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ABSTRACT: ~ Stratigraphy is often interpreted within hierarchical, or scale-dependent, frameworks that subdivide deposits based
on distinct jumps in characteristics such as duration of deposition or scale. While the interpretation is logically valid, few studies
quantitatively demonstrate that the jumps exist. Rather, recent work has quantitatively shown some characteristics of
stratigraphy to be fractal, or scale invariant. Compensational stacking, the tendency for sediment-transport systems to
preferentially fill topographic lows, is a concept widely used in stratigraphic interpretation. Here we use the compensation
index, a metric that quantifies the strength of compensational stacking in sedimentary deposits, to describe the architecture of
stratigraphy exposed in outcrops of submarine-fan strata in the Carboniferous Ross Sandstone representing contrasting
architectural styles: (1) predominantly lobe elements and (2) predominantly channel elements. In both datasets, the
stratigraphic architecture is classified into hierarchical classes of beds, stories, and elements. Results are the following. First, at
both sites we document statistically significant increases in the strength of compensation across larger hierarchical levels
supporting the use of hierarchical interpretations of stratigraphy. It is therefore plausible for some characteristics of
sedimentary systems to be hierarchical and others to be fractal. Second, we document that lobe elements stack more
compensationally than channel elements. We interpret this pattern to document that compensation increases along a

longitudinal transect through this distributive submarine fan.

INTRODUCTION

Throughout history humans have classified naturally occurring
phenomena into hierarchical, or scale-dependent, structures (e.g.,
phylogeny, Darwin 1861; human needs Maslow 1943) and engineered
hierarchy into virtually every aspect of our lives (e.g., governments,
roadways, computer networks). It is therefore no surprise that
stratigraphers, in an effort to link stratigraphic architecture to
depositional processes, subdivide the stratigraphic record into hierarchi-
cal units ranging in scale from laminae (Campbell 1967) to entire basin-fill
successions (Mitchum et al. 1976). These classifications are based on
distinct jumps, or scale-dependent changes, in characteristics such as
duration of deposition, size, number of crosscutting relationships, and
number of superimposed stratal bodies across hierarchical levels. Of
particular importance to those studying landscape evolution and reservoir
architecture are the mesoscale units, which we define as those larger than
the lamina—laminaset hierarchy of Campbell (1967) and smaller than
systems tracts of Brown and Fisher (1977). Several competing classifica-
tion schemes exist for mesoscale units in submarine settings (e.g., Mutti
and Normark 1987; Gardner and Borer 2000; Pyles 2007; Deptuck et al.
2008; Prelat et al. 2009; Prelat et al. 2010). While there are important
differences between the schemes, all utilize similar descriptive compo-
nents, including nature of bounding surfaces, external form, internal
lithofacies distributions, and stacking patterns, which define units having
either descriptive or interpreted genetic significance (Prather et al. 2000).
Debate exists with regard to the underlying cause of hierarchy in
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stratigraphy, with some arguing that it develops from cyclicity in
boundary conditions that operate over a range of timescales (Einsele
et al. 1991), while others argue that it develops from autogenic processes
operating over a range of timescales (Hoyal and Sheets 2009).

With the exception of duration of deposition (Jackson 1975), scale (e.g.,
Gardner and Borer 2000; Pyles 2007; Deptuck et al. 2008; Pyles et al.
2010) and organic richness (Sageman et al. 1998), few studies
quantitatively demonstrate that characteristics change across hierarchical
levels. In a critical review of the largely interpretive and qualitative nature
of hierarchical models, Schlager (2004) used shape analysis of clinoforms
of varying scale to demonstrate a fractal, or scale-invariant, pattern. As
fractal and hierarchical order are mutually exclusive conditions, Schlager
(2004, p. 195) concludes orders of hierarchy “seem to be subdivisions of
convenience rather than an indication of natural structure” and
recommends future work to focus on a disciplined statistical character-
ization of spatially varying units. Schlager (2010) further demonstrates a
scale-invariant pattern when sedimentation rates, rates of change of
accommodation, and the power of sea-level changes are compared to
observation span.

Compensational stacking is the tendency of deposits to preferentially
fill topographic lows, smoothing out topographic relief by “compensat-
ing” for the localized deposition of discrete units. This tendency is
interpreted to result from reorganization (i.e., avulsion) of the sediment-
transport field to minimize potential energy associated with elevation
gradients (Mutti and Normark 1987; Stow and Johansson 2000). Early
models by Mutti and Sonnino (1981) and Mutti and Normark (1987)
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describe depositional units resulting from compensational stacking. They
interpret these units to record sediment-transport fields fixed over short
time intervals, resulting in lenticular deposits with positive surface relief.
The boundaries between units are interpreted to record avulsions which
redirect the sediment-transport field to local topographic lows. This
interpretation qualitatively supports a hierarchical, or scale-dependant,
organization to compensation. A diagram of hierarchical compensation is
shown in Figure 1A. In contrast, Deptuck et al. (2008) used high-frequency
seismic data to interpret a distributary channel-lobe system offshore
Corsica. They interpret the geometry and stacking of small-scale units to
mimic that of large-scale units so a lobe can be constructed of equally
compensational units over multiple spatial scales (see their figure 17). This
interpretation is shared by Prelat et al. (2010, their figure 2). Although
hierarchical terms are used by these authors, their interpretations and
diagrams support a fractal or scale-invariant organization to compensa-
tion. A diagram of fractal compensation is shown in Figure 1B.

Recently, Straub et al. (2009) developed the compensation index, a
metric that quantifies the degree of compensation in sedimentary deposits
by comparing observed stacking patterns to simple, uncorrelated stacking.
This method uses the rate of decay of spatial variability in sedimentation
between picked depositional horizons with increasing vertical stratigraphic
scale. This approach allows identification of specific time and space scales
relevant to stratigraphic architecture (Wang et al. 2011).

In this paper, we examine for the first time the mesoscale architecture
of submarine stratigraphy in superbly exposed outcrops with a modified
version of the compensation index to test for statistically significant
differences in the strength of compensation between deposits of varying
scale when classified in a hierarchical framework. Additionally, we
examine how strength of compensation varies between predominantly
channelized and predominantly unchannelized submarine settings in each
hierarchical class in order to test how compensation varies spatially in
submarine fans.

Submarine-fan deposits are ideal for this type of analysis due to the
strongly aggradational nature of the morphological evolution relative to
more progradational settings (i.e., deltaic deposits). The high degree of
aggradation and strongly depositional nature of flows results in thick
deposits with discrete individual surfaces that can be traced over long
distances, rather than being repeatedly dissected by later deposits
(Normark et al. 1979; Peakall et al. 2000; Macdonald et al. 2011). In
addition, submarine fans occupy a critical place as the terminal sink in
source-sink transport systems and host many large producing petroleum
reservoirs (Weimer and Link 1991).

GEOLOGICAL SETTING

The Carboniferous Ross Sandstone crops out on sea-cliff exposures of
Loop Head Peninsula, western Ireland (Fig. 2). The formation was
deposited in the actively subsiding Carboniferous Shannon Basin
(Martinsen et al. 2003; Pyles 2008). The Ross is one of four siliciclastic
lithostratigraphic units that fill the basin (Fig. 2). Rider (1974) used trace
fossils, lithofacies, stacking patterns, and stratal architecture to interpret
the Ross Sandstone as sand-rich turbidites deposited in a submarine fan.
Later work by Collinson et al. (1991), Chapin et al. (1994), Elliott (2000),
Martinsen et al. (2000), Sullivan et al. (2000), Wignall and Best (2000),
Lien et al. (2003), Martinsen et al. (2003); Pyles (2007, 2008), Pyles and
Jennette (2009), Pyles et al. (2011), and Macdonald et al. (2011) support
this interpretation.

DATA AND METHODOLOGY

The Ross Sandstone is notable for having some of Earth’s best exposed
and most laterally persistent outcrops of submarine-fan deposits. Two
exceptionally well exposed outcrops, representing distinctive architectural
styles, are located on the southern coast of Loop Head Peninsula (Fig. 2):
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Fic. 2.—Geologic map of Loop Head Peninsula, County Clare, Ireland. The
Ross Sandstone crops out on coastal exposures around the perimeter of the
peninsula. The rose diagram represents paleocurrent measurements collected from
flutes, grooves, ripples, and channel-margin orientations at all stratigraphic
positions and from all parts of the outcrop belt, revealing a modal sediment
transport direction to the north. Map and rose diagram are modified from Pyles
(Pyles 2008).

(1) Kilbaha Bay and (2) Rinevella Point. Kilbaha Bay contains strata
from the middle Ross Sandstone whereas Rinevella Point contains strata
from the lower part of the upper Ross Sandstone (Pyles 2008). Figures 3
and 4 contain depositional-strike-oriented correlation panels and
photographs of the exposures. The correlation panels were constructed
by correlating, through direct observation, all mappable stratigraphic
surfaces between closely spaced (9 to 28 m) stratigraphic columns. The
columns document stratal boundaries, physical sedimentary structures,
and grain size at 2 cm resolution.

Two types of architectural elements are recognized in the studied
outcrops: (1) lobe elements and (2) channel elements. The terminology
used herein is similar to that used for channel deposits by Gardner and
Borer (2000), Pyles (2007), and Pyles et al. (2010) and for lobe deposits by
Ghibaudo (1980), Pyles (2007), Pyles and Jennettte (2009), Deptuck et al.
(2008), Prelat et al. (2009), Prelat et al. (2010), and Macdonald et al.
(2011).

Lobe elements contain flat to weakly erosional lower bounding surfaces
and planar to broadly convex-upward upper bounding surfaces (Figs. 3,
5). Erosion is related to megaflutes, and the location of the maximum
amount of erosion underlies the axis, the thickest part, of the element
(Fig. 3C). In contrast to channel elements, the amount of erosion in lobe
elements does not scale to the thickness of the element. Lobe elements
contain distinctive upward and axis-to-margin changes in lithofacies
(Figs. 3, 5). The axes, or thickest part, of lobe elements most commonly
contain thickening- and coarsening-upward successions of beds that
commonly locally overlie megaflutes, with the lower beds containing
interbedded, thin-bedded, laminated shale with thin-bedded sandstone
that are overlain by interbedded, thin-bedded sandstone with laminate
shale, which are in turn is overlain by thick-bedded, amalgamated,
structureless sandstone and to a lesser degree structureless sandstone with
shale clasts, and planar-laminated sandstone. The thick, amalgamated
beds in the upper, axial parts of lobe elements laterally become thinner,
deamalgamate, and transition into thin-bedded sandstone with laminated
shale and eventually laminated shale with thin-bedded sandstone toward
the margins of the lobe element. Pyles (2007) measured the dimensions of
all well exposed lobe elements in the Ross Sandstone and calculated an
average thickness of 2 m and an average aspect ratio of 1100:1. Kilbaha
Bay contains predominantly lobe elements (Fig. 3).

Lien et al. (2003) interpret these tabular units as splays that resulted
from gravity currents spilling laterally out of channels at sharp bends. We
favor the lobe interpretation, because the units: (1) have sediment
transport directions similar to those of stratigraphically adjacent channel
elements, (2) are similar in thickness to channel elements (Pyles 2007), (3)
have the same grain-size distributions as channel elements (Fig. 3), (4) are
an order of magnitude greater in proportion than channel elements (Pyles
2008), and (5) display all of the characteristics described for lobe elements
elsewhere in the Ross Sandstone where channel elements are not present,
such as at Kilcloher Cliff and Dunmore Head (Pyles 2008), and at Ross
Bay (Macdonald et al. 2011).

Channel elements contain erosional, concave-upward lower bounding
surfaces and planar upper bounding surfaces except where they are locally
eroded (Fig. 4). The amount of erosion scales to the thickness of the
element. Channel elements contain distinctive axis-to-margin changes in
lithofacies (Figs. 3, 5). The axes, or thickest parts, of channel elements
commonly contain a lower shale-clast conglomerate overlain by thick-
bedded, amalgamated, structureless sandstone and to a lesser degree
structureless sandstone with shale clasts and large-scale cross-stratified
sandstone. These beds laterally thin, deamalgamate, and transition to
thin-bedded sandstone with laminated shale and laminated shale with
thin-bedded sandstone toward the margin. Surfaces within channel
elements are commonly locally erosional. Pyles (2007) measured the
dimensions of all well exposed channel elements in the Ross Sandstone
and calculated an average thickness of 4 m and an average aspect ratio of
~ 60:1. Rinevella Point contains predominantly channel elements
(Fig. 4).

In an effort to unify hierarchical designations for channels and lobes we
apply a common three-level hierarchy based on the Pyles (2007)
hierarchical classification for channels in the Ross Sandstone (Figs. 3,
4): (1) bed, (2) story, and (3) element. The hierarchical terms are used as
modifiers to the architectural style (e.g., channel story, channel element).
Table 1 compares the hierarchical terms used herein with those of selected
other studies. A bed is interpreted to be the product of a single
depositional event (Campbell 1967), such as a turbidite resulting from a
turbidity current. Photographic and diagrammatic examples of beds are
shown in Figure 5. The correlation panels document beds to cluster into
larger units whereby all beds in the larger units have similar lithofacies
associations and the location of the axes, or thickest part, of vertically
adjacent beds are superimposed. At this location, the boundaries between
beds are commonly amalgamated, meaning that sandstone in adjacent
beds is juxtaposed due to centimeter-scale erosion. Lateral to this site,
beds are separated by shale laminae. Successive beds become thicker and
coarser grained in an upward transect through the unit. Following the
work of Friend et al. (1979), we refer to these units as stories.
Photographic and diagrammatic examples of stories are shown in
Figure 5.

Figures 3, 4, and 5 document stories grouping into larger units whereby
all the stories in the larger unit have similar lithofacies associations, and
the location of the axes of vertically adjacent stories are nearly
superimposed (Fig. 5). At this location the boundaries between stories
are commonly amalgamated due to decimeter-scale erosion. Lateral to
this site, stories are separated by shale beds. Successive stories become
thicker and coarser grained in an upward transect through the larger unit
(Fig. 5). Following the work of Pyles (2007) for channels in the Ross
Sandstone and Macdonald et al. (2011) for lobes in the Ross Sandstone,
we refer to these units as elements. Photographic and diagrammatic
examples of elements are shown in Figure 5. The boundaries between
stratigraphically adjacent elements record abrupt and relatively large-
scale changes in (1) the location of the axes of the elements, (2) lithofacies,
(3) bedding style, and (4) paleocurrent direction (Figs. 3, 4). Other studies
such as Gardner and Borer (2000), Pyles (2007), Deptuck et al. (2008),
Prelat et al. (2009), and Pyles et al. (2010) document a larger hierarchical
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Fic. 5.—Photographic examples of beds, stories, and elements for A) lobes at Kilbaha Bay and B) channels at Rinevella Point. In both examples, beds stack to build
stories and stories stack to build elements. Yellow triangles represent beds, orange triangles represent stories, blue triangle represent elements. C) Schematic diagram of
the hierarchical classification used herein for channels and lobes. The diagrams are based on observations from outcrops in the Ross Sandstone. These two contrasting
architectural styles are interpreted to represent proximal and distal parts of a distributive network, respectively (Sullivan et al. 2000).
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TaBLE 1.— Table documenting our interpretation of how hierarchical terms used in this article compare to those in selected other studies. In this study,
hierarchial terms are used as modifiers to the types of architectural elements (e.g., lobe story and lobe element ).

Lobes Channels
This study,
This stud Prelat et al. Deptuck et al. | Macdonald et Pvles et al Gardner and Pyles et al.
y (2009, 2010) (2008) al. (2011) y2007) ’ Borer (2000) (2010)
Channel

D

% N/A Lobe Complex | Lobe Complex N/A N/A Conduit N/A
32 _

T O ¢
5 & o 5 Lobe . Lobe Composite N/A Channel* Channel Channel
B 98Tw® Complex Lobe Complex Complex Complex
SOET®
TB5 2&s . _
;lj S i ;f Lobe Element | Lobe Element | Lobe Element | Lobe Element Channel Single-Story Channel
N _g 209 Element Channel Element
2328
& C*-% -% Lobe Story N/A N/A N/A Channel Story Geobody Channel Story
529 <
£8 o

_g; Lobe Bed Bed-Bedset |Bed to Bed-Set Bed Channel Bed Bed Bed

*beyond the scope of this study

classes (i.e., complexes; Table 1). These hierarchical levels are not
analyzed herein, because they commonly exceed the thickness of the
outcrops in the Ross Sandstone.

STATISTICAL COMPARISON

To quantify the strength of compensation at each hierarchical level, for
the two outcrops described above, we use a modified version of the
compensation index developed by Straub et al. (2009). The compensation
index, k, is a measure of the rate of decay of the standard deviation of
sedimentation divided by subsidence, o, between depositional horizons
with increasing vertical stratigraphic averaging scale:

r(T;x) 2 2
s(T)= (J o dL) 2

where r(T;x) is the local sedimentation rate measured over a
stratigraphic interval T, x is a horizontal coordinate, L is the total length
of the cross section analyzed, and #(x) is the local long-term
sedimentation (or subsidence) rate. Straub et al. (2009) demonstrates
that o, decreases with T, following a power law trend:

o=aT " (2)

where a is a leading coefficient. Figure 6A diagrammatically describes
how g, diminishes with increased temporal and spatial scales. At short
time scales ( ¢1), subsidence is small and sedimentation is local, resulting in
a poor fit between sedimentation and subsidence. However, at large time
scales (f,), subsidence increases, but due to the lateral mobility of
transport systems the deposit covers a larger fraction of the basin,
resulting in a better fit between sedimentation and subsidence.

Whereas the thickness of sedimentation between two stratigraphic
surfaces is easy to measure, quantifying the amount of subsidence that
occurred over the time that separates the two surfaces is more
challenging. For the basins analyzed in Straub et al. (2009) subsidence
was either exactly known or inferred. Characterizing the spatial structure
of subsidence between each mapped stratigraphic surface at the field sites
analyzed in this study is not possible due to their short time windows of
deposition relative to long-term paleo-subsidence rates (30 cm/ky:

Strogen et al. 1996). As a result we are not able to calculate compensation
indices in the method outlined in Straub et al. (2009). As a proxy for o,
we measure the coefficient of variation, CV, in deposition between two
stratigraphic surfaces:

2
cv= J Aras _
L Anyp

12

dL (3)

where 45(x)4p 18 the local deposit thickness between stratigraphic

surfaces 4 and B and An 4 p is the mean deposit thickness between
surfaces 4 and B measured over L. The coefficient of variation allows us
to characterize the variability in local deposit thickness standardized as a
fraction of mean thickness, thus allowing us to compare deposit stacking
patterns across many thickness scales. A modified compensation index,

Kcy, is the exponent in the power-law decay of CV with increasing Ay AB:

CV=adn 5" (4)

where «a is a leading coefficient in the relationship. In this application ¢y
values of 0.0, 0.5, and 1.0 represent pure persistence in deposition trends
(anti-compensational stacking), uncorrelated deposition increments, and
purely compensational stacking of deposits, respectively. Unlike the
formulation of « in the study by Straub et al. (2009) the formulation of
kcy in Equations 3 and 4 assumes uniform and constant subsidence rates,
and as such the shape of the deposit is influenced only by the
morphodynamics of the sediment routing system (Fig. 6B). For the
outcrops examined in this study, where the ratio of outcrop width to
basin width is relatively small (~ 0.01-0.03, = 5% using basin
dimensions from Pyles 2008), we believe that this assumption is
justifiable. Figure 6 schematically documents how the decay of CV as a
function of mean deposit thickness is similar to the decay of g, as a
function of time. A recent study compared the decay of o, and CV for an
experimental deposit constructed in a basin undergoing uniform and
constant subsidence and documents nearly identical values for k and k¢
suggesting in such situations that CV is a good proxy for a,, (Wang et al.
2011).
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Fic. 6.—Schematic diagram modified after Lyons (2004) showing compensa-
tional stacking of lobe elements. A) Compensation as quantified with o, and the
balance between sedimentation and subsidence in a basin improves over time. In
the block diagrams illustrating basin history, subsidence (indicated by arrows) is
temporally constant but spatially variable. Sedimentation, represented by lobe
elements of different color, is both temporally and spatially variable. The balance
between sedimentation and subsidence for an arbitrary cross section at the two
time steps is represented graphically below each block. At the earliest time, ¢,
subsidence is small and sedimentation is local, resulting in a poor fit between the
two. However, through time the amount of subsidence increases and the
sedimentary system occupies a larger fraction of the total area resulting, at later
time 7, in an improved fit between sedimentation and subsidence. Taking the ratio
of sedimentation over subsidence pointwise across the basin for each time step
produces ratio distributions with decreasing standard deviations over time. B)
Compensation as quantified with CV; the sedimentation pattern through time
tends to decrease in lateral variability due to reorganization of the sediment
transport system to fill in topographic lows. Sedimentation, represented by lobe
elements of different color, is both temporally and spatially variable. The decrease
with time of depositional variability when normalized by mean deposit thickness
for an arbitrary cross section at the two time steps is represented graphically below
each block. At the earliest time, #;, mean deposit thickness is small and
sedimentation is local, resulting in a poor fit between the two. However, over
larger time scales mean deposit thickness increases and the sedimentary system has
an opportunity to occupy a larger fraction of the total area. As a result, at time 7,
the fit between mean deposit thickness and local deposit thickness improves at all
locations in the basin. Taking the ratio of local sedimentation over mean
sedimentation pointwise across the basin for each time step produces ratio
distributions with decreasing CV over time.

Basm
History

Sedimentation L

The stratigraphic surfaces in Figures 3 and 4 are grouped into three
hierarchical classes (beds, stories, elements) at each field site, resulting in
six data sets. We calculate CV using measurements of An(x),p at
horizontal increments of 0.5 m for every possible pairwise combination of
surfaces in each data set, allowing us to define ¢y for mean stratigraphic
thicknesses of 0.05-15 m. In our analysis we include only surfaces with
widths > 50 m because this produces a statistically significant number of
thickness measurements to characterize CV for a pair of surfaces.
Further, we calculate only CV for pairs of bed surfaces bounded between
successive story boundaries and for pairs of story surfaces bounded
between successive element boundaries. Finally, we note that compensa-
tion can occur at larger hierarchical scales (i.e., complexes), but this scale
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is not captured in our analysis. Figure 7 shows CV scaled against mean
interval thickness for the six populations. All populations contain a log-
log linear decay of CV with increasing An 4 which is used to calculate
Kkcy for each population. For the Kilbaha Bay outcrop, we measured ¢y
values of 0.49, 0.87, and 1.01 for beds, stories, and elements, respectively.
For the Rinevella Point outcrop, we measured kcp values of 0.43, 0.68,
and 0.81 for beds, stories, and elements, respectively.

To assess the differences in k¢ between each population, we calculate
error associated with data regression. Mean k¢ and associated errors are
determined by bootstrapping analysis (Efron 1979). Reported error
values represent 95th percentile confidence levels for each dataset (Fig 7).
Error analysis documents statistically significant differences between
calculated r ¢y values for each population.

DISCUSSION

Data shown in Figure 7 documents that strength of compensation
increases with hierarchical level in both the Kilbaha Bay (predominantly
lobe elements) and Rinevella Point (predominantly channel elements)
outcrops. These observations quantitatively document the strength of
compensation to increase with hierarchical levels interpreted in the
outcrops. If compensation were fractal, beds, stories, and elements would
share similar k¢ values as small- (beds) and large-scale (elements) units
would stack similarly (Fig. 1). We hypothesize that punctuated shifts in
kcy between hierarchical levels result from scalar differences in various
allogenic forcings and autogenic processes, which are set by inherent
scales of the transport system (Einsele et al. 1991; Hoyal and Sheets 2009).
We propose that bed-scale stacking in channel elements is influenced by
the size of flows and the width of the channel whereas bed-scale stacking
in lobe elements is influenced by focusing from the updip, genetically
related channel, meaning that while lobes have no lateral boundary
condition (i.e., channel walls) the location of the sediment transport field
is laterally constrained, or focused, by the fixed updip channel that feeds
sediment to the lobe element. Furthermore, we propose that larger,
element-scale stacking results from processes such as avulsion, which have
longer time and space scales, and are possibly influenced by different
morphodynamic properties of the system. These properties could include
allogenic forcings such as frequency of flow events, long-term sediment
supply, subsidence rate, and the size and shape of the basin and/or
autogenic processes including superelevation and the development of
lateral slopes of the channel-lobe element due to sedimentation (Straub
and Mohrig 2008; Prelat et al. 2010; Macdonald et al. 2011). These scale-
dependent dynamics are imprinted in the stratigraphic record and
quantitatively manifested as the punctuated shifts in x¢p with scale
(Fig. 7). The increase in k¢y with hierarchical scale also indicates an
increase in stratigraphic organization with scale as k¢y values near 0.5
indicate random stacking patterns, while k¢ values near 1.0 represent
organized stacking of deposits with pure compensation (Straub et al.
2009).

Indeed some aspects of stratigraphy, such as shape of clinoforms
(Schlager 2004), are fractal or scale invariant; however, other aspects,
such as compensation, are hierarchical. Therefore grouping stratigraphy
into hierarchical units sometimes captures natural structure and is not
necessarily a subdivision of convenience.

Furthermore, our analysis documents that strata at Kilbaha Bay
(predominantly lobe elements) stack more compensationally than strata
at Rinevella Point (predominantly channel elements) for each hierarchical
level (Fig. 7). This pattern is interpreted to result from the enhanced
mobility of unconfined lobe elements relative to their channel-element
counterparts. Beds and associated gravity currents in channels are
laterally confined by the walls of the channel, whereas beds associated
with gravity currents in lobes have little-to-no lateral confinement,
allowing them to spatially expand, thereby responding more easily to
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lateral slopes developed by depositional trends, despite focusing by the
genetically related updip channel. Additionally, this pattern is interpreted
to demonstrate that compensation varies spatially in distributive settings.
Sullivan et al. (2000) interprets the contrasting architectural styles
between Rinevella Point (predominantly channel elements) and Kilbaha
Bay (predominantly lobe elements) to reflect proximal and medial parts
of a distributive submarine network, respectively (Fig. 5C). It is plausible
that the differences in compensation between these two data sets reflect
that compensation increases along a longitudinal transect through this
distributive submarine fan.

APPLICATIONS

This study provides justification for using hierarchical frameworks for
characterizing some aspects of stratigraphic systems. Results can be used
to constrain rules for event-based stratigraphic models (e.g., Pyrcz et al.
2005), whereby sedimentation is dictated by empirically defined patterns,
such as compensation. These models can be used by the oil and gas
industry for making production forecasts through fluid-flow simulations.

The documented patterns also have applications to the oil and gas
industry by improving one’s ability to predict static connectivity in
deepwater reservoirs. In an effort to relate stratigraphic architecture
described in outcrops to reservoir characteristics, Funk et al. (2012)
defined two metrics for static connectivity: (1) margin connectivity and (2)
sand-on-sand connectivity. Margin connectivity (Cm) is the fractional
length between two stratigraphically adjacent elements not obstructed by
a barrier. Sand-on-sand connectivity (Cs) is the fractional length of sand-
on-sand contacts between two stratigraphically adjacent elements.
Figure 1 shows diagrammatic examples of hierarchical and fractal
compensation. The two stacking patterns result in fundamentally
different static connectivity. Figure 1A shows smaller units to stack
vertically, or anti-compensationally, whereas larger units are shown to
stack more compensationally—a hierarchical pattern similar to that
documented herein (Fig. 7). In this example static connectivity is
relatively high in small units and relatively low in large units. In contrast,
Figure 1B shows small units and large units to stack equally compensa-
tionally, a fractal pattern, resulting in low static connectivity at all scales.

channel elements (Rinevella Point).

CONCLUSIONS

This article demonstrates that subdivision of stratigraphy into
hierarchical units (e.g., beds, stories, elements) through field observations
results in groupings with quantitatively different degrees of compensa-
tion. These results are interpreted to document that: (1) hierarchical
divisions based on compensation are justified, and (2) compensation
increases along a longitudinal transect through this distributive subma-
rine fan. We recommend future studies to: (1) use this approach to test
compensation in more submarine-fan deposits, (2) test if this concept
translates to fluvial and deltaic strata, (3) examine how the strength of
compensation varies in the third dimension, (4) use quantitative analyses
to determine which characteristics of the stratigraphic record are
hierarchical and which are fractal. Results from this study and others
like it will significantly improve our ability to make predictions of
stratigraphic architecture, thereby reducing uncertainty in the exploration
and production of resources from sedimentary systems.
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