (van Dijk et al.,
2007; Ielpi et al., 2018; Hansford and Plink-Bjorklund, 2020).
However, due to the lack of suitable modern analogues less is
known about the stratigraphy and sedimentology of large, non-
vegetated deltaic complexes that form in non-arid or non-
glaciated environments with significant, fine-grained,
interdistributary, delta top areas. To rectify this, detailed
studies on large, pre-land macrophyte vegetation deltaic
complexes with confined channels and extensive floodplains
are needed.

The middle 350 m (m) of the Mesoproterozoic Sibley Group
(Figure 1) represents a complete deltaic complex from prodelta to
delta top fluvial system that was deposited in a semi-humid to
humid setting with extensive delta-top floodplains (Rogala et al.,
2007; Fralick and Zaniewski, 2012; Ielpi et al., 2018). Exposure is
limited as most of the deltaic strata sub-crop under Nipigon Bay,
Lake Superior. However, four fully cored drill-holes penetrate it

(Figure 1), with two of these extending through the entire
assemblage. This provides a two dimensional view of delta
evolution over 27 km laterally. However, erosional truncation
of the upper strata in one of the drill-holes limits the record of
lateral extent of the assemblage to 4 km. The deltaic succession in
the Sibley Group is divided between siltstone, shale and very fine-
grained sandstones forming the prodelta in the Kama Hill
Formation; and distal bar, distributary mouth bar and delta
top deposits forming the Outan Island Formation (Rogala,
2003; Rogala et al., 2005; Rogala et al., 2007). The Outan
Island Formation is further divided into the Lyon Member,
consisting of the sub-aqueous portion of the delta, and the
Hele Member, composed of the delta top sedimentary units
(Rogala, 2003; Rogala et al., 2007; Fralick and Zaniewski, 2012).

REGIONAL SETTING

The 950 m thick, 1.4 Ga (Rogala et al., 2007) Sibley Group
(Rogala et al., 2007) is present under and to the north of Lake
Superior and east of Thunder Bay, Ontario (Figure 1). It is a
nearly flat-lying, unmetamorphosed sedimentary succession
intruded in places by 1.1 Ga diabase sills and dikes of the Mid-
Continental Rift (Heaman et al., 2007). The succession is
divisible into three depositional systems. The lower third of
the Group, the Pass Lake and Rossport Formations (Franklin
et al., 1980; Cheadle, 1986a; Cheadle, 1986b), unconformably
overlies Archaen and Paleoproterozoic rocks with incised
channels filled with braided fluvial deposits of the Pass Lake
Formation overlying the older terrain (Franklin, 1970;
Cheadle, 1986a; Cheadle, 1986b; Rogala et al., 2007).
Lacustrine flooding resulted in the building of sandflats on
the strandline shoreline and development of tempestites out
into the lake. Progradational deltas developed in areas of
maximum sediment delivery, whereas upward fining and
thinning successions were deposed where creation of
accommodation space outstripped sediment accumulation
(Rogala et al., 2007). The lacustrine system of the Rossport
Formation progressively changed from fresh to saline with the
development of micritic dolomite precipitates, gypsum and
halite (Cheadle, 1986a; Cheadle, 1986b; Rogala et al., 2007).
The fluvial-playa system was supplied by sediment from the
1.83 Ga Trans-Hudson orogenic zone directly to the west
northwest (Cheadle, 1986a; Rogala et al., 2007). However, a
regional change in slope resulted in sandstone sheets entering
the basin from the south causing the topography to shift to one
of saline mudflats and ponds with a water body to the south
(Franklin et al., 1980; Cheadle, 1986a; Cheadle, 1986b; Rogala
et al., 2007).

A major hiatus, during which a flooding event occurred,
separates the middle succession of the Sibley Group, the Kama
Hill Formation, from the lower units (Cheadle, 1986a; Rogala
et al., 2007). Rogala et al. (2007) described the lower portion of
the Kama Hill Formation as: parallel laminated siltstone and
fine-grained sandstone with interbeds of mudstone and ripple
laminated, fine-grained sandstone. They interpreted this as a
prodelta, overlain by the Lyon Member of the Outan Island
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Formation, which consists of coarsening-upward cycles
gradually progressing from sediment similar to the fine-
grained material of the Kama Hill Formation to massive,
trough and hummocky cross-stratified sandstone layers
commonly with wave rippled tops. Slump scars, slide blocks
and chaotic intraformational conglomerates are also present.
These features represent distal bar to distributary-mouth bar
successions and are overlain by floodplain and channel
deposits of the Hele Member, Outan Island Formation
(Rogala, 2003; Rogala et al., 2007; Fralick and Zaniewski,
2012). The floodplains developed in a reasonably
maderately wet climatic setting adjacent to, presumably,
somewhat laterally confined, 5–8.5 m deep, sand and gravel
floored distributary channels with low levees (Fralick and
Zaniewski, 2012; Ielpi et al., 2018). The intervening
floodplains were extensive, silt and very fine-grained sand
dominated, with abundant crevasse splays feeding into
floodbasins. Ripples, rip-up mud chips, and soft sediment
deformation, including load and injection features are
especially common, except in floodplain pond deposits,
which are dominated by parallel lamination (Fralick and
Zaniewski, 2012; Ielpi et al., 2018). Both paleocurrents
(Cheadle, 1986a; Cheadle, 1986b) and detrital zircon U-Pb
geochronology (Rogala et al., 2007) indicate the sediment was
derived from the south to south east.

The upper third of the Sibley Group is formed by aeolian
sandstones of the Nipigon Bay Formation. It appears to lie on a
disconformity with the floodplain sediments of the Outan
Island Formation and was deposited by a prevailing wind
direction from the northeast (Rogala et al., 2007). It’s
approximately 450 m of thickness is almost entirely large-
scale, planar cross-stratified and parallel laminated medium-
grained sandstone (Rogala et al., 2007).

METHODOLOGY

Nine hundred and seventy five meters of 4.5 cm diameter drill
core, stored at the Conmee Core Yard, Thunder Bay Distract,
of the Ontario Ministry of Northern Development and Mines,
was logged on the decimeter-scale. Contacts between layers,
and layer thicknesses were noted; layers being regarded as
successions of the same lithofacies (see Tables). Internally
laminae thicknesses were also noted; laminae thickness being
defined as width of individual horizontal laminae or thickness
between set boundaries for cross-laminae. Grainsize of
sediment in the layers, plus any sedimentary structures
were recorded. In addition to sedimentary structures
created during deposition, penecontemporaneous
deformation structures were also noted. Sedimentary
structures and any other features of interest were recorded.
The Kama Hill was differentiated from the underlying Fire
Hill Member of the Rossport Formation by the presence of
carbonates and diagenetic minerals in the latter. The Kama
Hill is overlain by the Outan Island Formation with a
gradational contact. The Outan Island Formation is
overlain by aeolian sandstones of the Nipigon Bay

Formation, which are distinctive from the underlying
sandstones and siltstones. Graphic logs were created from
the field notes at a scale of 1cm equals 1m and these were used
to interpret sequence stratigraphy.

SEDIMENTOLOGY: LITHOFACIES
ASSOCIATIONS

For descriptive purposes the succession has been divided into
three portions: a basal, approximately 150 m thick succession,
forms a coarsening- and thickening-upward; overlain by another
less well structured, approximately 100 m thick, coarsening- and
thickening-upward succession; and capped by a 100 m thick
heterogeneous assemblage (Figure 2). The lithofacies
associations that form each of these three portions are
described below.

The Lower 150m, Coarsening-Upward
Succession
This succession conformably overlies the Rossport Formation, a
saline mudflat assemblage (Rogala et al., 2007). The juxtaposition
of sub-aerial mudflat deposits and sub-aqueous, off delta deposits
requires an intervening major hiatus (Rogala et al., 2007).

Fine-Grained Lithofacies Association
The Fine-Grained L.A. overlies the Rossport Formation with an
irregular contact. The overall trend of this lithofacies association
is a series of coarsening-upwards parasequences (Figure 3),
ranging from 5 to 30 m thick (Figure 4A), averaging 20 m,
and composed of alternating beds containing shale and
siltstone with less common very fine-grained sandstone. Most
of the lithofacies are comprised of thin, parallel laminated
siltstones (Figures 4B,C,F–H) overlain by thin mudstones and
sporadic, very fine-grained sandstones with associated shales.
These can be divided into: massive siltstone (Figures 4D,E);
parallel laminated siltstone and contorted, parallel laminated
siltstone (Figures 4F–H) parallel laminated shale and
contorted, parallel laminated shale; parallel laminated
sandstone; ripple laminated sandstone; lensoid layering; and
wispy layering (Table 1 and Figure 4). Mud rip-ups and
dewatering structures are prominent features in the upper half
of this assemblage.

Grey and red, massive siltstone and associated, subordinate
shale dominate the lower portion of the lithofacies association. It
is present as thin layers overlain by mm-scale shale laminae and
successions of such layers, which are intercalated with parallel
laminated shales, siltstones and silt-rich very fine-grained
sandstones. Wispy layered, very fine-grained sandstones are
also associated with the massive siltstones, with the contorted,
discontinuous layers formed by penecontemporaneous water
escape. The parallel laminated siltstones also have abundant
water escape structures, which primarily consist of sills and
dikes, and less common load structures. The parallel laminated
siltstone units are less common in the upper 15 m of the Fine-
Grained L.A. Here the laminae are thicker, with an average
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thickness of 7 mm, and are associated with wave rippled siltstone.
Near the top of the lithofacies association the siltstone and very
fine-grained sandstone laminae range from 0.5 to 2 cm in
thickness. The parallel laminated, very fine-grained sandstones
are not a common lithofacies and are concentrated at the top of
the previously mentioned approximately 20 m thick, coarsening
upwards parasequences that make up the Fine-Grained L.A. They

also become more common in parasequences further up the
succession. These units are all composed of mostly graded
laminae of very fine-grained sands, with associated laminae of
silts and clays. Ripple laminated, very fine-grained sandstone beds
are most common in the middle of this lithofacies assemblage.
They commonly have abundant mud flasers, but are rarely
associated with dewatering structures, due to the destructive

FIGURE 2 | Stratigraphy of the four drill-holes that intersected the deltaic complex. Large-scale coarsening- and thickening-upwards trends are marked as are the
two subsidiary coarsening upward trends in themiddle coarsening upward succession. The location of lithofacies associations ismarked by: F.G.L.A., Fine Grained L. A.;
S.-R. L.A., Silt-Rich L.A.; R.L.L.A., Ripple Laminated L.A.; M.G., Medium Grained L.A.; S.S.L.A., Silty Sandstone L.A.; F.S.L.A., Fine-Grained Sandstone L.A.; V.F.L.A.,
Very Fine-Grained Sandstone L.A.; and P.O.L.A., Poorly Organized L.A. A, B, C and D with brackets refers to more detailed sections present in Figures 3, 6,8,9
respectively.
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FIGURE 3 | Detail of parasequences in the basal portion of the lower coarsening- and thickening-upward succession. The three parasequences in NB-97-02 are
relatively aggradational, whereas the same three parasequences in NB-97-04 are progradational. This highlights that the aspect of parasequence sequencing can vary
due to position of the depositional site relative to the sediment entry point, which controls development of accommodation space. The lowermost parasequence is
coarsest in drill-hole 02 indicating a position closest to the sediment entry point into the subaqueous delta. The upper two parasequences are coarsest in section
04, likely caused by movement of the distributary mouth closer to this area. This positioning would result in shallower water where these two parasequences were
deposited and thus they were more likely to prograde. Location of detailed sections in A depicted on Figure 2. Lensey refers to lensoid layering, which is equivalent to
indistinct lenticular bedding. Wispy layering consists of contorted, thin layer fragments.
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FIGURE 4 | Lithofacies that are common in the lower and middle portion of the lower coarsening- and thickening-upward succession and lower portion of the
upper coarsening- and thickening-upward succession. Core is 4.5 cm wide. (A) Coarsening upward, 30 m thick, progradational parasequence with red mudstone
dominating the lower portion (top of photograph), light red siltstone dominating the middle of the figure and siltstone plus white sandstone present in the top (bottom of
photograph). (B) Layers of parallel laminated clay-rich and clay-poor siltstone. (C) Parallel laminated greenmudstone; light red siltstone; and white, very fine-grained
sandstone. (D,E) Massive layers grading from clay-poor to clay-rich siltstone. Light circular areas are reduction spots where the iron was diagenetically reduced by
organic carbon. (F)Massive, graded laminae with minor loading and sediment injection. Lensoid layering in bottom portion of the core. Horizontal lines were produced by
drill chatter. (G) Dewatering injection. Such features are very common in the fine-grained sediment. (H)Contorted and disaggregated bedding produced by shear stress
generated during slumping. (I) Slump deposit consisting of disaggregated layers.
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nature of the dewatering processes, which tend to transform
ripples into lensoid and wispy layering. Lensoid, very fine-grained
sandstone beds contain sand lenses imbedded in massive and
contorted parallel laminated siltstones and more rarely silt-rich
shale. The lenses represent poorly formed ripples with rounded or
irregular shape. The latter are generally associated with
subsequent wispy layering. The lensoid beds commonly
interlayer with parallel laminated sandstones and siltstones or
wispy layered sandstones. Conversely, red, parallel laminated
shale and contorted, parallel laminated shale are rare and
most abundant in the lower portion of the Fine Grained L.A.
Individual layers of shale commonly cap other units and are
generally no greater than 1 cm thick.

Silt-Rich Lithofacies Association
The Silt-Rich L. A. dominates the middle portion of the lower
coarsening upward succession overlying the Fine-Grained L.A
(Figure 2). The assemblage is composed of interlayered massive,
parallel laminated and convolute laminated, clay-rich siltstones,
and a large portion of ripple laminated, silt-rich, very fine-grained
sandstone units (Table 2 and Figure 4). The first appearance of

medium sized sand grains occurs scattered throughout this
assemblage in the form of cross-stratified and ripple laminated
layers. The lithofacies association is organization into coarsening
upwards parasequences averaging 10 m thick. This lithofacies
association is composed of massive, silt-rich shales; ripple
laminated, silt-rich sandstone; parallel laminated and
contorted, clay-rich siltstone; and parallel laminated and
contorted, silt-rich sandstone.

Ripple laminated, silt-rich, fine-grained sandstones and
parallel laminated siltstones are the most abundant lithofacies
throughout this lithofacies association. The ripples are commonly
associated with mud flasers, 1 mm or less thick, which wisp
between each fine sandstone laminae on the avalanche side of
the ripple. In places wave ripples alternate with convolute
bedding and are associated with distinct water escape and load
structures. Massive siltstone and massive shale units are
composed of the same grain-sized materials present in the
underlying lithofacies association. However, they more
commonly appear together as silt-rich-shales in this lithofacies
assemblage. Parallel laminated and contorted, clay-rich siltstones
commonly cap massive siltstone layers and convolute laminated,

TABLE 1 | Lower coarsening upward succession.

Fine-grained lithofacies association

Amount Lithology Bedform Laminae thickness Layer thickness Depositional process

A Siltstone II Lam/Contorted �X = 0.3 cm �X = 30 cm Rainout

C V.F. Sst II Lam/Cont/Graded 1 cm 25 cm Rainout
P Shale II Lam/Contorted 0.5 cm 10 cm Rainout
P V.F. Sst Rippled 1 cm 7 cm Slow Traction
P V.F. Sst Lensoid 1 cm 5 cm Slow Traction
R V.F. Sst Wispy 1 cm 5 cm Slow Traction

Silt-Rich Lithofacies Association

A Siltstone II Lam/Contorted 0.2 cm 6 cm Rainout
A V.F. Sst Rippled 1 cm 10 cm Slow Traction
C Siltst./Shale Massive — 20 cm Rainout
P V.F. Sst II Lam/Cont 0.3 cm 3 cm Rainout
R F. Sst Cross-Stratified 5 cm 12 cm Fast Traction

Ripple Laminated Sandstone Lithofacies Association

A V.F. Sst Current Ripples/Cont 1 cm 70 cm Slow Traction
C V.F. Sst Wave Ripples 1 cm 20 cm Oscillatory Trac
P F. Sst Wispy 0.3 cm — Slow Traction
P F. Sst Hummocky Cross-Str 0.5 cm 21 cm Oscillatory Trac
P M. Sst Wave Ripples 2 cm — Oscillatory Trac
P F. Sst II Lam/Contorted 0.3 cm — Rainout
P Siltstone Parallel/Laminated 0.3 cm 5 cm Rainout

Medium-Grained Sandstone Lithofacies Association

A M. +F. Sst Wave + Curr. Ripples 1 cm 50 cm Slow Traction
C M. Sst Cross Stratified 10 cm 120 cm Fast Traction
C F. Sst Horizontal Lam 0.7 cm — Very Fast Traction
C F. Sst Lensoid 0.8 cm 50 cm Slow Traction
P M. Sst Massive — 100 cm Slurry Flow
R C. Sst Massive/Graded — 50 cm Slurry Flow
R F. Sst Massive — — Slurry Flow

Amount: A, Abundant; C, Common; P, Present; R, Rare.
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fine-grained, silt-rich sandstones. Also present are rare, cross-
stratified sandstones composed of fine- and medium-grained
sand with mud rip-ups oriented parallel to the laminae. Sand
injections and other water escape structures are common
throughout this lithofacies assemblage and average 2 cm wide.
They increase in abundance upward. Reduction spots 0.5–2 cm in
diameter are very common in the lower half of the drill holes.

Ripple Laminated Sandstone Lithofacies Association
This lithofacies association overlies the Silt-Rich L. A. and
consists of successions displaying a gradual increased in
grainsize and convolute bedding over repeating, 20 m thick,
asymmetric cycles (parasequences). The dominant primary
structural lithofacies features are ripple laminated, very fine-

grained sandstone and siltstone with an abundance of water
escape structures resulting in areas of wispy bedding. Also
present are parallel laminated, fine-grained sandstones to
siltstones, wispy layered fine-grained sandstone in siltstone
and hummocky cros-stratified (H.C.S.) fine-grained sandstone
(Figure 5).

Current ripple laminated, very fine-grained sandstone units
are extremely abundant throughout this lithofacies association.
They commonly transition into lensoid (Figure 5C) or wispy
(Figure 5B) siltstone with deformed sandstone lenses 0.2–0.5 cm
thick, or in the case of wispy layers, swirled laminae that water
escape and loading has made identifying the precursor difficult.
The units range from 20 to 197cm thick, averaging 70cm.
Grainsize fines upwards both within individual layers and

TABLE 2 | Middle coarsening upward succession.

Silty sandstone lithofacies association

Amount Lithology Bedform Laminae thickness Layer thickness Depositional process

A Siltst./Silt-Rich Sst Parallel Lamination �X = 0.7 cm �X = 25 cm Rainout

C V.F. + F Sst Parallel Lamination 0.3 cm 15 cm Rainout
P Siltst./V.F. Sst Lensoid 1 cm 30 cm Slow Traction
P Siltst./V.F. Sst Wispy 1 cm 10 cm Slow Traction
R Silt-Rich F. Sst Wave Ripples 1 cm 4 cm Oscillatory Trac

Fine-Grained Sandstone Lithofacies Association (lower occurrence)

A F. + M. Sst Wave + Current Ripples 1 cm 50 cm Slow Traction
C Fine Sst Lensoid 1 cm — Slow Traction
C Fine Sst Wispy 1 cm — Slow Traction
P Fine Sst Parallel Laminated 0.5 cm 4 cm Rainout
R F. + M. + C. Sst Cross-Stratified 5 cm 5 cm Fast Traction
R Fine Sst Convolute 0.5 cm 100 cm Slump

Fine-Grained Sandstone Lithofacies Association (upper occurrence)

A F. + M. Sst Wispy 1 cm 40 cm Slow Traction
A F. + M. Sst Parallel Lam./Graded 1 cm 50 cm Rainout
C Shale Parallel Laminated 0.2 cm 0.2 cm Rainout
R Fine Sst Wave + Current Ripples 1 cm 27 cm Slow Traction
R Fine Sst Hummocky Cross-Strat — — Oscillatory Trac
R F. + M. Sst Lensoid 1 cm 30 cm Slow Traction
R Medium Sst Cross Stratified 8 cm 8 cm Fast Traction
R Medium Sst Massive/nor.+rev. Graded — 100 cm Slurry Flow

Medium-Grained Sandstone Lithofacies Association (lower occurrence)

A Medium Sst Cross Stratified 8 cm 50 cm Fast Traction
A Medium Sst Massive — 100 cm Slurry Flow
R Medium Sst Parallel Lamination 0.5 cm 100 cm Very Fast Traction
R Medium Sst Lensoid/Wispy 1 cm 30 cm Slow Traction
R Fine Sst Massive — — Slurry Flow
R Shale Parallel Lamination 0.1 cm 5 cm Rainout

Medium-Grained Sandstone Lithofacies Association (upper occurrence)

A Medium Sst Massive — 125 cm Slurry Flow
A F. + M. Sst Cross-Stratified 0.7 cm 150 cm Fast Traction
R Fine Sst Massive — 100 cm Slurry Flow
R Fine Sst Parallel Laminated 0.10 cm 10 cm Very Fast Traction
R Medium Sst Ripples 1 cm 13 cm Slow Traction
R Fine Sst Lensoid/Wispy 1 cm — Slow Traction

Amount: A, Abundant; C, Common; P, Present; R, Rare.
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FIGURE 5 | Lithofacies that are common in the middle and upper portions of the lower and upper coarsening- and thickening-upward successions. Core is 4.5 cm
wide. (A) Less than 1 cm thick layers of parallel laminated siltstone with less than 1 mm thick intervening mudstones. (B) Wispy very fine-grained sand in siltstone. (C)
Lensoid very fine-grained sand in siltstone. (D)Massive and parallel laminated layers of fine-grained sandstone interlaminated with current ripple laminated, fine-grained
sandstone and thin, mudstone drapes. (E) Cross-lamination produced by continuous crested current ripples. The high dip angle of set boundaries denotes rapid
sedimentation from suspension during ripple migration. Silty-clay flasers and drapes accentuate layering. The oval mark is an organic cored reduction spot. (F) Lingoid or
lunate current ripples with flasers. (G) Layers of medium-grained sandstone grading to siltstone with drapes of mudstone that were eroded during subsequent flow
events producing sand-sized clay flakes in the overlying sandstone. Horizontal lines were produced by drill chatter. (H) Layers grading from fine-grained sandstone to
siltstone or mudstone overlain by an area of disrupted layering, probably due to water escape. (I) Core younging from bottom left to top right. This is a transitional area
near the top of the lower coarsening-upward succession with increasing sand content and layer thickness culminating in thick, medium-grained, massive sandstone
layers (e.g. core at the top of the succession at right in this box).
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FIGURE 6 | Strata forming the top of the lower coarsening- and thickening-upward succession. The lower coarsening-upward parasequences in NB-97-02 and
NB-97-04 are overlain by fining upward parasequences. This may reflect the top of the distributary-mouth bar overlain by channel deposits. Hole NB-97-05 ended before
penetrating the coarsening-upward parasequence, but it contains the fining-upward parasequence that overlies it. The upper portion of the strata detailed here is
unstructured in NB-97-02 and NB-97-04, but continues to have a progradational and retrogradational parasequence coarsening and fining cycles in NB-97-05,
possibly reflecting this are reflooding with reestablishment of a bar top distributary system. Location of detailed sections in B depicted on Figure 2.
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FIGURE 7 | Lithofacies that are common in the upper portion of the two large-scale coarsening- and thickening-upward successions containing parasequences.
Core is 4.5 cm wide. (A) Graded, massive and parallel laminated, very fine-grained sandstone and siltstone layers with small-scale erosive scouring and contorted
laminae, probably due to dewatering. (B) A graded fine-grained sandstone layer erosively truncated and overlain by wispy layering. (C) Massive and parallel laminated
medium-grained, graded sandstone layers, with small clayey-silt rip-ups, interlayered with clayey-silt; some of which are also graded. (D) Small-scale hummocky
cross-stratification overlain by ripple lamination in medium-grained sandstone. (E)Wave ripple laminated, medium-grained sandstone with silt and clayey-silt flasers. (F)
Current ripple laminated, fine-grained sandstone with clayey-silt flasers. (G) Coarsening upwards sequence near the top of the upper coarsening- and thickening-
upward succession. The amount of fine- and medium-grained sandstone layers increase upward until they dominate. Bottom is at upper right; top at lower left. (H) Core
from the upper portion of the second coarsening- and thickening-upward succession. Cross-stratified, medium-grained sandstones, on right, separated from massive,
medium-grained sandstones, on left, by thinly layered siltstones and fine-grained sandstones. Bottom is lower left and top is upper right. (I) Core from the floodplain
assemblage where lensoid layered, very fine-grained sandstones and siltstones are overlain by a sharp-sided, medium-grained crevasse splay deposit with a clay
infused top, which in turn is succeeded by parallel laminated shale and clayey-siltstone. Bottom is lower left and top is upper right.
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units. The ripple laminated, very fine-grained sandstones are
commonly associated with convolute bedded, clay-rich, fine-
grained sandstone units with thin mud rip-up layers. Wave
ripple laminated, fine- and very fine-grained sandstones with
mud flasers are interlaminated with 0.1–1 cm thick red shale
layers with abundant water escape structures. These layers are
commonly nested within thicker sections of wispy bedded, fine-
grained sandstone units; parallel laminated fine- and very fine-
grained sandstones; and cross-stratified, fine-grained sandstones.
Wave ripple laminated, medium-grained sandstones are also
present in this L.A as are hummocky cross-stratified (H.C.S.),
fine-grained sandstones. The H.C.S. is commonly overlain by
parallel laminated, very fine-grained sandstone or wave ripple
laminated, fine-grained sandstone. Other parallel laminated, very
fine-grained sandstones grade to parallel laminated, clay-rich
siltstones, which are in places capped with mud drapes or
truncated by wave ripple laminated, fine-grained sandstone.

Medium-Grained Sandstone Lithofacies Association
This lithofacies association primarily lies above the Ripple
Laminated L.A. at the top of the lower coarsening upward
succession (Figure 6). It is largely composed of ripple
laminated and cross-stratified medium-grained sandstone,
lensoid and horizontally laminated, fine-grained sandstone
(Table 1 and Figure 5). Additional lithofacies interlayered in
this association are: massive, fine-, medium-, and coarse-grained
sandstone.

Both current ripples and wave ripples are present, with the
latter forming the upper surface of other sandstone layers. The
current ripples are commonly present within thicker successions
of lensoid laminae, from which they are transitional to and from.
Upper flow regime, parallel laminated, fine-grained sandstone
beds commonly are associated with ripple laminated and lensoid
sandstone. Massive, medium-grained sandstone beds and rarer
fine-grained massive sandstones are also present. The massive,
medium-grained and fine-grained sandstone beds infrequently in
places transition upward into upper flow regime, parallel
horizontal laminated, medium-grained sandstone topped with
a ripple laminated layer. However, the beds are more commonly
followed by cross-stratified sandstone. The cross-stratified,
medium-grained sandstones lack visible dewatering structures
and mud rip-ups, but a few contain large clay blocks, some wider
than the core, imbedded within the cross-stratified laminae. The
coarsest beds in this lithofacies association are massive, coarse-
grained sandstones, which fine upward into medium-grained
sandstone, then fine-grained sandstone. These beds lack visible
dewatering structures but can contain mud rip-ups concentrated
near the layer’s basal contact. Compared to the previous three
lithofacies, massive, fine-grained sandstones rarely occur, but
where present contain a few medium sized sand grains
surrounded in a matrix of fine sand grains.

The Middle, 100m, Coarsening Upward
Succession
The middle coarsening upward succession contains two
subsidiary coarsening upward successions (Figure 2), with

the lower one thicker in the east (NB-97-02), and the upper
one thicker in the west (NB-97-04). In hierarchical fashion, a
number of thinner, coarsening upward parasequences internal
to those are also present. The middle coarsening upward
lithofacies association is composed of three lithofacies
associations (Table 2).

Silty Sandstone Lithofacies Association
This lithofacies association overlies the lower, 150 m thick,
coarsening upward succession. It is relatively thin and
transitions upwards into the Fine-Grained Sandstone L. A.

Parallel laminated siltstone and silt-rich, very fine-grained
sandstone dominates this lithofacies association (Table 2 and
Figure 7A), but in places the granular material is very clay-rich.
Imbedded in this background sediment are lensoid and wispy,
silt-rich very fine-grained sandstones, parallel laminated, very
fine- and fine-grained sandstones and increasing amounts of
wave ripple laminated, silt-rich, fine-grained sandstone near
the upper contact. Unit thickness ranges from 6 to 50cm, with
individual, commonly fining-upwards, laminae averaging less
than 1cm thick. Mud rip-ups are abundant within a few
centimetres of the basal contact of the laminae packages and
in concentrated layers throughout these units. Parallel laminated
siltstone, and very fine-grained to fine-grained sandstone,
containing less silt, are also present. Fining-upwards beds of
parallel laminated, fine-grained sandstone are commonly
associated with wispy, lensoid and wave ripple laminated, silt-
rich, fine-grained sandstone. Frequently these units are present as
single ripple trains. Small dewatering structures, mostly
composed of dikes and sills, and small mud chips are common.

Fine-Grained Sandstone Lithofacies Association
The fine-grained sandstone lithofacies association occurs at
two levels in the middle coarsening upward succession. Its first
appearance is low in the succession, above the Silty Sandstone
L. A. The second occurrence is at the base of the second
subsiduary coarsening upward cycle below the Medium-
Grained Sandstone L. A., at the top of the large-scale
coarsening upwards succession. The lower occurrence is
dominated by rippled, lensoid and wispy, fine-grained
sandstone in the lower reaches and rippled and convolute
bedded fine-grained sandstone near the top; whereas the upper
occurrence is comprised of mostly parallel laminated fine-
grained sandstone and shales (Table 2 and Figure 4).

The lower occurrence has abundant current and wave ripple
laminated layers, commonly composed of a higher
concentration of medium-grained sand than the other
layers. Frequently these units contain thin mud rip-up
layers, water escape structures, mud injections and loading
features. Thinner layers of parallel laminated, fine-grained
sandstone overlain by shale; convolute laminated layers;
cross-stratified, fine-grained sandstone; and coarse-grained
ripple laminated and cross-stratified sandstone are
sporadically present.

The second occurrence is comprised mostly of interlayered
wispy and graded, parallel laminated, fine- and medium-
grained sandstone with shale drapes and rip-ups. Cross-
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stratified and hummocky cross-stratified, medium-grained
sandstone layers and current and wave ripple laminated
fine-grained sandstone are significantly less common.
Massive, medium-grained sandstone are rarely present.
Though rare the massive sandstone units present in this
lithofacies association are distinctive with one reaching

2.3 m thick and containing large mud and silt rip-ups. The
beds are either reverse or normal graded with the latter upward
transitional into parallel laminated, fine-grained sandstone
capped by either cm-scale thicknesses of shale or wave
ripples. This lithofacies association is followed by the
Medium-Grained Sandstone L. A.

FIGURE 8 | Detail of strata present at the top of the middle coarsening-upward succession. The underlying coarsening upward parasequence is overlain by
unstructured distributary-mouth bar top sediments. The interval is dominated by medium- and fine-grained, massive and trough cross-stratified sandstones. The overall
grainsize decreases from NB-97-05 in the northeast to NB-97-04, 4 km to the southwest. Location of detailed sections in C depicted on Figure 2.
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Medium-Grained Sandstone Lithofacies Association
Two occurrences of this lithofacies association are present in
the middle coarsening upward succession of drill-holes NB-
97-02 and NB-97-05 (Figure 2). One occurs near the middle of

the succession and the other caps the succession. Drill-hole
NB-97-04 only contains one assemblage of medium- and
coarse-grained sandstone at the top of the coarsening-up
succession.

FIGURE 9 | Detail of strata in the upper heterogeneous assemblage. Similar to the strata forming the top of the middle coarsening-upwards assemblage grainsize
fines from NB-97-05 in the northeast to NB-97-04 in the southwest (Figure 8). In addition the finer grained sediment in NB-97-04 are is organized into approximately
10 m thick coarsening upwards cycles. Location of detailed sections in D depicted on Figure 2.
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The lower occurrence is dominated by cross-stratified, massive
and parallel laminated sandstones with mud rip-up clasts
(Table 2 and Figure 7). Lensoid layers become more common
in the upper portion of this association. The cross-stratified,
medium-grained sandstones form stacked successions of cross-
stratified lenses 13–93cm thick associated with relatively thinner
massive sandstones. Layers of mud rip-ups are rare in the cross-
stratified sandstone, but common in the massive ones, in places
creating coarse-tail grading. The massive sandstones average
30cm thick and are separated by shale layers less than 1 cm
thick, but lack load features. Some of these medium-grained
sandstones grade upwards into parallel laminated, fine-grained
sandstones. One 355 cm thick massive bed contains in its upper
portion: parallel laminated medium-grained sandstone, which
then grades into cross-stratified medium-grained sandstone and
finally transitions into wispy ripple laminated medium-grained
sandstone increasing in clay content upwards. Also present in the
lower occurrence of this lithofacies association are layers of
parallel laminated, medium-grained sandstones; lensoid and
wispy ripple laminated, medium-grained sand in silt-rich
shale; massive fine-grained sandstone; and parallel
laminated shale.

The upper Medium-Grained Sandstone L.A. at the top of the
100 m thick coarsening upwards succession (Figure 8) continues
its upwards coarsening trend within the association (Figure 7G).
The strata capping the coarsening upward succession in NB-97-
02 are notably coarser grained than those in NB-97-05, which in
turn is coarser grained than NB-97-04 (Figure 8).

The lithofacies association is dominated by thick massive and
cross-stratified sandstones (Figure 7H). The massive sandstones
average 125cm thick and range up to 276 cm thick with shale-rich
tops. Small pebbles occur near the base of some, with pebbles, and
rarer cobbles, in others scattered throughout the layer. Some
massive sandstones are mixtures of medium-, coarse- and fine-
grained sand with no organized internal structure, whereas others
are normal or reverse graded. Successions of massive sandstone
alternate with series of cross-stratified sandstone. The cross-
stratified, medium- and fine-grained sandstones in places have
pebbly sand in their scour fills and some laminae consist of
coarse-grained sand. Stacked successions of troughs reach up to
3 m thick, though most are thinner and separated by cm-scale
layers of shale. The parallel laminated, coarse- and medium-
grained sandstones are graded to parallel laminated, fine-grained
sandstones. Subsidiary units of ripple laminated, medium-

TABLE 3 | Upper heterogenous assemblage.

Very fine-grained sandstone lithofacies association

Amount Lithology Bedform Laminae thickness Layer thickness Depositional process

A V.F. Sst Parallel Laminated �X = 0.3 cm �X = 30 cm Rainout

C V.F. + F. Sst Cross-Stratified 5 cm 5 cm Fast Traction
P Very Fine Sst Wave Ripples 1 cm 5 cm Oscillatory Traction
P Very Fine Sst Lensoid/Wispy 1 cm 20 cm Slow Traction
P V.F. + F. Sst Massive — 25 cm Slurry Flow
R Fine Sst Hummocky X-Strat 6 cm 6 cm Oscillatory Traction
R Shale Massive — 5 cm Rainout

Medium-Grained Sandstone Lithofacies Association

A F. + M. Sst Cross-Stratified 0.5 cm 150 cm Fast Traction
C V.F. + F. + M. Sst Massive — 20 cm Slurry Flow
P F. + M. Sst Lenticular Bedding 2 cm 120 cm Slow Traction
P Fine Sst Lensoid 2 cm 40 cm Slow Traction
R Fine Sst Wispy 0.5 cm 50 cm Slow Traction
R Medium Sst II Lam./Low Angle X-St — — Very Fast Traction

Fine-Grained Sandstone Lithofacies Association

A F. + M. Sst Lensoid 1 cm 30 cm Slow Traction
A Siltst./F. Sst Parallel Laminated 0.3 cm 40 cm Rainout
C F. + M. Sst Current Wave Ripples 2 cm 7 cm Slow Traction
P Medium Sst Massive — 25 cm Fast Traction
R F. + M. Sst Cross-Stratification 0.3 cm 70 cm Fast Traction

Poorly Organized Sandstone Lithofacies Association

A Fine Sst Wispy 0.2 cm 100 cm Slow Traction
C Fine Sst Lensoid 1 cm 5 cm Slow Traction
C Sst./Siltst./Shale Parallel Laminated 0.3 cm 4 cm Rainout
P Silt-Rich F. Sst Wave Ripples 2 cm 8 cm Oscillatory Traction
P F. + M. Sst Massive — 25 cm Fast Traction
P F. + M. Sst Cross-Stratified 0.3 cm 30 cm Fast Traction

Amount: A, Abundant; C, Common; P, Present; R, Rare.
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grained sandstone; massive, fine-grained sandstone; parallel
laminated, fine-grained sandstone; and lensoid and wispy,
fine-grained sandstone with siltstone are also present.

Upper, 100m, Heterogeneous Assemblage
The two thick coarsening-up successions described thus far share
similar lithofacies successions in comparable order of appearance.
This does not apply to the strata forming the upper portion of the
deltaic succession. The lithofacies represented by the rocks in the
upper portion of hole NB-97-02 are somewhat coarser grained
than those in NB-97-05 and considerably coarser grained on
average than those in NB-97-04 (Figures 3, 9); representing a
fining trend to the southwest across 4 km (Figure 2). A further
description of the delta-top strata in drill-hole NB-97-02 is given
in Ielpi et al. (2018), and especially Fralick and Zaniewski (2012).

Very Fine-Grained Sandstone Lithofacies Association
Immediately above the medium-grained sandstone lithofacies
association marking the top of the middle coarsening upward
succession is the Very Fine-Grained Sandstone L.A. In all three
drill cores the lithofacies association displays fining upwards then
coarsening upwards trends. It is coarsest in NB-97-02. Relative to
other lithofacies associations very few mud rip-ups are present.

Parallel laminated, very fine-grained sandstones separated by
thinner siltstone or shale laminae are a common constituent of
this lithofacies association (Table 3). Units average 30cm thick
and are separated by thinner siltstone or shale laminae. These are
interbedded with very fine- and fine-grained, small-scale cross-
stratified sandstones; massive, very fine- and fine-grained
sandstone; and, lensoid and wispy, very fine-grained
sandstone. Layers with well-preserved wave ripples are
common. In some areas, ripples composed of very fine-grained
sandstone appear almost lensoid and are surrounded by shale-
rich siltstone or are draped with mud flasers up to a few cms thick.
One 6 cm thick layer of hummocky cross-stratification is also
present. All of these lithofacies contain siltstone and shale
laminae.

Medium-Grained Sandstone Lithofacies Association
The Very Fine-Grained Sandstone L. A. coarsens upward into
layers of the Medium-Grained Sandstone L.A., and culminating
in drill-hole NB-97-02 with a fining-upward 8.5 m thick
occurrence dominantly composed of massive, medium-grained
sandstones, with minor sections of cross-stratified, medium-
grained sandstones and a 43 cm thick pebble conglomerate
near its base. Massive, medium-grained sandstone beds are up
to 240 cm thick and successions of cross-stratified sandstones
reach 79 cm thick. Minor lensoid, rippled sandstone and silty
shale separate some layers. Minor wispy and parallel laminated,
fine-grained sandstones; lensoid, rippled sandstone; and silty
shale are also present as thin layers.

The medium-grained sandstone section in drill-hole NB-97-
05 lacks the large units of massive, medium-grained sandstone
greater than 2 m thick present in NB-97-02, but does have several
moderately thick medium-grained, cross-stratified sandstone
beds. These have clay-rich, fine-grained sandstone laminae,
mud drapes, and, one or two ripple trains on their upper

surface. The first desiccation cracks appear associated with this
succession. The trough cross-stratified sandstones are
interlayered with ripple laminated, medium- and fine-grained
sandstone lenses in encasing siltstone, averaging 120cm thick.
Rare fine-grained, massive sandstones up to 50cm thick and thin,
fine-grained, wispy and parallel lamination are also present.

The occurrence of the Medium-Grained Sandstone L. A. in
drill-hole NB-97-04 contains more cross-stratified sandstone
and lensoid sandstone units than the other drill core. The
overall grain-size is finer than in NB-97-02 and -05. The cross-
stratified sandstones average 150cm thick and are composed of
varying amounts of fine- and medium-grained sand. They are
interlayered with lensoid, very fine-grained sandstone units
averaging 40cm thick; massive, medium-grained sandstones,
which are less than 50cm thick; or parallel laminated and low
angle cross-stratified sandstone. The lensoid sandstone
successions are up to 208cm thick with fine-grained
sandstone ripples in siltstone. The massive sandstone
average 10cm thick and are composed of very fine-, fine-
and medium-grained sand. The finer grained sandstone
layers grade upwards to siltstone and layers of massive and
parallel laminated shale are also present.

Fine-Grained Sandstone Lithofacies Association
The Fine-Grained Sandstone L. A. lies immediately above the
Medium-Grained Sandstone L. A. in drill-holes NB-97-02 and
NB-97-04. This lithofacies is coarsest in NB-97-02 and fines
upwards in both drill-holes. Composed largely of thick
successions of fine- and very fine-grained sandstones, this
lithofacies association also has isolated interlayered areas of
siltstone and a few thin layers of medium-grained sandstone.
Very few mud rip-ups are present, relative to other lithofacies
associations.

In drill-hole NB-97-02 this lithofacies association is
dominated by ripple laminated sandstone. Medium- and fine-
grained sand lenses and contorted wisps imbedded in silt are the
most common unit. They are interlayered with current ripple
laminated, medium-grained sandstones and wave ripple
laminated, fine-grained sandstones. They have sharp contacts
with other units and contain abundant mud rip-ups near these
areas. In places these units alternate with parallel laminated
siltstone, massive siltstone and massive shales.

Parallel laminated, fine-grained sandstones and siltstones
dominate the fine-grained sandstone lithofacies in drill-hole
NB-97-04. They average 40cm thick with well sorted laminae,
which can be either normal or reverse graded. These units are
commonly found present interlayered with parallel laminated
shale and lensoid, fine-grained sandstone. Rare cross-stratified,
medium- and fine-grained sandstones, some capped with ripple
laminae, are also present.

Poorly Organized Sandstone Lithofacies Association
This lithofacies association forms the upper most assemblage
in all three drill-holes (Figure 2) and is overlain by aeolian
sandstone of the Nipigon Bay Formation. It is not dominated
by any type of lithology but constitutes a mixture of units with
differing grainsize and sedimentary structures. Overall, mud
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rip-ups and dewatering structures and sand injections are very
common within this lithofacies assemblage.

Wispy, silt-rich, fine-grained sandstones are the most
frequently occurring unit (Table 3). The layers lack a well-
organized internal structure with the ripple lenses deformed by
water escape. Lensoid sandstones have better defined internal
layering, consisting of approximately 1cm thick, ripple lenses
of very fine- and fine-grained sand in silt. They are abundant
but do not occur in large continuous units, but rather, are
isolated pods or lenses surrounded by generally parallel
laminated or wispy silt-rich shale. Graded, parallel
laminated sandstone, siltstone and shale are more common
in drill-hole NB-97-04. They are interlayered with wispy, silt-
rich, fine-grained sandstone, and wave rippled siltstone and
fine-grained sandstone.

The coarsest units in this lithofacies association are cross-
stratified and massive sandstones with mixtures of fine-to
medium-grained sand and, very rarely, coarse sand. Some of
these 20–30 cm thick massive sandstones are graded with
increasing clay content near their tops (Figure 7) and
development of protosols in their upper few centimeters (Fralick
and Zaniewski, 2012). They are more common in drill-holes NB-97-
02 and NB-97-05.

SEDIMENTOLOGY: DEPOSITIONAL
SYSTEM

An expansive literature on deltaic deposits, both ancient and
modern, exists and it is beyond the scope of this paper to review it
all for comparison purposes with this deltaic assemblage.
Therefore, most of this discussion centers on the similarities
and differences the Sibley Delta has with a modern example; the
Mississippi Delta. TheMississippi was chosen because: 1) it is well
vegetated and is located in a humid, sub-tropical area (Coleman
and Wright, 1975; Coleman et al., 1998) compared with a humid
near equatorial location for the Sibley Delta (Robertson, 1973); 2)
it is comparable in size to the Sibley delta, with large
progradational parasequences, due to major lobe switching,
50–150 m thick for the Mississippi (Fisk et al., 1954; Coleman
and Wright, 1975) and 100–150 m thick for the Sibley; 3) it has
comparably sized small-scale parasequences, produced by
crevasse deltas formed in interdistributary bays, 3–16 m thick
for the Mississippi (Elliot, 1974; Coleman and Wright, 1975) and
10 m thick for the Sibley; 4) and a large volume of research has
been published on the Mississippi, including pictures of core
(Coleman and Prior, 1980, 1982) that can be used for comparison.

Rogala et al. (2007) recognized that the strata in the Kama Hill
and Outan Island Formations were deposited in a deltaic
environment and divided it into a prodelta, distal bar,
distributary-mouth bar and floodplain-channel assemblage.
They recognized slump block conglomerates (c.f. Klein et al.,
1972; Coleman and Prior, 1980) and slump scars filled with slide
blocks (c.f. Nemec and Steel, 1988; Fralick and Miall, 1989); the
presence of wave ripples and hummocky cross-stratification
indicating wave modification; and low-angle, cross-stratified
sandstones capping the distributary-mouth bar, similar to

beach deposits capping modern Mississippi delta sand bars
(Coleman and Prior, 1980). Thus, a framework has already
been laid for further discussion.

Prodelta
Prodelta deposits form the furthest offshore deltaic sediments.
They are deposited by rainout from suspension in inter- and
over-flows and reflect the sediment and water supply of the
source river and its fluctuations through time (Reading and
Collinson, 1996). This is manifested in the sediment record by
sedimentation from rainout dominating over layers with
evidence of deposition from traction currents (Table 1 and
Figure 2). Coleman and Prior (1982) observed parallel
lamination in alternating finely-graded silts and clays in
prodelta sediments of the Mississippi, which were
highlighted by slight colour changes caused by varying
content of organic matter.

The Fine-Grained L. A. forms the Sibley prodelta up to where
it transitions into distal bar deposits (shale/siltstone on Figure 2).
The main lithofacies within this association are: 1) massive
siltstone; 2) parallel laminated siltstone; 3) parallel laminated
shale; 4) sporadic, parallel laminated and ripple laminated, very
fine-to fine-grained sandstone; 5) lensey or wispy siltstone and
sandstone (Figure 4). These fine-grained lithofacies (Table 1) are
present in other pre-vegetation prodeltas, such as the
Mesoproterozoic Açurua Formation in present day Brazil,
which is dominated by: 1) massive, wavy, and parallel
laminated shale with siltstone and fine-grained sandstone; 2)
massive or 3) parallel laminated, fine- to coarse-grained
sandstone; and very fine- to fine-grained, rippled sandstone
(Magalhaes et al., 2015).

Layers of ripple laminated sandstone probably represent larger
than average flood events in the fluvial system that allowed the
hyperpycnal underflow to extend into the prodelta area.
Alternatively some may be the result of geostrophic flow
below storm wave base transporting sand from the
distributary-mouth bar onto the prodelta (e.g. Piper and
Panagos, 1981).

Compared to the numerous slump deposits present on the
Mississippi prodelta (Coleman and Prior, 1982; Lindsay et al.,
1984), possibly reflecting a higher slope, the Sibley prodelta has
far fewer slumps, though they are present (Figure 4H, I) (Rogala
et al., 2007). In addition numerous smaller post-depositional
modifications, such as fluid escape structures and sediment
loading are present (Figure 4G). The former was also noted in
the Mississippi prodelta sediments and attributed to excess pore
fluid pressures (Coleman and Prior, 1982).

The deposits formed by physical sedimentation processes are
similar in the Sibley and Mississippi prodelta assemblages. The
main differences relate to the low abundance of organic matter in
the Sibley deposits. Bioturbation is non-existent, providing a
better record of sedimentary structures than in cores of
Mississippi sediment (Coleman and Prior, 1982). Without
organic debris mixed with the Sibley sediment low reduction
potential Eh levels could not develop. The organic-rich, black to
dark brown clays of theMississippi prodelta contrast with the red,
oxidised clays and siltstones of the Sibley Delta. Only scattered
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reduction spots record the presence of inconsequential amounts
of organic carbon; further evidence for limited mid-Proterozoic
primary productivity (Crockford et al., 2018).

Distal Bar
The transition from the distal bar to the prodelta occurs where
the sediment plume exiting the distributary mouth during an
average flood event deposits enough sediment to lower its
density and become buoyant. Shoreward of this zone ripple
laminated, coarse silt and fine-grained sand will record the
importance of hyperpycnal driven underflows in the distal bar
(Coleman and Gagliano, 1965; Fisher et al., 1969; Wright and
Coleman, 1974).

Distal bar deposits are found on the seaward sloping margin of
the distributary-mouth bar, and overlie the pro-delta sequence
vertically and landward (Coleman and Prior, 1982). They coarsen
from the pro-delta, with an increased concentration of ripple
laminated silts and sands (Coleman and Prior, 1982). The lower
portion of the Sibley Delta distal bar is dominated by the Silt-Rich
L.A. (Figure 2 and Table 1) in the Lower Coarsening Upward
Succession and the Silty Sandstone L.A. (Table 2) in the Middle
Coarsening Upward Succession. The upper strata of the distal bar
are dominantly current ripple laminated, very fine-grained
sandstone (Figure 5E, F) of the Ripple Laminated Sandstone
L.A. (Table 1) in the Lower Coarsening Upward Succession and
the Fine-Grained Sandstone L.A. (Table 2) in the Middle
Coarsening Upward Succession. Hummocky cross-stratified
fine-grained sandstones are present but not abundant
(Figure 7D).

These assemblages are similar to distal bars of the Mississippi,
which, in their lower areas, are composed of parallel laminated
silts and clays with numerous thin graded and ripple laminated
sand and silt layers (Coleman and Prior, 1980; Coleman and
Prior, 1982). Small burrows cause some bioturbation and shell
fragments are common. Higher in the Mississippi distal bar
deposits of a variety of structures associated with both
oscillatory and unidirectional currents become much more
common (Coleman and Prior 1982). These consist of ripple
lamination, starved current ripples, small scour and fill
structures and graded sand layers (Coleman and Prior, 1982).
The Sibley distal bar deposits are similar to this and also similar to
the distal bars in the lower Naeringselva Member of the
Båsnaering Formation, which is dominated by: 1) parallel
laminated mudstone; 2) current-rippled siltstone; 3) structure-
less mudstone; and 4) wave-rippled, fine-grained sandstone
(Pickering, 1984). In addition it is similar to the pro-delta to
distal delta-front facies in the Aҫurua Formation (Magalhaes
et al., 2015).

Mud flasers, both wavy flaser bedding and bifurcated wavy
flaser bedding (definition of Reineck and Wunderlich, 1968),
and sub-millimeter clay drapes are very common in the ripple
laminated, coarse-grained siltstones and fine-grained
sandstones (Figures 5, 7D-F). Though flaser bedding is
commonly associated with tidal currents (Reineck and
Wunderlich, 1968; Terwindt and Breusers, 1972; Reineck
and Singh, 1973) it has also been described in ephemeral
fluvial channel deposits (Martin, 2000) and perennial point

bar deposits (Bhattacharya, 1997). More significantly, ripple
lamination in offshore deposits of the Mississippi Delta
commonly have very similar flaser bedding, lenticular
bedding and thin clay drapes developed (Coleman and
Prior, 1982). The only significant difference is that the
Mississippi cores have organics mixed with the clay flasers
and laminae, and are reduced, whereas those in the Sibley
Delta are oxidized. Although, aside from the effects of biota,
the lamination types in the prodelta and distal bar are very
similar to those of the Mississippi Delta, a conspicuous
difference exists. Small, red mud chips are present in the
sediment of the Sibley Delta. This is similar to the Sibley
floodplain deposits (Fralick and Zaniewski, 2012, Figure 6;
Ielpi et al., 2018; Figures 8I,J) where the lack of vegetation
caused increased drying conditions on the uppermost layer of
sediment generating large quantities of small mud chips.
Probably horton overland flow and floodplain inundation
and drainage during overbank flow also delivered these
intraformational mud chips to the distributary channels,
which flushed them offshore.

Distributary-Mouth Bar
Distributary mouth bars are areas of shoaling associated with the
seaward terminus of a distributary channel, and result from a
decrease in velocity and the subsequent reduction in carrying
capacity of the river as it leaves its confined channel and enters the
open-body of water, resulting in rapid deposition of sediment
(Coleman and Prior, 1982; Reading and Collinson, 1996). Due to
the shallow nature of the overlying water they are subject to
extensive wave reworking.

The Fine-Grained Sandstone L.A. marks the first distributary
mouth bar deposit in the Outan Island Formation. It contains
rippled, lensoid, wispy, and parallel laminated, fine-grained
sandstone, and parallel laminated shale. Ripple laminations,
convolute bedding, probably caused by slumping, and rarer
cross-stratification, some of which is hummocky, plus thick
reverse and normal graded, massive, medium-grained
sandstones are present higher in the distributary-mouth bars.
The upper half of the distributary-mouth bars are dominated by
the Medium-Grained Sandstone L.A. Cross-stratified, massive
and parallel laminated, medium-grained sandstone gains
importance here. Finer grained lithologies are present as
lensoid and wispy ripple laminated medium-grained
sandstone, massive fine-grained sandstone and parallel
laminated shale. Superimposed on this overall trend
progradational parasequences, averaging 6.5 m thick, are present.

This contrasts with the distributary-mouth bars of the
Mississippi Delta. They are dominated by fine-grained
sandstone with ripple laminae and contorted laminae
interlayered with silt and silty-clay. Near the bar tops small-
scale cross-stratification becomes more pronounced (Coleman
and Prior, 1982). The Sibley distributary-mouth bars have, on
average, coarser sands and bedforms characteristic of higher flow
velocities. This results in a steeper energy gradient between the
distributary-mouth bar and the distal bar. To facilitate delivery of
coarser sediment the Sibley fluvial system required either a higher
slope or was prone to more variable and higher discharge events.
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The greater heterogeneity of layer thicknesses, grainsizes and
sedimentary structures in the Sibley Delta indicates the latter was
the control (e.g. Fielding et al., 2018). Especially the presence of
massive, fine- and medium-grained sandstone layers, up to
355 cm thick, is compatible with high-discharge events
containing large sediment loads. These layers can be normal
or reverse graded and where normal graded commonly progress
from massive to parallel laminated to cross-stratified to rippled,
or a portion of this sequence. Others are non-graded, and some
are poorly sorted. The graded layers with Bouma sequences
(Bouma, 1962) are classic turbidites and the other variations
can be interpreted using that as a base. Massive, non-graded sands
have been interpreted as either freezing of sandy debris flows or
continuous deposition by a high density turbidity current with a
basal layer of hindered settling due to grainflow or liquefied/
fluidized processes (Stow et al., 1994). The reverse graded
examples were probably transported in part by, and deposited
under the influence of, dispersive pressure in a highly
concentrated flow (Lowe, 1982). The normally graded massive
sandstones are typical A division turbidites (Bouma, 1962; S3;
Lowe, 1982) deposited due to an unsupported collapsing
dispersion (Allen, 1991) and a high sedimentation rate
(Walton, 1967). Additionally, researchers have defined four
differing processes that can occur in a high-concentration,

basal flow layer which lead to deposition of a massive bed.
These are deposition from a basal: traction carpet (Dzulynski
and Sanders, 1962; Hiscott, 1994; Sohn, 1997; and; Cartigny et al.,
2013); layer of laminar flow (Middleton and Hampton, 1976;
Postma et al., 1988); collapsing laminar sheared layer (Vrolijk and
Southard, 1997); and quick bed (Middleton, 1967; Parkash and
Middleton, 1970). In addition a low concentration, sheet flow
basal layer can also lead to deposition of massive sand
(Hernandez-Moreira et al., 2020). These processes can be
active during resedimentation of slumped material. In addition
to slump generated currents hyperpycnal flows originating during
flood events in fluvial systems and flowing in sub-aqueous
channels down the delta front into deep water have been
described as depositing massive layers (e.g. alpine lakes: Sturm
andMatter, 1978; Lambert and Giovanoli, 1988). More applicable
examples come from fan deltas (Massari, 1984; Dabrio and Polo,
1988; Massari and Parea, 1990; Nemec, 1990), and in particular
fjords of British Columbia (Kostaschuk, 1985; Parea et al., 1987;
Bornhold and Prior, 1990; Zeng et al., 1991; Bornhold et al.,
1994). There, turbidity currents have been recorded travelling
down sub-aqueous channels from the delta top. These deposited
successions of massive, meter-scale, fine and medium-grained
sands (Zeng et al., 1991). They were probably generated as highly
concentrated underflows (Prior et al., 1987). This work was

FIGURE 10 | Schematic block diagram depiction of the sedimentary system responsible for the deltaic deposits. The positions of NB-97-02, NB-97-04 and NB-
97-05 are where they would be at the end of deposition of the deltaic system. The side branches off the main channel represent levee failures supplying sediment to the
distributary-mouth bar (drill-hole NB-97-05) and interdistributary bays (B; drill-hole NB-97-04). The proximal distributary-mouth bar (C; drill-hole NB-97-02) is dominated
by medium- and coarse-grained, massive sandstone and cross-stratified medium-grained sandstone, whereas further offshore on the distributary-mouth bar (D)
fine-grained sandstones become more numerous. Hyperpycnal flows (underflows) dominate sedimentation on the distal bar (E), whereas hypopycnal flows (overflows)
dominate the prodelta (F).
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expanded on by Bornhold et al. (1994) who discovered that
sediment that built up during low flow conditions in fluvial
channels and distributary-mouth bars was swept onto the
steep delta slope and down sub-aqueous channels during
floods. These systems transported the sediment into deep
water settings. The Sibley Delta thick, massive sandstones are
most prominent in the proximal distributary-mouth bar
sediments, a low slope area of shallow water. However, though
the mechanism supplying energy to the flowmust be different the
process may be similar. Alluvial fans present on the east side of
Laguna de Bustillos in the foothills of the Sierra Madre of
northwest Mexico have small aeolian dunes migrating across
the surface that fall into dry stream channels during the dry
season (personal observation, PWF). During the beginning of the
rainy seasonmid-afternoon downpours remobilize the sand plugs
as slurry-like flows down the channels and deposit the sand as
sheets on extensive sandflats dipping at extremely low angles into
the lake. A similar process, initiated by large floods, possibly
remobilized sand, which had accumulated in Sibley fluvial
channels during low, or no, flow events could have produced
the massive sandstone beds up to 355 cm thick (e.g. Martin and
Turner, 1998; Muhlbauer and Fedo, 2020). The rapid
sedimentation from suspension would not allow any
reworking into laminations (Walton, 1967; Allen, 1991).

A lack of macrophytic biota are more noticeable in this sub-
environment. Normally near the top of distributary-mouth bar
deposits there is an increase in organic matter from the floodplain
and river which form “coffee grind deposits” (Coleman and Prior,
1982). Also large pieces of organic matter concentrate on the
channel-proximal distributary-mouth bar as this is the shallowest
portion of the distributary-bar area. However these deposits are
not present in the Sibley distributary mouth bar because there was
limited organic matter to deposit.

Interdistributary Bays
Distributary-mouth-bar deposits are generally overlain by
either interdistributary bay or distributary channel deposits
(Coleman and Gagliano 1964, 1965; Coleman and Wright,
1975; Coleman and Prior, 1982). Modern interdistributary bay
deposits include areas of open water within the active delta
which may be completely surrounded by marsh or distributary
levees, and partially open to the sea. Interdistributary bay
deposits of the Mississippi Delta consist of 3–16 m thick,
stacked, asymmetric, coarsening- and thickening upwards
cycles (Coleman and Gagliano, 1964; Coleman and
Gagliano, 1965; Coleman and Wright, 1975; Coleman and
Prior, 1982). These progress upwards from parallel
laminated, organic-rich, silts and silty clays to sandy
stringers intercalated with the latter, to thin sand layers
which are graded or rippled, to cross-stratified sands
interlayered with ripple laminated silty sand, and finally
emergent organic-rich marsh deposits (Coleman and Prior,
1982). The 10 m thick asymmetric, coarsening- and
thickening-upwards cycles overlying the distributary-mouth
bar deposits in drill-hole NB-97-04 (Figure 9) are very similar
to these interdistributary bay deposits. Sediment in the lower
area of the lower parasequence depicted in Figure 9 belong to

the Silt-Rich L.A. with predominantly clay-rich siltstone and
shale interlayered on the millimeter-to centimeter-scale.
Ripple lamination becomes more prevalent upwards,
especially in layers of fine-grained sandstone, which also
gain in importance upwards. The upper parasequence
begins with wispy layered, very fine-grained sandstone and
progresses upward to cross-stratified, fine-grained sandstone.
Combined they form a progradational parasequence set and
probably represent progressive cyclic infilling of the
interdistributary bay. The lack of terrestrial macrophyte
debris in the Sibley interdistributary bay deposits is the only
feature that distinguishes them from those of the Mississippi.

Delta Top
Following a rapid decrease in grainsize a coarsening-upward
trend exists above the top of the distributary-mouth bar
sediments of the upper coarsening and thickening-upward
assemblage (Figure 2). This gives the appearance of another
distal bar to distributary mouth bar cycle, especially as the
upper coarse-grained interval in NB-97-04 and NB-97-05 both
contain a layer of low-angle, cross-stratified, fine-grained
sandstone, which may represent an interdistributary beach
at the top of the bar. This contrasts with NB-97-02, which
contains a similar coarsening upward succession but it
climaxes at its top with an 8.5 m thick fining upward
succession with an extraformational conglomerate at its
base. The 20 m thick succession below it and separating it
from the top of the distributary-mouth bar contains
desiccation cracks. Thus, here it is probable that the bar is
overlain by floodplain that is incised by a fluvial channel.
Numerical modelling by Almeida et al. (2016) predicted that
such pre-vegetation channels formed in low slope
environments (e.g. delta tops) would have more bank
cohesion, be deeper, and possibly meandering, compared to
sheet-braid channels common in higher slope fluvial systems
without macrophytes. The channel system on the Sibley delta
top conforms to this prediction. None of the distributary-
mouth bar deposits have fluvial channel sediments erosively
cuting into them, therefore making it likely that the drill-holes
went through an area away from the main channel. NB-97-02
was closest to that channel and as the channel built out past the
bar overbank flow deposited floodplain sediments on the bar
top. NB-97-05 and NB-97-04 were laterally further away from
the river mouth so the sediment bypass resulted in finer
grained sediments being deposited on the bar top there
until overbank flow, and in the case of drill-hole NB-97-04
probably crevasse splays, built sub-aerial conditions out into
those areas. However, the location of drill-hole NB-97-04 was
distant enough from the main channel that restricted
sedimentation resulted in its reflooding and developing a
series of interdistributary bay fill cycles, with the prograding
parasequence sets averaging 10 m thick. Sediment deposited
on the sub-aerial delta top is described and interpreted further
in Ielpi et al. (2018) and Fralick and Zaniewski (2012).

The succession of sediments overlying the distributary-mouth
bar contrasts more than other Sibley sub-environments with the
Mississippi Delta. The organic-rich costal swamps, marshes and
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wet-land sediments of the latter are absent, with profound effects
on the nearshore depositional systems of the former. The
highstand surfaces at the top of the bay-fill parasequences,
lacking organics, are more condensed. The sub-aerial
sediments overlying the distributary-mouth bar are quite
heterolithic and vertically variable, lacking the stabilizing
effects of vegetation. For further discussion of these and other
effects see Fralick and Zaniewski (2012) and Ielpi et al. (2018).

SEQUENCE STRATIGRAPHY

Sequence stratigraphic nomenclature of Coe and Church, (2005)
is used here. For a further discussion of terminology see: Miall
(1997), Posamentier and Allen (1999), and Catuneanu (2006).

The effects of sequence stratigraphy are most visible in the
coastal to shallow marine realm (Coe and Church, 2005). This is
reflected in the Kama Hill – Outan Island delta system, which
formed on cratonic crust covered by an eperic sea or by an
extremely large lacustrine area inland from the cratonic edge. The
delta comprises a large-scale progradational system with offshore,
fine-grained sediment at its base and various sub-aerial
environments at its top, which were overlain by aeolian dune
fields. The entire deltaic assemblage is the thickest member of a
hierarchy of asymmetric stratigraphic cycles.

Parasequences form the smallest asymmetrical
stratigraphic cycles. The lower and middle portions of the
first coarsening- and thickening-upward succession are
organized into 5–30 m thick parasequences that coarsen
upwards from shale to fine-grained sandstone (Figures 3,
4A). They are generally correlatable between the drill-holes.
These are caused by either: an increase in sediment delivery to
the area, or a fall in relative sea-level. As repositioning of
distributary sediment feeder systems, either by rapid avulsion
or incremental channel switching is a common attribute of
deltaic systems, it is likely that channel repositioning to a
location better able to deliver sediment to this offshore area
was the cause of the initiation of parasequences in this system.
Individual parasequences were generally ended abruptly
because of a decrease in sediment supply and development
of a flooding surface; though that nomenclature is misleading
as this portion of the delta is all sub-aqueous. This can be
explained by the channel moving away from the area. Most of
these parasequences form a progradational parasequences set,
which builds up to the distributary-mouth bar at the top of the
lower coarsening- and thickening-upward succession.

The final progradational parasequence of the set is overlain by
a fining upward, retrogradational parasequence (central area of
Figure 6). This represents an increase in accommodation space
and/or a phased-in decrease in sediment delivery. A step-wise
avulsion through time of the feeder distributary channel would
result in the offshore retrogradational parasequences as
progressively more sediment exited during floods through a
levee breach. The lower coarsening- and thickening-upward
succession is abruptly overlain by a flooding surface and the
beginning of the middle coarsening- and thickening-upward
succession.

The Middle Coarsening-Upward Succession is composed of a
large-scale progradational parasequence set of two thick
parasequences. The lower one is thicker in the northeast and
the upper one is thicker in the southwest. This gives the
appearance of two overlapping depositional lobes forming the
Middle Coarsening-Upward Succession. These are further
composed of thinner parasequences averaging 10 m thick.
These progradational parasequences end abruptly with the
coarser and thicker sandstones of the distributary-mouth bars,
which do not exhibit parasequence development (Figure 8).
Heterogeneous delta top deposits overlie the distributary-
mouth bar, with uncommon, thinning- and fining-upward
channel sandstones (e.g. Figure 3, 75–83 meters, of Fralick
and Zaniewski, 2012) forming the only well structured, meter-
scale zones in drill-holes NB-97-2 and NB-97-5 (Figure 9). Their
retrogradational appearance probably represents the progressive
diversion of water and sediment away from that distributary
channel through a deepening levee breach into another
developing distributary channel. The interdistributary bay
deposits of drill-hole NB-97-4 contain a progradational
parasequence set composed of 2, 10 m thick parasequences
(Figure 9). As described earlier, these represent infilling
events, probably the result of progressive levee breaching
providing sediment access to, and eventually filling, an
interdistributary bay. These would be matched by upward
fining (retrogradational) parasequences in the proximal
distributary mouth bar, e.g. similar to those at the top of the
distributary mouth bar in Figure 6. In this scenario the flooding
surface separating the interdistributary bay coarsening- and
thickening-upwards parasequences would have been produced
by deposition self-sealing the levee break and sediment starvation
plus subsidence causing reflooding of the area. Another
progressive levee break would produce the overlying
progradational parasequence.

Putting this deltaic succession into a larger sequence
stratigraphic context is difficult. In deltaic settings changing
sediment supply is an important factor in determining
progradational and retrogradational assemblages. If a relatively
constant subsidence rate and eustatic sealevel are assumed all of
the depositional cycles present in the core studied here can be
explained by changes in sediment supply rate; i.e. autocyclic
changes that are common in deltaic environments. Coe and
Church (2005) note that in systems with very high sediment
supply accommodation space will be overwhelmed with detritus
even during intervals of sea-level rise leading to aggradational and
retrogradational parasequences not being able to develop.
Without these a very large amount of stratigraphic control is
necessary to identify complete sequence stratigraphic cycles.

Fitting sequence stratigraphic nomenclature to the
progradational successions that are present on Figure 2
highlights the problems. The Lower Coarsening-Upwards
Succession has the characteristics of a highstand systems tract
where decreasing accommodation space leads to parasequence
progradation (Figure 3). Though, regressions caused by sediment
supply being greater than subsidence rate with a constant sea-
level do not easily fit into sequence stratigraphic nomenclature,
which is based on an absolute sea-level change. This is highlighted
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by what happened next in the stratigraphy. The sequence
boundary overlies the highstand systems tract and is denoted
by the development of retrogradational parasequences (Figure 6).
In modern deltas this transition is due to lobe abandonment by
the fluvial system and wave reworking of the now sediment
starved area (Penland et al., 1988). Next the falling stage
systems tract should be present, except it cannot develop if a
sea-level drop does not cause a forced regression (Coe and
Church, 2005). The lowstand systems tract also cannot
develop as sediment starvation combined with subsidence
induced flooding cause’s transgression rather than regression.
This results in the sequence boundary, transgressive surface and
maximum flooding surface all occurring in the uppermost
distributary mouth bar (Figure 6) and adjacent area of fine-
grained sediment above it. The transgressive systems tract comes
next, but instead of reflecting drowning of the delta,
accommodation space is only created in the disused lobe while
progradation and a highstand systems tract operates in the newly
formed lobe.

The main problem is that in sequence stratigraphy changes in
depositional style is conceptualized as driven by changes in
absolute sea-level. This is commonly thought of as following a
sine curve progressing from highstand systems tract, ending with
a sequence boundary at the top of the curve and then continuing
through falling stage systems tract, lowstand systems tract and
transgressive systems tract up to highstand systems tract again.
However, in deltaic systems where the primary variable is rate of
sediment supply, rather than sea-level change, as a lobe progrades
and an area becomes closer to the river mouth sediment supply
increases. This continues until channel avulsion causes an abrupt
decrease in sediment supply leading to subsidence rate gaining
importance and increasing accommodation space. Thus, a
condensed sequence develops until channel avulsion moves a
river mouth into a position where it can deliver sediment to the
area and start the development of progradational parasequences
again. In this type of system the falling stage to highstand
transgressive system tract nomenclature is at best misleading
and at worst inapplicable.

CONCLUSIONS

The large-scale structure of the Mesoproterozoic Sibley Delta
consists of a lower, 150 m thick, coarsening- and thickening-
upward succession, an upper, 100 m thick coarsening- and
thickening-upward succession, both representing delta lobe
progradation, overlain by an interdistributary bay – floodplain
– channel assemblage (Figure 10). Delta lobe progradation
and abandonment was probably controlled by sediment supply
from a distributary channel resulting in decreased
accommodation space culminating in channel extension and
leading to avulsion restricting sediment supply to the delta
lobe. Subsidence, low sediment supply and increasing
accommodation space produced a condensed sequence until
further distributary channel avulsion increased sediment
supply causing the second lobe to prograde. Internally the
lobes are composed of progradational parasequence sets that

decrease in thickness upward through the lobe, averaging 20 m
in the prodelta 10 m in the lower distributary-mouth bars and
only 6.5 m near bar tops. This may be the result of decreased
accommodation space causing increased erosive removal or
bypass of sediment.

The scale of the delta is similar to the modern, highly
vegetated, Mississippi Delta system and therefore it was used
for comparison. The prodelta of the Sibley Delta is mostly
composed of graded and/or parallel laminated, thin layers of
siltstone and shale deposited from suspension in hypopycnal
flows during intense discharge events. Closer to the river mouth
most flows retained enough sediment to be hyperpycnal and
deposited very fine-grained sand with current ripples forming the
distal bar. Wave reworking, and the production of oscillatory
ripples, was also common in this environment. The grainsizes,
layer thicknesses and sedimentary structures in both of these
deltaic sub-environments are similar to those in the modern
Mississippi Delta. The main differences are the lack of infauna
causing bioturbation of the fine-grained layers and the relative
scarcity of organic matter in general limiting the content of
reductants in the sediment and leading to the highly oxidized
sediment delivered from the fluvial system not being reduced.

The distributary-mouth bars in the Sibley Delta are somewhat
coarser grained and contain a larger amount of higher velocity
bedforms than those of the Mississippi. However, the most
conspicuous difference is the presence of thick massive fine-
and medium-grained sandstone beds in the Sibley bars, especially
near the bar top, proximal to the distributary mouth. These
represent mass-flow deposits with the sediment kept in
suspension by turbulence and to a lesser degree dispersive
pressure. They may have formed from a two-step process
where 1) sand accumulated in the distributary channels during
low or no flow periods due to the slow current causing the
channel to partially infill, or aeolian sand dunes migrating over
the floodplain cascaded into the channel. 2) During a major flood
the water surging down the channel entrained a large amount of
the sand creating a slurry flow which exited the distributary
mouth and rapidly decelerated depositing a thick, massive bed.

As the distributary channel extended into the basin it did not
cut through the distributary-mouth bar in any areas later
penetrated by the drill-holes. NB-97-02 received the largest
amount of medium- and coarse-grained sand, indicating the
distributary-mouth bar there was closest to the river mouth.
The distributary-mouth bar in drill-hole NB-97-04 is overlain by
a series of progradational parasequences similar in thickness and
location to interdistributary bay deposits of the Mississippi
system (Coleman and Gagliano, 1964; Coleman and Gagliano,
1965; Coleman and Wright, 1975; Coleman and Prior, 1982).
Individually they record the progressive change from deposition
of fine rainout deposits, mostly sourced from floods overtopping
the levees, to entry into the bay of sands sourced from a deepening
levee break. As the sandy fan built upward it would have self-
sealed the levee, diminishing the sediment supply to the crevasse
fan, and ongoing subsidence and erosion would have
progressively drowned it.

With some important exceptions, the sub-aqueous portion of
this delta is comparable to theMississippi system. From this it can
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be inferred that the sub-aerial fluvial system likely shared
similarities with lower width to depth ratio rivers rather than
typical braided systems. This is consistent with the dominance of
floodplain sediments on the Sibley Delta top with only one 8.5 m
deep channel present in the 170 m of core through this sub-aerial
environment. This agrees with numeric modelling that predicted
low slope pre-vegetation fluvial channels would be deeper and
possibly meandering compared to higher slope sheet-braid
channel systems (Almeida et al., 2016). Thus, this delta system
has substantial differences with most of the non-vegetated fan
and braid deltas described in the majority of literature listed in the
Introduction. Though the type of non-vegetated delta represented
by the Sibley Delta may have been rare prior to the Devonian
Period, given the correct circumstances it, obviously, could
develop.
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