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ABSTRACT

Burrowing organisms alter sedimentary textures, influence cement distribution, and affect
petrophysical characteristics of carbonate strata. Although many descriptions of carbonate
successions reference bioturbation, quantitative data on spatial variability of trace fossils are rare,
and fewer studies address trace-fossil influence on postdepositional modification of sedimentary
deposits, which affects petrophysical properties. To address these unknowns and determine the
controls on ichnology in carbonate shoreface successions, this study evaluates the distribution of
sediment and bioturbation in recent, Holocene, and Pleistocene shoreface deposits on the leeward
margin of Crooked-Acklins Platform (CAP), southern Bahamas. Results illustrate north—to-south
along-strike variability on this margin. The extant north margin shelf is characterized by poorly
to moderately sorted, very fine—fine, skeletal-peloid-ooid sand with an average of 16% mud (<
62.5 um), and is moderately to intensely bioturbated (ii3—6). Trace assemblages are diverse, and
include horizontal tracks and trails, abundant horizontal deposit-feeding and locomotion traces,
as well as dwelling and resting burrows (e.g., Arenicolites, Conichnus, Thalassinoides)
attributable to the proximal Cruziana Ichnofacies. South margin shelf deposits are well-sorted,
medium ooid-peloid sand with < 1% mud, and display a range of bioturbation, from
nonbioturbated to moderately intense bioturbation (ii1—4). Trace-fossil assemblages exhibit low
ichnodiversity, and are dominated by vertical dwelling burrows with reinforced wall linings (e.g.,
Ophiomorpha, Skolithos), attributable to the Skolithos Ichnofacies. Earlier Holocene and
Pleistocene strata show similar proximal-to-distal and along-strike variations in sediment
attributes, ichnodiversity, and bioturbation intensity. These trends are interpreted to reflect a
progressive, north—to-south increase in energy reflecting the change in margin orientation

relative to the direction of dominant wave energy, analogous to the modern system. Results show
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relations among biologic processes (i.e., feeding, dwelling, resting, locomotion) of benthic
organisms that produce a range of ichnofabrics, thereby altering depositional texture (i.e.,
primary porosity) as well as lateral and vertical facies patterns. This study provides an integrated
conceptual model for sedimentologic-ichnologic processes and patterns of sediment
accumulation on carbonate shorefaces that may be distinct from siliciclastic analogs, insights

applicable to interpreting and modeling ancient reservoir analogs.
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INTRODUCTION

Carbonate platforms and shelves are common throughout the geologic record and exhibit
complex sedimentologic and stratigraphic patterns (e.g., Wilson 1975; James 1983; Read 1985).
Numerous studies have documented sedimentary facies and developed conceptual models of
carbonate platform and shelf depositional systems (summarized in Wilson 1975; James 1983;
Read 1985; Schlager 2005). Although sedimentologic aspects of shorefaces of both modern and
ancient carbonate settings are well documented (e.g., Lloyd et al. 1987; Burchette and Wright
1992; Harris et al. 1993; Aurell et al. 1995, Rankey et al. 2009; Rankey 2014), few studies
systematically describe and characterize the paired nature and distribution of sediment, traces,
and ichnofabrics within these systems (e.g., Shinn 1968; Farrow 1971; Ekdale et al. 1984; Curran
and White 1987, 1991; Monaco and Giannetti 2002; Knaust 2007). Such integrated
characterization is important because syndepositional biological and diagenetic processes can
markedly alter carbonate sedimentary fabrics (e.g., Tedesco and Wanless 1991; O’Leary et al.
2009; Knaust 2009, 2010), and modify the distribution of porosity and permeability, which in
turn influence reservoir quality (e.g., Gingras et al. 2004; 2007; Pemberton and Gingras 2005;
Tonkin et al. 2010; La Croix et al. 2013; Eltom and Hasiotis 2019; Eltom et al. 2019). For
example, numerous oil fields produce from carbonate reservoirs with biogenically mediated
permeability zones (e.g., Ordovician Bighorn Dolomite—Zenger 1992, 1996; Ordovician
Yeoman Formation—Gingras et al. 2004; Pemberton and Gingras 2005; Mississippian Midale
Beds—Keswani and Pemberton 2007; Jurassic Arab Formation, Ghawar Field—Pemberton and
Gingras 2005). Each of these fields displays bioturbation-enhanced or decreased porosity and
permeability, influencing overall reservoir quality and production.

In this context, the purpose of this study is to compare and contrast carbonate facies and

traces in Pleistocene, Holocene, and modern carbonate shoreface deposits on Crooked-Acklins
1



Platform (CAP), southeastern Bahamas (Fig. 1). Results characterize sedimentologic and
ichnologic variability through comparative analysis and interpretation of modern and ancient
deposits. Incorporating the ichnology within the context of geomorphic position, depositional
setting, and hydrodynamic processes of carbonate shoreface environments reveals the controls on
vertical and lateral changes in the character and intensity of bioturbation. Results of this study
provide a predictive conceptual model of the multiple scales of sedimentologic and ichnologic
heterogeneity within carbonate grainstone shoreface deposits, with implications for their

influence on porosity and permeability in reservoir analogs.

STUDY AREA

Crooked-Acklins Platform (CAP) is an isolated carbonate platform covering an area of
~2,600 km?, with a central platform interior bordered by islands to the east, north, and west (Fig.
1A, B). The western, leeward flank of the platform, the focus of this study, includes a modern
depositional shelf with variable width and orientation. The arcuate margin transitions along
strike from SW-facing (north margin), to W-facing (central margin), to NW-facing (south
margin) orientation (Fig. 1C). On this margin, islands of CAP are composed of Pleistocene and
Holocene reef, shoreface, and berm deposits.

The shoreface system of the western, leeward margin of CAP is shielded from the
easterly trade winds by the position and configuration of the platform and islands (e.g., Rankey
and Reeder 2010). Furthermore, the physical and chemical oceanographic conditions (e.g., water
chemistry, nutrient levels, temperature, and salinity) are typical of open marine conditions in the
Bahamas (e.g., Rankey 2014). Though influential, tidal processes are not considered to be a

major control on hydrodynamic energy or depositional processes on much of the margin,



although the central margin is influenced by the elevated tidal-current velocity in the restricted
tidal inlet between Crooked Island and Long Cay (e.g., Rankey 2014; see French Wells tidal
inlet, Figs. 1C and 2A).

Tidal range is ca 1 m in this area (Rankey and Reeder 2010). Wave-gauge and current-
meter data measured mean significant wave height (Hs) of 10 cm and mean peak period (Tp) of <
8 s (from Rankey 2014; measured during April and May 2009 at white star in Fig. 1C). The
waves and tides combine to form weak (< 15 cm/s) currents that facilitate net southward
longshore transport. As this western, leeward margin is protected from the trade winds, the
greatest energy is provided by distal, long-period swell (measured Tp up to 10-15 s; greater
periods are likely). The strongest winds and swell come from the W-NW, and are associated
with the passage of winter (December—March) cold fronts in the open Atlantic and some of
which directly impact this area (Rankey and Reeder 2011). This open-Atlantic swell propagates
to the SSE and can have markedly larger Hs than local wind-generated waves. In contrast, the
quiescent summer months experience episodic tropical storms during hurricane season (June—
November), with winds and waves from various directions.

This leeward shelf extends from the shoreline to the dropoff across distances of less than
5 km, and although it includes patch reefs, it is unrimmed. It thus is referred to as a shoreface
system, and is subdivided and described accordingly. We use the term foreshore to reflect the
relatively steep gradient, seaward-dipping beach exposed between low and high tide. The
shoreface we subdivide based on the relative rates of physical and biological reworking; the
upper shoreface also dips seaward, and is characterized by sandy bottoms with wave ripples,
current ripples, nearshore bars, or a mix, and can vary with seasonal changes in waves. We also

define a bioturbated upper shoreface which was largely bioturbated during ‘energetic’ winter



field seasons, but which we suspect might still be mobilized during extreme wave events. The
bioturbated upper shoreface is comparable to the lower shoreface of Kamola and Van Wagoner

(1995).

METHODS
This study examined the geomorphologic, sedimentologic, and ichnologic character of
the modern leeward shelf, and of Holocene and Pleistocene strata along the same margin (Fig.
1C). Insights from the modern are applied to the ancient to enhance understanding of the controls

on the distribution of sedimentary facies and trace fossils.

Field Characterization of Shoreface Settings

Modern.—Sedimentologic, biologic, and physical oceanographic data collected along
six transects capture changes from the backshore to the shelf-slope break to assess sediment
accumulation patterns and bottom types on the modern seafloor (Fig. 1C). Previous work by
Rankey (2014), combined with QuickBird remote-sensing data, provided the basis for
identifying transect and sample locations that represent the range of physical oceanographic (i.e.,
hydrodynamic) conditions, bottom types, and geomorphic elements on the margin. To
understand the hydrodynamics of the modern leeward shelf, field observations were combined
with wind, wave, and tide data from weather reports. Quantitative data and qualitative
observations of physical oceanographic conditions and hydrodynamic processes were recorded
over the course of two field seasons (January 12-24, 2014; December 612, 2014), and included
wind, waves, tides, and local storm conditions. Quickbird remote-sensing data were examined in

ArcGIS to determine the size and spatial distribution of geomorphic features. Onshore—offshore



transects vary from 0.4-2.2-km long, dependent on shelf width, water depth, and conditions
during fieldwork. Subaqueous data collection used snorkel and scuba-diving equipment and
techniques (e.g., Heine 2000).

On the intertidal through terrestrial portions of the transects, sedimentologic, and
geomorphologic features—beach width and gradient, presence of beachrock or beach sediment,
berm type and height—of the foreshore and backshore were described systematically for
comparison with features in Holocene and Pleistocene strata. At each transect location,
photographs and systematic descriptions of hydrodynamic conditions, bottom types, physical
sedimentary structures, benthic organisms, and neoichnologic data were recorded.

Hydrodynamic descriptions include qualitative field observations of wind speed and
direction, and visual estimates of wave height and period. Water depth was measured with a
handheld digital depth sounder and, where possible, confirmed with scuba-diving equipment.
Physical processes at each location were inferred based on the type and geometry of bedforms.
Seafloor photos include a 0.25 m? quadrat for scale and to quantify bioturbation intensity,
establish trace assemblages, and compare ichnodiversity along transects and among transects.
Tabulated organisms were limited to pelagic, epibenthic, and endobenthic organisms (i.e., trace-
and sediment-making organisms). Modern traces were described and assigned to corresponding
ichnotaxa based on architectural and surficial morphology and type and pattern of fill (e.g.,
Hasiotis and Mitchell 1993; Bromley 1996). Neoichnologic descriptions include bioturbation
intensity and ichnodiversity, as well as the abundance, spatial distribution, and density of
individual traces. Bioturbation intensity was categorized into one of six ichnofabric indices
(ichnofabric index, i1; Droser and Bottjer 1986) allowing for comparison with bioturbation

intensity of Pleistocene and Holocene strata. Ichnodiversity is defined based on the number of



morphologically distinct traces within a 0.25 m? quadrat, normalized and reported per 1 m? or
per 5 m? (for large traces). Burrow density is the number of individual burrows per 1 m? or per 5
m? for such large traces as stingray-feeding pits and callianassid shrimp mounds. Relative trace
abundance includes abundant (> 5 individuals), common (5 individuals), few (3—4 individuals),
and rare (1-2 individuals), based on observations of density patterns of traces expressed on the
seafloor for each transect.

A total of 107 sediment samples collected for lab analyses included variable field-sample
spacing dependent on bottom type, transect length, and dive restrictions. Sediment samples
collected in 20-dram plastic vials were capped immediately upon collection to prevent the loss of
any fine sediment. Water-depth data (uncorrected for tides) along transects provided a means to
estimate the gradient of the shelf along each transect.

Outcrop.—Relative ages of Pleistocene and Holocene beach ridges and beach-ridge
progradation patterns were determined by crosscutting relationships interpreted from QuickBird
remote-sensing data of Crooked Island and Long Cay. Thirty-six stratigraphic successions were
systematically described using standard sedimentological and ichnological techniques. Locations
of measured sections were chosen to capture the range of physiographic and geomorphic
variability. Measured sections include descriptions of stratigraphic (e.g., stratigraphic succession,
thickness, contacts, bedding character), sedimentologic (e.g., lithology, sedimentary structures,
and diagenetic and pedogenic features), and ichnologic features.

Ichnologic features recorded from outcrop and hand-sample analysis include bioturbation
intensity (ii), ichnodiversity, and burrow density, as well as the morphology, relative size,
abundance, and distribution of trace fossils. Classification of ichnogenera abundance into four

categories (abundant, common, few, rare) and ichnodiversity into three categories (high,



moderate, low; per lithofacies) were used for qualitative comparison with data reported in the
literature (e.g., Mieras et al. 1993). Descriptions of trace-fossil assemblages include uniformity
of burrowing, crosscutting, and tiering relationships, and the range of ethological categories (e.g.,

Bromley 1996; MacEachern and Bann 2008; Jackson et al. 2016).

Laboratory

Sediment analyses.—Sediment samples (N = 107 collected here and by Rankey 2014)
were dried and halved for granulometric and thin-section analyses to quantify grain-size trends
and determine the relative abundance of constituent grains using standard comparators (e.g.,
Flugel 2004). Grain-size distributions, determined using an ATM Sonic Sifter, were imported
into GRADISTAT v8 software (Blott and Pye 2001) to calculate particle statistics, including
mean grain size and sorting, following the classification of Folk and Ward (1957). Sediment was
classified by depositional texture (Dunham 1962) based on the abundance of mud (grain size <
62 um) in the sample. Field observations and laboratory results were integrated in ArcGIS to
evaluate the spatial distribution of sedimentary facies and traces.

Rock analyses.—Pleistocene and Holocene rock samples (N = 273) were cut into slabs
and/or petrographic thin sections for detailed sedimentologic and ichnologic analysis.
Petrographic analysis of 76 blue-epoxy thin sections focused on grain character, bioturbation
intensity, pore networks, and cementation characteristics. Image analysis of photomicrographs
using the software JMicroVision (Roduit 2008) quantified preserved porosity, grain composition,
and cement. Digital scans of thin sections were converted into binary images to evaluate pore
networks (e.g., pore types, distribution, and abundance) and cementation patterns within

ichnofabrics. Burrows in slab and thin section were differentiated from the matrix based on



morphologic variations in grain type, size, sorting, and packing and were assigned to an
ichnotaxon based on architectural and surficial morphologies and other ichnologic features (e.g.,
fill pattern, presence of meniscae or spreite, wall lining; cf. Hasiotis and Mitchell 1993; Bromley
1996).

High-resolution, x-ray computed tomography (micro-CT and CT; voxel sizes 45-50 pm
and 500 pum, respectively) scans were acquired on six grainstone samples at Core Laboratories in
Houston, Texas, using a GE Phoenix Nanotom m (micro-CT) and a Picker PQ2000 X-ray
tomograph (CT). Scans were used to visualize the nature and spatial distribution of trace fossils
in both two- and three-dimensions (2D and 3D). Two-dimensional scan images and data were
processed into 3D volumes, imported into Petrel E&P software (2014), and manipulated using
progressive filtering to reveal density heterogeneities corresponding to burrow morphology,
distribution, and connectivity in 3D, providing perspectives on ichnofabric-related pore
networks. The influence of ichnofabric on fluid-flow properties of carbonate grainstone were
quantified through integration of image-analysis and CT scans.

Image analysis was conducted on digital scans of polished and unpolished slabbed
samples, blue-epoxy-impregnated billet samples, and petrographic thin sections. Petrographic
observations and image-analysis data were integrated with macro- and micro-CT images and
processed 3D volumes to allow for evaluation of petrophysical heterogeneity within and among
facies associations, lithofacies, and ichnofabrics.

Hand samples, polished and unpolished slabs, blue-epoxy-impregnated billets, and
petrographic thin sections were digitally scanned and evaluated via image analysis. Integration of
such data shows that trace fossils and ichnofabrics modify primary sedimentary fabrics, altering

the distribution of grains, pores, and cement. Macro- and micro-CT data, including 2D cross-



sectional scans and processed 3D volumes, shows the distribution of trace fossils. Cross-
sectional 2D images help distinguish between trace fossils and matrix, and processed 3D
volumes show burrow morphology, orientation, and branching, as well as burrow connectivity
(via tiering, cross-cutting, and branching) within samples. Furthermore, CT data show the
distribution of porosity, which can be correlated to digital sample scans to reveal the influence of
bioturbation on petrophysical characteristics of carbonate grainstone strata.

Synthesis.—Primary data from this study were integrated with information from field
observations, weather reports, and published studies (e.g., Rankey 2014) to evaluate controls on
spatial variability within and among depositional environments and sedimentary facies. Data
were incorporated into ESRI ArcGIS for geospatial visualization, to facilitate the identification
of ichnological and sedimentological trends and allow for comparison within and among deposits

of all three ages.

RESULTS
Modern Leeward Margin: Geomorphology, Hydrodynamics, Sedimentology, and Ichnology
The leeward margin of CAP includes an unrimmed shelf 0.5-2.7 km wide, and mostly <

25-m deep, bordered to the east by islands (Crooked Island and Long Cay; Fig. 1B, C), and to the
west by the dropoff to the deep-water Crooked Island Passage. The modern shelf includes three
geomorphic elements: backshore, foreshore, and upper shoreface, each with distinct wave,
current, and tidal conditions. In this study, a bioturbated upper shoreface is distinguished, and
recognized as areas in which (at least seasonally) the rate of biological reworking exceeds the
rate of physical reworking of the seafloor sediment, demonstrated by the pervasive to intense

bioturbation (ii4—6) and paucity of physical sedimentary structures. Additionally, an ebb tidal



delta occurs in the central area near French Wells (Rankey 2014), but was not examined in detail.
Characteristics of geomorphic elements (Fig. 2; Table 1) as well as shelf width, bathymetry,
bottom type (Figs. 3, 4), ichnology (Fig. 5), and sedimentology (Fig. 6) vary along the arcuate
leeward margin from north to south (Table 1).

Hydrodynamics.—Largely shielded from the prevailing easterly trade winds (e.g.,
Rankey and Reeder 2010), the western, leeward margin of CAP is most influenced by cold-front
associated, long-period swell from the open Atlantic during the winter months, and infrequent
but intense hurricanes and tropical storms during the summer months. Qualitative field
observations indicate that the swell propagating from the north-northwest during the winter
months results in different processes along the margin. In the central and south margin, the
upper shoreface includes nearly constant reworking of the sediment-water interface, reflected in
the presence of wave ripples and multi-directional current ripples. In contrast, the upper
shoreface of the north margin is characterized by current ripples and nearshore bars as a result of
southward-directed longshore currents.

Hydrodynamics change seasonally. During the summer months, the hydrodynamic
processes on the leeward margin are relatively subdued, interrupted only episodically by storm
activity. The sediment-water interface typically is stabilized by surficial microbial mats and
devoid of ripple marks or bedforms in the summer. During the winter months (December—
March), distal swell propagates from the NNW, and most influences the southern (northwest-
facing) part of the arcuate margin (Fig. 1C; Tables 1-2).

North Margin.—The shelf of this margin (Fig. 1C) faces southwest, and is up to 1.9-km
wide from the backshore berm to the shelf-slope break (Fig. 3A; Tables 1, 2). Low rocky cliffs

(< 4-m above mean water level) of Pleistocene strata form the northernmost shoreline, extending
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south ~6 km from Landrail Point. Modern borings are present in the Pleistocene outcrops along
the length of the margin. Borings include Entobia and Typanites. South of the cliffs, Pleistocene
outcrops pass inland (location of transect A—A’ in Fig. 1C), and the shoreline is rocky (Holocene
beachrock) and devoid of sediment (Fig. 4A). Sediment is thin (< 15-cm thick) to absent over
beachrock or Pleistocene exposures in the foreshore, but where present, forms a gently sloping (<
5¢ gradient), narrow (~7-m wide) beach. The narrow beach is bounded landward by mature
vegetation of the backshore, or rarely, by low-relief (< 0.3 m) sandy backshore berms. Sediment
of the foreshore, backshore, and backshore berm is composed of well-sorted, medium skeletal-
peloid sand. Skeletal grains are predominantly undifferentiated, rounded and abraded skeletal
fragments with grain microstructures including microborings and thick micritic rims. Other
skeletal grains include whole benthic foraminifera and rare, micritized Halimeda (Fig. 6A).
Ooids are not present in the backshore or foreshore sediment in this northernmost area of the
north margin. Tracemakers of the backshore and beach (upper foreshore) include ghost crabs
(Ocypodidae), land crabs (e.g., Cardisoma sp.), land snails (e.g., Cerion sp.), and such terrestrial
macrofauna as amphipods (e.g., Talitridae), arachnids, hermit crabs (e.g., Coenobitidae), lizards,
and insects. Mottled fabric associated with pervasive bioturbation by amphipods and other
meiofauna (cf. cryptobioturbation, Howard and Frey 1975) is common in the foreshore,
backshore, and backshore berm. Discrete traces are sparse in the foreshore and backshore berm,
and include J- and Y-shaped, ghost-crab burrows (Polykladichnus, Psilonichnus) as well as rare
trackways of land snails, ghost crabs, and hermit crabs (Archaeonassa, Diplichnites, and
Coenobichnus, respectively). Less common traces include feeding burrows (Macaronichnus),

and dwelling burrows (e.g., Arenicolites, Macanopsis, Skolithos) with or without wall linings.
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Seaward of the sediment-barren swash zone, the upper shoreface extends ~1 km (55% of
the shelf width), and is relatively flat (~0.2° gradient), with large (up to 150-m diameter, 3-m
relief) patch reefs in the shallow nearshore (4-m water depth, within 500 m of shore). Bottom
types include a mixture of rocky bottom, active rippled bottom, bioturbated bottom (Fig. 4B),
biofilm-stabilized sand, sparse seagrass, and patch reefs. Sediment cover is thin, and
progressively thickens seaward, based on observations made by SCUBA of changes from rocky
bottom to sediment bioturbation patterns with abundant large mounds from the foreshore to the
shelf break and dropoff. Sediment is moderately sorted, coarse, composite grain-skeletal-peloid
sand (Fig. 6B), with < 1% mud and rare ooids. Skeletal grains are pervasively micritized,
undifferentiated skeletal fragments, as well as mollusk fragments, Halimeda, and foraminifera
(e.g., Miliolina sp., Peneroplis sp.) with microborings and little skeletal ornamentation. Ooids
are rare, in most cases composing < 3% of the sediment. Tracemakers include callianassid
shrimp (Callianassidae), gastropods, goby fish (Gobiidae), and polychaete worms. Traces include
abundant sinuous, surficial trackways up to 2 m long and 1-20 cm wide with raised edges (Fig.
4B), formed by echinoids (Scolicia; e.g., Clypeaster sp., Mellita sp.) and gastropods
(Archaeonassa; e.g., Xancus sp.). Also common are hollow, vertical to subvertical tubes (up to
I-cm diameter, 8-cm long), with or without a < 1-mm-thick lining of very fine sand and silt
(Skolithos; e.g., Fig. 5F), and are attributed to polychaete worms (e.g., Gingras et al. 2008). At
the surface, paired openings (< 2 cm in diameter and 7-cm apart) form U-shaped burrows
(Arenicolites; Fig. SE) attributed to interface feeding by nereid (Nereididae) polychaete worms,
whereas Y-shaped burrows of similar surficial expression (Polykladichnus) are attributed to filter
feeding by arenicolid (Arenicolidae) polychaete worms (e.g., Gingras et al. 2008). Ichnodiversity

ranges from low (< 3 ichnogenera per m?) in the proximal nearshore to moderate (4—5
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ichnogenera per m?) near the upper shoreface-bioturbated upper shoreface transition, and
bioturbation intensity is 112—3.

The upper shoreface—bioturbated upper shoreface transition in this northern area occurs at
water depths of 5-6 m, and is marked by broad, margin-parallel barforms. The bioturbated upper
shoreface covers ~50% (~0.9 km) of the shelf width, sloping up to 1.1° gradient towards the
shelf-slope break at ~18 m depth. Bottom types include patchy distribution of sediment among
rocky bottoms colonized by abundant corals, sponges, and gorgonians. The bioturbated upper
shoreface is characterized by small-diameter patch reefs with relief < 2.5-m. Sediment is
typically biofilm-stabilized and thoroughly bioturbated (ii6), poorly sorted, very fine and
medium sand with variable amounts of peloids, composite grains, and skeletal grains (Table 2).
Mud content ranges from 2% at the upper shoreface—bioturbated upper shoreface transition to
34% at the shelf-slope break (Fig. 6C). Burrow density can exceed 1,000 traces/m?* and
ichnodiversity is high (> 8 ichnogenera). Discrete traces visible on the sediment-water interface
include paired cylindrical openings (Arenicolites, Polykladichnus), pock marks ~3 cm in
diameter and 1-cm deep (fish-feeding traces; Piscichnus), vertical tubes and cylindrical apertures
2 mm in diameter (Skolithos), along with cone-shaped mounds of varying sizes. Formed by
callianassid shrimp, cone mounds typically have paired pits (Fig. 5G), and may be isolated or
grouped with multiple, similarly sized mounds, each displaying a central, vertical shaft that
extends below the sediment-water interface and (presumably) branches at depth to form a burrow
network (Ophiomorpha, Thalassinoides).

Central Margin.—This margin shelf faces west, and is up to 2.6-km wide (Fig. 3B;
Tables 1, 3). Shorelines are characterized by wide (up to 30 m), gently graded (< 5° gradient)

sandy beaches, with discontinuous outcrops of poorly indurated Holocene strata and no
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Pleistocene rocky cliff exposures (Fig. 4D). Up to 1.5 m in height, the backshore berm includes
poorly cemented, vegetation-stabilized sand, or imbricated, cobble to boulder-size clasts of
planar-laminated, fenestral grainstone. Up to 1 km of westward progradation is evident in
Holocene beach-ridge sets near French Wells tidal inlet (Fig. 2A; Rankey 2014). Foreshore
sediment is moderately well-sorted, fine-medium ooid-peloid-composite grain sand with varying
amounts of skeletal fragments (Fig. 6D). Ooids have peloid nuclei and generally display < 3
well-preserved laminae. Tracemakers include ghost crabs and terrestrial hermit crabs. Traces
include rare (1/5 m?), J- and Y-shaped burrows (Psilonichnus) with paired openings of identical
aperture diameters (1.5-3 cm) located above the upper swash zone (Fig. 5A, B) where burrow
depths extend down to cemented beachrock. Scratch marks and excavated sediment may be
present surrounding the burrow opening on the sediment surface (Fig. 5A).

At the toe-of-beach, sediment is slightly coarser and more poorly sorted than beach
sediment and the shallow nearshore is marked locally by a lag of rounded, pebble- to cobble-size
intraclasts of coral rubble, beachrock, and grainstone lithoclasts. Shovel sampling revealed blood
worms (Glyceridae) within the interstices of toe-of-beach sediment. Though no discrete traces
were observed in this environment, such bioturbation may produce cryptobioturbation or
indiscrete, mottled sedimentary fabric (i.e., Macaronichnus; Pemberton et al. 2008).

Outboard of the toe-of-beach, the upper shoreface slopes gently (< 0.3° gradient) to water
depths up to 5 m. The upper shoreface covers ~50% (~1.1 km) of the shelf width, and bottom
types include patch reefs and active wave and current ripples (Fig. 4E). The upper shoreface is
characterized by moderately sorted, fine—medium, ooid-composite grain-skeletal sand (Fig. 6E).
Shoreline-oblique barforms (Fig. 3A) have up to 1-m relief, with superimposed, small (20-cm

spacing, 8-cm height) current or wave ripples (variable, depending on ambient conditions). Bar
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crests exhibit little to no bioturbation (i11-2). Off the crests of nearshore bars, in slightly deeper
water, unidirectional current ripples exhibit higher amplitudes and spacing, and sediment is
sparsely to moderately bioturbated (ii2—3) by bivalves, echinoids, and polychaete worms. Traces
include U-shaped burrows (Arenicolites), shallow, cone-shaped resting traces 4—10 cm in
diameter (Conichnus), as well as large, dish-shaped pits (up to 1-m diameter, 20-cm deep;
Piscichnus). Lined and unlined vertical tubes (Skolithos) are also common. In general,
ichnodiversity is low (< 3 ichnogenera per m?), and bioturbation intensity is ii1-3.

The upper shoreface—bioturbated upper shoreface transition in this area occurs at ~5-m
water depth. Reefs are most common along this margin and form elongate, margin-normal patch
reefs up to 250-m long. In water depths > 5 m, the gradient of the bioturbated upper shoreface
increases to 1.1° toward the shelf-slope break at around 17-m water depth. The bioturbated upper
shoreface covers ~55% (~1.2 km) of the shelf width, and is characterized by small (< 20-m
diameter), low relief (up to 1.5 m) patch reefs, bioturbated and biofilm-stabilized sediment, and
rocky bottom; active physical sedimentary structures are absent (Fig. 4F). Sediment is poorly
sorted, trimodal, very fine, medium, and coarse peloid-ooid-skeletal sand with 4-17% mud (Fig.
6F). Ooids display < 4 laminae, and skeletal abundance increases toward the shelf-slope break,
with grains displaying well-preserved ornamentation. Near the shelf-slope break, the seafloor is
characterized by sparse, thin sediment cover among low-relief (up to 1 m) reefs composed of
massive, encrusting, and platy corals, as well as soft corals and sponges. The shelf-slope break is
oversteepened (> 70° gradient) in some areas, and is characterized by rocky bottom colonized by
sponges, coral, and low-relief reefs, with localized patches of thin sediment. Tracemakers of the
bioturbated upper shoreface include callianassids, gastropods, goby fish, polychaete worms, and

rays. Small, cone-shaped divots (> 12-cm diameter, 3-cm deep; Conichnus) are the most
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abundant of all traces. Also common are cone-shaped mounds (6—40-cm diameter, 2—20-cm
relief) that may display apertures (0.8—1.5-cm diameter) and paired pits (Fig. 5G). Associated
with cone-shaped mounds are surficial trackways 0.8-25 mm wide, 3 mm deep, and up to 80-cm
long, with raised ridges ~8-mm wide on each side (Archaeonassa, Scolicia). Polychaete worms
form open, vertical tubes < 12-mm in diameter (Polykladichnus, Skolithos), and the feeding
activity of rays produce wide, shallow (< 1-m diameter, 20-cm deep) dish-shaped impressions
(Piscichnus). Where sediment cover is substantial, pervasive to complete bioturbation (ii5-6) is
characterized by diverse trace assemblages (> 8 ichnogenera per m?) and high burrow density.
South Margin.—This margin faces NW and includes the narrowest shelf on the leeward
margin, ranging from 0.4—1.2-km wide (Figs. 2B, 3C; Tables 1, 4). Vegetation-stabilized
backshore berm is the tallest on the leeward margin (up to 4-m relief), located at the crest of
narrow (4-25-m wide; typically 10-m wide) and steeply dipping (> 7° gradient; Fig. 4G) sandy
beaches, which progressively narrow to the south. In the southernmost part of Long Cay, sandy
beaches are absent and Pleistocene outcrops form much of the shoreline. Beach sediment (Fig.
6G) ranges from well-sorted, fine ooid-composite grain-skeletal sand on the northern extent of
the south margin, to moderately sorted, medium—coarse ooid-peloid-skeletal sand on the
southern portion of the south margin. Ooids of the foreshore commonly display three or fewer
laminae. Further south, the shelf orientation arcs from NW to NNW (Fig. 1C), and sediment
composition changes to the south, as composite grains become less prevalent, abraded and
rounded skeletal grains become more common. Tracemakers in the foreshore include ghost
crabs, which produce rare (~3/5 m?) J-shaped burrows (Psilonichnus) at the crest of the beach,

usually within ~2 m of beachrock exposure.

16



At the base of the relatively steep swash zone water depths can drop to as much as 3.4 m,
producing the most pronounced beach step observed on the leeward margin. Sediment of the toe-
of-beach is poorly sorted, medium to very coarse skeletal sand. Shovel sampling found blood
worm (Glyceridae) within sediment interstices. No discrete traces were observed due to constant
reworking by swash and breaking waves, though indiscrete mottling is likely (i.e.,
Macaronichnus).

Seaward of the toe-of-beach, the upper shoreface extends westward to ~17-m water
depth. The upper shoreface is ~0.6-km wide, and the shelf gradient is 1.3°. The upper shoreface
composes ~85% of the total shelf width. Bottom types vary considerably along and across this
part of the shelf (Fig. 2B). Here, a substantial portion of the upper shoreface is a flat, rocky
bottom, with little to no relief (< 50 cm) covered by individual corals and patch reefs (Fig. 4I).
Rocky bottom and patch reefs alternate with rippled areas in water depth < 10 m. Local, sinuous-
crested, three-dimensional subaqueous dunes up to 0.8-m high, display superimposed current
ripples (Fig. 4H). Sediment is moderately sorted, medium—coarse skeletal-peloid sand that
includes Halimeda, foraminifera, mollusk, sponge, and coralline algae fragments. Skeletal grains
are rounded and lack grain ornamentation. In contrast, sediment in the subaqueous dunes consists
of moderately well-sorted, fine ooid-skeletal sand (Fig. 6H), but a lag of boulder-size clasts of
coral rubble are present in lows between subaqueous dunes. Polychaete worms and goby fish are
the only tracemakers evident in the subaqueous dunes, with rare fish burrows (e.g., Fig. SH)
present at the interface of rocky bottom and sediment. Traces within sediment-filled lows include
6-mm-diameter, ~40-cm-long agglutinated worm tubes (Skolithos) on ripple crests that can
extend up to 8 cm above the sediment-water interface (Fig. 5F). Bioturbation is sparse to absent

(111-2), composed of low-diversity assemblages dominated by Skolithos. The most pronounced

17



break in slope occurs in the upper shoreface at ~13-m depth (Figs. 2B; 3C) and is characterized
by bare rocky bottom (Fig. 4I). Outboard of the break, the shelf gradient increases considerably
to ~19° in a series of 5-m-scale steps with low-relief (< 0.5 m) patch reefs (Fig. 3C).

The bioturbated upper shoreface occurs outboard of the shelf-slope break at water depths
> 17 m, and covers an area ~0.1 km wide, composing only 10% of the shelf width. Sediment is
moderately sorted, trimodal, fine, medium, and coarse ooid-skeletal sand with minor composite
grains (Fig. 61), and physical sedimentary structures are rare. Biota include abundant sponges,
callianassid shrimp, gastropods, massive corals, polychaete worms, and gorgonians. Traces
include paired openings (Arenicolites), agglutinated worm tubes (Palaeophycus, Skolithos; Fig.
5F), small, conical depressions (Conichnus; Fig. 5I), cone mounds (Ophiomorpha,
Thalassinoides), dish-shaped depressions (Piscichnus; Fig. 51), surficial trails (Scolicia), and
unlined vertical burrows with 8-mm-diameter apertures (Skolithos). On the flattest part of the
steps, callianassid shrimp form localized groupings of 2—3 large (30-cm diameter, 20-cm height)
cone-shaped mounds at ~5-m spacing. Cone mounds of such groupings lack paired pits.
Ichnodiversity is moderate (typically 2—4 ichnogenera per m?) and bioturbation is typically
sparse to moderate intensity (ii2—3), although localized areas may display high (ii4) bioturbation

intensity.

Pleistocene and Holocene Stratigraphy, Sedimentology, and Ichnology
Pleistocene and Holocene strata exposed along western Crooked Island and Long Cay
record the evolution of the leeward margin. Strata form subparallel ridges with ridge and swale
topography (up to several m of relief, Fig. 2A). Although absolute ages of strata are unknown,

geometric and crosscutting relationships (e.g., truncation, onlap, superposition) document at least
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seven stages of Pleistocene and Holocene progradational ridge growth on Long Cay (Fig. 7).
These relations show that progradation built Long Cay along strike from NE to SW (ridge sets 1—
3, Fig. 7B), then prograded to the W (set 4) and N (sets 5-6). Subsequent Holocene progradation
occurred in multiple directions. The thickest outcrop successions occur in association with
topographic ridge crests (up to 7-m relief) and are best exposed in cliffs along the shoreline.

Pleistocene and Holocene strata are composed of seven lithofacies (LFA—G; Table 5),
subdivided based on sedimentary texture, lithology, physical sedimentary structures, ichnologic
features, and pedogenic features (Figs. 8—10). Lithofacies form three facies associations (FA1-
3), one Holocene and two Pleistocene (Fig. 10), based on stratigraphic relationships and stacking
patterns. The relatively thin (< 3 m) exposures of Holocene successions are comprised of only
the most proximal lithofacies (LFE, LFF) with superimposed LFG, compared to the full range of
lithofacies represented in the thicker (up to 7-m relief above mean water level) Pleistocene
successions.

Holocene Facies Association (HFA).—Holocene strata only outcrop on the central and
south margins, forming stratigraphically and sedimentologically distinct facies successions.
Holocene successions consist of two to three lithofacies, and exposures are low relief (< 3-m
relief above mean water level), typically outcrop in the modern foreshore and backshore, and
strike parallel to the present shoreline (Fig. 4G).

Central-margin successions are characteristically low exposures (< 1-m relief above mean
water level) of poorly-indurated strata (LFE), composed of moderately well- to well-sorted, ooid-
skeletal grainstone with gently seaward-dipping laminations of alternating medium and fine
sand, fenestrae, and interbedded, cobble-sized intraclasts of coral rubble and grainstone (Fig. 8A,

B). Laminae are variably cemented by meniscus blocky calcite cement (Fig. 8C). The lithofacies
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is sparsely to moderately bioturbated (i12—-3) with low-diversity trace-fossil assemblages with
Asterosoma, Bergaueria, Conichnus, Cylindrichnus, Macaronichnus, Ophiomorpha,
Psilonichnus, and Skolithos. Lithofacies F (LFF) is rare in the central margin (and so is described
in detail below), and Lithofacies G (LFG) is characterized by ubiquitous rhizoliths (e.g., molds,
casts, rhizocretions). In parts of the central margin, Holocene successions are capped by coarse
blocks of fenestral, laminated grainstone, which are locally imbricated and analogous in size,
position, and geometry to modern hurricane deposits (Rankey 2014).

The character of Holocene strata changes toward the south margin (Fig. 1C), where
outcrops are more continuous and better cemented, with greater relief (up to 3-m above mean
water level) and more variable stratigraphy. Successions consist of two lithofacies (LFE and
LFF), overlain by a diagenetically altered strata below a discontinuity surface (LFG). The base of
the succession is characterized by a 1-2-m-thick unit of ooid-skeletal grainstone with low-angle,
cross- and planar-laminations and fenestrae (LFE). The lithofacies may contain rounded, cobble-
size clasts of well-sorted, fine—medium fenestral ooid-peloid grainstone. Within LFE,
bioturbation intensity is 1i2—3, and trace-fossil assemblages include simple planiform burrows
(i.e. Macaronichnus, Palaeophycus, and Planolites), as well as large-scale (up to 8-cm diameter),
penetrative, dissolution-widened burrows (Fig. 8 A) similar to Psilonichnus and Skolithos.
Lithofacies E is typically overlain by LFF, a unit of laterally discontinuous, swaley bedsets with
topset-to-toeset relief up to 2 m. Bedset-dip direction and angle are spatially variable, and
internal stratification is typically weak to absent. Within LFF, intense to complete bioturbation
(115-6) is associated with the presence of indistinct mottled texture, ubiquitous rhizoliths, and
preservation of few discrete trace fossils including Psilonichnus and Skolithos. Resistant

calcareous crusts, referred to as hardpans, characterize LFG (e.g., James 1972; Esteban and
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Klappa 1983), as well as well-developed laminated crusts and autoclastic brecciation. These
deposits form topographic ridges (1-3-m relief), which roughly parallel the trend of the modern
shoreline, and compose the ridge and swale topography observed in satellite images of islands
(Rankey, 2014).

Interpretation.—Holocene strata on the central margin are interpreted as a foreshore
(LFE) deposits, capped by subaerial exposure surfaces with pedogenesis (LFG), by analogy to
sedimentologic and ichnologic characters of modern sediment. These are preserved as beachrock
(e.g., Ginsburg 1953; Inden and Moore 1983; Scoffin and Stoddart 1983; Curran and White
1987; Rankey 2014). Holocene strata on the south margin are interpreted to represent
shallowing-upward successions deposited in foreshore (LFE) and backshore (LFF)
environments, capped by surfaces of subaerial exposure and pedogenesis (LFG).

Pleistocene Facies Association 1 (FA1).—Pleistocene FA1 successions consist of five
lithofacies, and are typical of the north margin, where exposures generally have < 4-m relief
above mean water level (Fig. 10). The base of the succession is characterized by LFB, which
forms a < 2-m-thick unit of moderately sorted, bimodal, very fine- and medium-grained, ooid-
composite grain-skeletal grainstone (Fig. 9D—F). The lithofacies is intensely bioturbated (i14—6),
with vaguely preserved trough cross-stratification. Some outcrops contain interbedded unit(s) of
cobble-size intraclasts (Fig. 9E) of the same lithofacies. Ooids are superficial, with few poorly
preserved laminae, and micritization and partial dissolution result in poorly preserved grain
microstructures. Diverse, multi-tier trace-fossil assemblages (Fig. 9F, 11E) include
Cylindrichnus, Ophiomorpha, Palaeophycus, Planolites, Scolicia, Skolithos, and Thalassinoides.

Stratigraphically above LFB, LFC consists of a < 1-m-thick unit defined by sharp-based,

medium to thick (30—80 cm) trough cross-stratification bedsets composed of poorly to
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moderately well-sorted, ooid-peloid-skeletal grainstone. In plan view, trough cross-stratification
bedsets display rib and furrow features, the majority of which indicate a southward paleocurrent
direction (Fig. 9H). Bimodal grain-size distributions of very fine to coarse sand are common, and
bioturbation intensity varies from ii2 to ii5, but typically is ii3. Trace-fossil assemblages are
moderately diverse, including Cylindrichnus, Diplocraterion, Lingulichnus, Ophiomorpha, and
Skolithos. Burrows penetrate up to 80 cm, and can extend through several bedsets.

Above LFC strata, LFD is typically composed of three subunits with a total unit thickness
of <2 m. The lithofacies is characterized by an upward transition from 1) bidirectional,
decimeter-scale, planar crossbeds; to 2) trough cross-stratification beds with toesets of poorly
sorted, coarse-sand to gravel-size skeletal grainstone with rounded, cobble-size intraclasts; and
overlain by 3) thin (2—5 cm) bedsets of multidirectional current ripple, climbing ripple, and
trough cross-stratification with abundant internal scour surfaces (Figs. 9J-L). Bioturbation
intensity is 113—5, and diverse trace-fossil assemblages comprise two suites: 1) cm-scale
Conichnus, Cylindrichnus, Ophiomorpha, Piscichnus, Polykladichnus, Rosselia, and Skolithos,
within planar crossbeds; and 2) Conichnus, Ophiomorpha, and Skolithos of varying size and
tiering depth within rippled bedsets.

Near the top of FA1 successions, LFE is a < 1-m-thick unit of gently (< 10°) seaward-
dipping, planar-laminated, fenestral, moderately well-sorted, fine ooid-peloid-skeletal grainstone
(Figs. 8A—C). Bioturbation intensity is i3, with low-diversity, trace-fossil assemblages
dominated by Skolithos and cm-scale, vertical forms of Ophiomorpha and Thalassinoides with
up to 15 cm of vertical tiering. Less common trace fossils include bedding-plane expressions of

Archaeonassa, Bergaueria, and Scolicia.
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Swaley bedsets of LFF typically are absent within FA1 deposits of the north margin,
where the succession is capped by a discontinuity surface, labeled LFG. Lithofacies G is
characterized by the presence of multiple laminated micritic crusts (Fig. 8G), ubiquitous
rhizoliths, and autoclastic brecciation (Fig. 8H), as well as blackened grains, calcified fine roots
and root hairs, moldic porosity, microspar cement, and multiple generations of micritic cement
with some alveolar textures (Fig. 8I).

The macro- and microstructures that define LFG are indicative of subaerial exposure and
pedogenic processes, which are unique to terrestrial settings (e.g., Esteban 1974; Strasser 1984;
Goldstein 1988; Bain and Foos 1993; Hasiotis 2007; Hasiotis et al. 2007, Hasiotis and Platt
2012). Lithofacies G is interpreted to represent a pedogenec overprint of the original sedimentary
fabric, resulting from subaerial exposure. Laminated micritic crusts exhibit features similar to
those described by Multer and Hoffmeister (1968) and James (1972), and are interpreted as
calcrete soils developed under semiarid conditions (e.g., Klappa 1980b; Wright et al. 1988;
Rossinsky and Wanless 1992).

Interpretation.—By analogy with the sedimentologic and ichnologic character of
modern sediment, FA1 is interpreted to represent shallowing-upward successions of genetically
related strata deposited in bioturbated upper shoreface (LFB), upper shoreface (LFC, LFD), and
foreshore (LFE) environments (Figs. 8—11) capped by subaerial exposure surfaces with
pedogenesis (LFG). Cobble-size intraclasts are interpreted to represent broken beachrock
rounded by wave action (e.g., Strasser and Davaud 1986; Aurell et al. 1995).

Pleistocene Facies Association 2 (FA2).—Pleistocene FA2 successions consist of six
lithofacies and are common of the south margin, where exposures have up to 7-m relief above

mean water level (Fig. 10). At the base of the succession, LFA exhibits localized coral
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boundstone and rudstone exposed up to 2 m above mean water level (Fig. 9A). Poorly to
moderately sorted, fine to very coarse grained, skeletal-ooid-composite grain grainstone infills
the boundstone framework and composes the rudstone matrix. The flanks of the boundstone-
rudstone core are interbedded with decimeter-scale, sigmoidal and trough cross-stratification
bedsets that dip and pinch out laterally. Rudstone and grainstone are composed of coral rubble as
well as whole, abraded, and disarticulated mollusks, foraminifera, Halimeda, and coralline algae
(Fig. 9B—C). Trace-fossil assemblages are highly variable, with vertical and lateral changes in
trace abundance, diversity, and dominant ichnogenera. Bioturbation intensity ranges from ii1-6,
but typically i11-3. Trace fossils include vertical, subvertical, and horizontal burrows that display
burrow linings (e.g., Cylindrichnus, Rosselia), and reinforced walls (e.g., Ophiomorpha,
Palaeophycus, Skolithos). Assemblages are dominated by Ophiomorpha, Palaeophycus, and
Skolithos within coral rubble and grainstone, whereas Thalassinoides is locally abundant in
intervals of fine sand.

Where LFA is not present above water level, the base of FA2 successions are
characterized by up to 3 m of LFB, with 0.3—1-m-thick bedsets of multidirectional trough cross-
stratification (Fig. 9D). Moderately sorted, bimodal fine sand- to gravel-sized ooid-peloid-
composite grain grainstone contains varying amounts of skeletal material. Ooids have thick,
well-preserved laminae, and skeletal grains typically are abraded. Bioturbation intensity is 111-3,
with low diversity, shallow-tier, trace-fossil assemblages. Trace fossils include Macaronichnus,
Palaeophycus, and Planolites, as well as sparse Ophiomorpha and Skolithos.

In some outcrops, LFB is overlain by a < 2-m-thick unit of LFD. Lithofacies D is
characterized by poorly sorted, coarse-grained, skeletal-ooid-composite grain grainstone with

small-scale trough cross-stratification at the base. LFD is commonly interbedded with spatially
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discontinuous cobble-rich units (Figs. 9J, 12). Cobbles are rounded and composed of planar-
laminated to low-angle, cross-laminated grainstone within a coarse sand to gravel skeletal
grainstone matrix. Bioturbation intensity is i11-3, and trace fossils were observed only in the
lower, cross-laminated unit. Trace fossils include cm-scale, vertically oriented Ophiomorpha,
and small-scale (< 5-mm diameter) Skolithos and Thalassinoides.

Lithofacies E overlies either LFB or LFD and consists of multiple wedge sets of gently
seaward-dipping strata up to 4-m thick. Wedge-set stratification includes low-angle (< 10°),
cross- and planar-laminated, moderately well- to well-sorted, medium ooid grainstone with
peloids and composite grains (Fig. 12). Sharp-based bedsets consist of alternating laminations of
coarse and fine sand and fenestrae, and bedding planes may exhibit rill markings. Bioturbation
intensity is i11-3, with moderately diverse trace-fossil assemblages of locally abundant
Macaronichnus, Palaeophycus, and Planolites, overprinted by sparse escape traces (fugichnia),
as well as Ophiomorpha, Polykladichnus, and Skolithos.

Lithofacies F overlies LFE and forms the uppermost depositional unit within FA2
successions. Up to 3-m thick, LFF consists of large-scale swaley bedsets and gently landward-
dipping bedsets of moderately well- to well-sorted, fine-grained ooid-peloid grainstone. High-
angle swaley foresets have topset-to-toeset relief up to 2 m and exhibit variable dip directions
(Figs. 8D-F; 12). Bedsets are laterally discontinuous, with weak internal stratification and
abundant rhizoliths. Planar laminations of coarse and fine sand at the base of bedsets transition
upwards to massive, mottled textures with increased rhizolith abundance. Weak internal
stratification is interpreted as the combined influence of abundant plant roots and intense

bioturbation (i15—6) by such terrestrial organisms as amphipods, arachnids, and insects. Although
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burrow mottling is most common, discrete trace fossils within LFF include Diplocraterion,
Palaeophycus, Planolites, and Skolithos.

Facies Association 2 is capped by LFG, a discontinuity surface with characteristics
similar to LFG as described in FA1 successions (Table 5). Lithofacies G is highly variable, both
vertically and laterally, with a gradational lower contact. The lithofacies is characterized by
ubiquitous rhizoliths, one or more laminated micritic crusts, alveolar textures, blackened grains,
and autoclastic brecciation (Fig. G-I; e.g., Stricklin and Smith 1973; Klappa 1980a, 1980b,
1983).

Interpretation.—The sedimentologic and ichnologic character of FA2 suggest shallow-
marine deposition in reef (LFA) and upper shoreface (LFB, LFD) settings, as well foreshore
(LFE), and backshore (LFF) environments (Figs. 8—11), with each shallowing-upward
succession capped by a discontinuity surface (LFG; Fig. 8; Table 5). Lithofacies G is indicative
of subaerial exposure with pedogenesis (e.g., Esteban 1974; Esteban and Klappa 1983; Wright et

al. 1988; Kraus 1999; Kraus and Hasiotis 2006).

Ichnofabric of Pleistocene Shoreface Strata
As observed on the modern shelf, the burrowing activities of benthic organisms
physically and chemically modify the depositional characteristics and sedimentary fabrics of
shallow-marine carbonate deposits. Bioturbation produces a range of ichnofabric in Pleistocene
and Holocene strata (Fig. 12; Table 6), which reflect the collective ichnologic influence on
depositional sedimentary fabric. Ichnofabric is defined based on overall bioturbation intensity,
ichnodiversity, and tiering, as well as trace-fossil abundance, distribution, and architectural and

surficial morphologies (e.g., Ekdale and Bromley 1983; Hasiotis and Mitchell 1993; Taylor and
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Goldring 1993; Hasiotis and Dubiel 1994). Ichnofabric within Pleistocene and Holocene strata
are subdivided into six classes that display a range of petrophysical significance (Fig. 13, Table
6).

Ichnofabric I: Nonbioturbated Fabric.—This ichnofabric is characterized by well-
preserved primary sedimentary structures with no evidence of biogenic modification. Ichnofabric
I is exceedingly rare, and was only observed within the boundstone and pebble-sized rudstone of
LFA deposits. Characterization of this ichnofabric is limited, due to the infrequent occurrence in
Pleistocene and Holocene strata. Primary sedimentary fabrics unmodified by biogenic processes
are attributed to media instability caused by high rates of sedimentation and/or physical
reworking, leading to unfavorable conditions for burrowing organisms, or to the poor
preservation of traces in the shifting sediment. As CAP shoreface environments are characterized
by normal, open-marine conditions with favorable oxygen and nutrient levels, this ichnofabric is
strongly influenced by physical reworking by fair-weather waves, and/or high sedimentation
rate.

Ichnofabric II: Network Burrow Ichnofabric.—This ichnofabric is characterized by
systems of vertical, inclined, and horizontal burrow components that branch and interconnect to
form three-dimensional (3D) networks (Fig. 131-L) . The burrow networks range from simple
structures of predominantly horizontal orientation (cf. mazes; Frey and Pemberton 1985) to
relatively large (typically cm-scale), well-integrated 3D boxwork structures comprised of
intricately branched and interconnected shafts and tunnels (e.g., Frey and Pemberton 1985).

Larger, cm-scale trace fossils that comprise burrow networks overprint a mottled
background fabric characterized by few discrete burrow structures (e.g., Macaronichnus,

Palaeophycus, Planolites). The burrow-mottled background fabric is interpreted to result from
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the dense distribution of shallow-tier traces. The mottled background fabric is overprinted by
deep-tier (burrow penetration up to 80-cm), vertical (e.g., Siphonichnus) and inclined (e.g.,
Cylindrichnus) burrows as well as boxwork systems of vertical to inclined shafts and chambers
(e.g., Ophiomorpha, Thalassinoides) connected by horizontal components.

This ichnofabric is most common within sharp-based to amalgamated bedsets (5—50-cm
thick) of trough-cross stratification and low-angle, cross-stratification. Abundant assemblages of
diverse trace fossils with a wide range of morphologies overprint the depositional sedimentary
fabric (Fig. 12A—C). Dominant trace fossils include Ophiomorpha, Palaeophycus, Rosselia,
Skolithos, and Thalassinoides. Burrows may exceed 3 cm in diameter with up to 5-mm-thick
wall linings. Burrow walls can be unlined (e.g., Thalassinoides), lined with organic matter (e.g.,
Cylindrichnus, Rosselia), or lined with round, cylindrical, or irregular pellets to produce a
mammillated exterior (e.g., Ophiomorpha; Hantzschel 1975; Frey et al. 1978). The vague
preservation of physical sedimentary structures, combined with the dense distribution of
abundant and diverse trace fossils reflect the high to intense bioturbation (ii4—5). Compared with
the surrounding host rock, burrow fill is commonly less well cemented, with coarser grained,
more loosely packed sediment than the matrix (Fig. 12C). Burrow fills can be structureless or
show slight grain-size alignments indicating active backfill by the tracemaker. Porosity is
primary interparticle porosity, with abundant macroporosity in some samples. Some burrows are
surrounded by a narrow (< 8 mm), low-porosity zone where interparticle pores are occluded by
blocky calcite cement. Preserved porosity in the matrix between burrows is dominantly
intraparticle microporosity, with primary interparticle porosity occluded by isopachous fibrous

and interparticle mosaic blocky calcite cement.
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Ichnofabric III: Spreiten and Nonspreiten Ichnofabric.—This ichnofabric is
characterized by diverse assemblages of minute (< 5-mm diameter), horizontal, subvertical, and
U-shaped burrows that overprint and crosscut one another (Fig. 12D—F). Due to the small size of
the individual trace fossils, this ichnofabric is best observed in polished slabs and thin section.
Though present in all lithofacies, this ichnofabric is most prevalent within the upper units of
shallowing upwards successions (LFD, LFE, LFF), with bedsets typically displaying upward
increase in both bioturbation intensity and ichnodiversity. Ichnofabric III displays a range of
tiering, from bedding-parallel, planiform burrows, to vertical U-shaped burrows that may
crosscut, branch, or exhibit spreiten (e.g., Diplocraterion, Polykladichnus, Scolicia, Skolithos).
The diverse architectural morphologies, crosscutting relationships, and tiering of trace fossils are
interpreted to reflect multiple generations of burrowing organisms.

Ichnofabric IV: Discrete Planiform-Burrow Ichnofabric.—This ichnofabric is defined
by low-diversity trace-fossil assemblages of simple, bedding-parallel planiform burrows with
bioturbation intensity 1i2—3 (Fig. 12G-I). Although a minor component of all lithofacies, this
ichnofabric is characteristic of parallel-laminated to low-angle, cross-laminated LFE deposits.
Burrows are 0.1-2 cm in diameter, and typically do not branch or exhibit significant vertical
tiering. The ichnofabric reflects the spatial variability in uniformity of burrowing and
bioturbation intensity, and typically displays an upwards increase within individual bedsets.

Discrete trace fossils are differentiated from the matrix by the presence of a thin lining on
the burrow wall (e.g., Palaecophycus), burrow fill that is sedimentologically or diagenetically
different than the matrix (e.g., Planolites), or fill of similar composition to the matrix, delineated

by subtle grain alignment (e.g., Macaronichnus). Burrow abundance and distribution are highly
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variable, with greater bioturbation intensity present in coarser intervals, resulting in modification
of grain-size distribution and depositional laminations.

Ichnofabric V: Reinforced Vertical-Burrow Ichnofabric.—This ichnofabric is defined
by low-diversity assemblages of sparse to locally abundant, vertical and inclined burrows with
reinforced walls (Fig. 12J—L). This ichnofabric is typical of crossbedded, medium- to coarse-
grained oolitic and skeletal grainstone deposits with low—moderate bioturbation intensity (ii2—3)
(Fig. 13E—H). Ichnofabric V is common within the upper lithofacies of FA1 (LFC-E) and the
lower lithofacies of FA2 (LFA, B, D) (Fig. 10). Burrow-wall linings stabilize and reinforce the
structures and are indicative of unstable, shifting media conditions. Burrow walls are reinforced
with thin linings of mucus and trapped sediment (i.e., agglutinated sand; Palaeophycus and
Skolithos) or linings of ovoid to spherical sand pellets (e.g., Ophiomorpha). Ophiomorpha
burrows (2—4-cm in diameter) are characterized by smooth interior walls, and mammillated
exterior walls with regular (O. nodosa) or irregular (O. irregulaire) distribution of pellets.
Burrows may cross or interpenetrate, especially common within LFD of FA1, though sparse
distribution of burrows is typical. Burrow fill varies by lithology and facies association, and
includes structureless, loosely packed coarse skeletal sand as well as very fine to fine peloidal
sand. Ophiomorpha are dominated by vertical burrow components, but may also branch to form
irregular boxworks (Fig. 12J). Overall, burrow connectivity is highly variable, ranging from
isolated shafts to locally interconnected mazes and boxworks.

Ichnofabric VI: Cryptobioturbated Ichnofabric.—Ichnofabric VI is distinguished by
intense to complete bioturbation (115-6) by exceedingly abundant, indistinct trace fossils to
produce a mottled fabric with few discrete traces (Fig. 12M—-0, Fig. 13A-D). This ichnofabric is

prevalent in crossbedded strata of FA1 (LFB and LFC), and planar-laminated and low-angle
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cross-laminated strata (LFE) and swaley crossbeds (LFF) of FA2 (Fig. 12M—-0). The burrow-
mottled fabric, referred to as cryptobioturbation (e.g., Pemberton et al. 2008), is the result of the
dense distribution of cylindrical, bedding-parallel burrows (< 2-mm diameter), which may
preserve, alter, or destroy physical sedimentary structures. Where identifiable, discrete trace
fossils include Macaronichnus, Palaeophycus, and Planolites. Cryptobioturbation of this
ichnofabric reflects trace-fossil assemblages of monospecific to low ichnodiversity, and is
interpreted to represent deposit-feeding by marine polychaete worms (e.g., Clifton and

Thompson 1978).

DISCUSSION
Controls on Spatial Variability of Sedimentary Facies and Bioturbation

Observations from the modern leeward shelf margin of CAP reveal geomorphic,
sedimentologic, and ichnologic variability, changes that also are reflected in both Holocene and
Pleistocene strata. The nature and distribution of sediment, benthic organisms, and modern traces
vary within and among shoreface subenvironments along the length of the leeward margin, and
demonstrate links among geomorphic setting, sedimentary facies, and trace assemblages (Fig.
14). Research results indicate that the hydrodynamics and platform orientation play a major role
in the spatial distribution of sediment and bioturbation. The following sections discuss the
controls on the variability of bioturbation and resultant ichnofabrics in modern settings, and how
they are used to interpret similar controls in the Holocene and Pleistocene.

Sediment and Bottom Types of the Modern Shelf.—The low-energy shoreface system
of the SW-facing north margin lies just south of rocky Pleistocene cliffs and is flanked by a

narrow, patch reef to rocky shelf. The north margin is protected from the distal swell from the
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north or northwest, and likely has a low rate of sediment supply from the north. These dynamics
are reflected in several sedimentologic patterns. Nearshore, the rocky shoreline, paucity of
backshore berms, vegetated backshore, and the southward-widening wedge of Holocene beach
ridges (Fig. 2A) are all consistent with the low rate of sediment supply on the north margin. The
influence of southward-directed longshore currents (Rankey 2014) is reflected in the shallow,
proximal upper shoreface by the shoreline-oblique, low subaqueous barforms. Aside from these
barforms, and at water depths > ~5 m, the sediment-water interface typically exhibits a microbial
mat or intense bioturbation, indicative of infrequent disturbance by waves or currents relative to
the rate of reworking. Overall, the fine-grained sediment on the north shelf and the mud content
(2-34%) higher than areas further south reflect the lower energy setting.

These patterns are distinct from areas further south along the margin. For example, the
west-facing central margin shoreline includes laterally discontinuous, low-relief backshore berms
and wide, gently sloping sandy beaches (foreshore), although local beachrock exposures are
present. The upper shoreface here includes well-developed shoreline-oblique barforms, and an
ebb tidal delta near French Wells. These accumulations, dominated by physical energy, pass
outboard to the bioturbated upper shoreface at depths > 5 m. This bioturbated upper shoreface
includes stabilized, flat to bioturbated bottom with scattered patch reefs, and between 4—17%
mud.

Differences are even greater on the south margin, an area that faces into the brunt of
waves generated by winter cold fronts and which is exposed to open-ocean swell. There, the
shoreline includes higher relief and more continuous backshore berms, flanked by steeper and
coarser beaches. Outboard of the foreshore, the upper shoreface in water depths up to 17 mis

characterized by a mix of bare rocky bottom, subaqueous dunes and wave-rippled sediment,
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scattered patch reefs, and a paucity of biogenic structures, all of which reflect consistent high
energy conditions. The bare rocky bottom of the outer upper shoreface indicates off-bank
sediment transport caused by offshore currents. The narrow bioturbated upper shoreface, at
water depths > 17 m, includes fine to coarse, ooid-skeletal sand with rare physical sedimentary
structures.

Distribution of Bioturbation.—Although the study area extends for < 35 km along
strike, it includes highly variable ichnologic assemblages and ichnofabrics at varied depths along
the margin. The rocky shores of the north shelf, exposed as cliffs or low rocky outcrops include
only borings. Sandy beaches of the central and south margin upper foreshore display moderate
bioturbation intensity (typically ii3), with sparse ghost crab burrows (Psilonichnus), as well as
dwelling and locomotion traces of echinoids, crustaceans, and polychaete worms. Such
assemblages are assigned to the Psilonichnus Ichnofacies (upper foreshore and backshore berm)
and archetypal Skolithos Ichnofacies (lower foreshore and toe-of-beach). The modern borings in
the Pleistocene and Holocene outcrops along the margin are assigned to the Trypanites
Ichnofacies.

One upper shoreface end member, the north shelf, includes ichnologic characteristics
indicative of low-energy conditions. The upper shoreface here includes moderate bioturbation
intensity (ii3), with a low-diversity Scolicia-Skolithos assemblage representing predominantly
filter- and deposit-feeding (with minor predation and locomotion) behaviors of callianassids,
echinoids, mollusks, and polychaetes. The moderate degree of bioturbation is evident in the
presence of burrow-modified ripples, reflecting a high rate of biologic reworking of sediment,
relative to physical reworking at the sediment-water interface. Trace assemblages represent the

proximal Cruziana Ichnofacies (Fig. 15). In contrast, trace assemblages of the central and south
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margin upper shoreface are characterized by rare to sparse distribution of simple dwelling and
predation burrows with bioturbation intensity ii2 (central margin) and < i3, though iil (south
margin) are typical. Thus, the upper shoreface of the north margin is considerably more
bioturbated, with greater ichnologic and ethologic diversity, than the upper shoreface of the
central or south margins.

The character and depth of the bioturbated upper shoreface also varies along strike. In the
bioturbated upper shoreface, the position, depth range, and characteristic trace assemblages are
generally similar on the north and central margins. There, at water depths generally > 17 m,
abundant tracemakers produce diverse traces of high to complete bioturbation intensity (ii4—6;
Tables 2, 3). In contrast, the bioturbated upper shoreface of the south margin is present only at
water depths > 17 m, and comprises a much smaller portion of the shelf. The bioturbated upper
shoreface of the south margin is characterized by sparse to moderate bioturbation intensity (i12—
3) with low-diversity assemblages dominated by vertical burrows with reinforced walls (e.g.,
Ophiomorpha, Skolithos). This assemblage is similar to the archetypal Skolithos Ichnofacies.

Synthesis.—Regional changes in margin orientation result in along-strike variability in
depositional energy from tides, waves from passage of cold fronts, and open-ocean swell. These
dynamics are interpreted to influence sediment and organism distribution, bottom-type changes
along and across strike, beach ridge progradation patterns, and the relative rates of physical
versus biological reworking.

The north margin is largely protected from storm waves and swell due to the Crooked
Island shoreline, which creates the embayed, protected margin (Fig. 1C). This SW-facing north
margin is most influenced by weak, southward longshore currents, reflected in the fine sediment,

low sediment supply, and rare ooids. The transitional central margin, with low backshore berms,
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gently dipping beaches, broader Holocene beach ridges, and abundant nearshore oolitic bars,
reflects an intermediate energy level. The south margin, which faces into storm waves generated
by the passage of winter cold fronts and open-Atlantic swell, includes tall backshore berms, steep
beaches, and a deep upper shoreface, and represents the highest energy setting along this margin.
Neoichnology of the modern shelf displays comparable along- and across-strike
variability. The general patterns of diverse and intense biotic activity to the north and minimal
bioturbation to the south reflect changes in the distribution and constituents of benthic
organisms, behaviors, and hence, the resulting ichnofabrics. Trace abundance and distribution
record changes in the distribution of benthic organisms and behaviors consistent with
depositional conditions associated with the progressive, north to south increase in hydrodynamic

energy.

Pleistocene and Holocene Strata

The orientation, spatial distribution, and crosscutting relationships of topographic beach
ridges reveal the progradation history and evolution of the leeward margin, and provide a
framework for interpreting vertical stacking patterns and stratigraphy of FA1 and FA2
successions. Crosscutting relationships of beach ridges (Fig. 7) evident in satellite images of
Crooked Island and Long Cay reveal diverse progradation patterns. In the north margin area of
Crooked Island, progradation of Pleistocene ridges are characterized by few, laterally continuous
beach-ridge sets which arc oriented south to southeast, and beach-ridge orientation shows at least
two stages of progradation (Fig. 1C). In contrast, spatial relationships between topographic ridge
sets of the south margin reveal complex patterns of progradation, longshore accretion, and

erosional truncation (Fig. 7).
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Within this larger-scale framework, Pleistocene and Holocene strata form shallowing-
upward successions interpreted to represent deposition in upper shoreface (LFA-D), foreshore
(LFE), and backshore berm (LFF) environments, broadly similar to those observed on the
modern shelf. These strata exhibit along-strike changes in sedimentologic, stratigraphic, and
ichnologic characteristics that are broadly comparable to trends observed on the modern shelf,
and which define the two distinct Holocene and Pleistocene facies associations (FA1, FA2; Fig.
10).

The FAL strata of the north margin are characterized by intensely bioturbated (> ii4)
shallowing-upward successions of poorly sorted, very fine- to course-grained peloid-ooid-
skeletal sand. At the base of FA1 successions, LFB deposits typically are trough-cross stratified,
but display ii5-6, with poor preservation of physical sedimentary structures due to the mottled
fabric. Trace-fossil assemblages are diverse, with high burrow density indicated by the
abundance of crosscutting burrows. The mottled fabric and discrete trace fossils (i15—-6), result in
the preservation of Ichnofabrics II and VI. Above LFB, deposits interpreted as upper shoreface in
FA1 (LFC, LFD) are moderately to poorly sorted, very fine-grained grainstone consisting of
peloids, ooids, composite grains, and skeletal fragments of varying abundance, similar to
sediment of the modern north-margin upper shoreface. Physical sedimentary structures are
generally dm-scale (0.1-0.5-m thick) crossbedding and range from poorly preserved (ii4) to
completely reworked (i16) by burrowing organisms, indicating that the rate of biological
reworking was greater than the rate of physical reworking for much of this segment of the shelf.
Composite grains are abundant, and most ooids display few (generally < 3) thin laminae. Skeletal

grains are predominantly whole and unbroken, with well-preserved ornamentation, indicating
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limited physical abrasion. Limited physical abrasion, combined with prevalent microborings and
pervasive micritization of grains suggest low-energy conditions.

These bioturbated upper shoreface and upper shoreface strata (LFB, LFC, LFD) exposed
along this northern margin exhibit the greatest bioturbation intensity (ii3—6) of Pleistocene strata
in the area. The abundance and density of tracemakers, and the diverse nature of the trace-fossil
assemblages indicate that, although infrequently influenced by wave and current agitation, these
shoreface deposits reflect a greater rate of bioturbation relative to the rate of physical reworking
of the sediment, and dominant influence of biologic processes.

Several attributes of FA2 successions of the south margin contrast with the shelf further
north, including: 1) laterally continuous, high-relief backshore berm deposits up to several
meters thick; 2) thick (up to 4 m) foreshore successions; 3) thick upper shoreface deposits
dominated by dm- to m-scale trough cross-strata; and 4) upper shoreface and toe-of-beach
deposits (LFA, LFB, LFD) with limited ichnodiversity and sparse distribution of vertical to
inclined burrows with or without reinforced walls (i11-3; Ichnofabric V). The preservation of
physical sedimentary structures in these ridges to the south suggest deposition in a higher energy,
wave-dominated shoreface system, and reflect a rate of physical reworking higher than the rate
of biological reworking.

Similarly, patterns of bioturbation intensity (ii5—6) and ichnofabrics (Ichnofabrics III and
VI) of Pleistocene and Holocene LFF and LFG (backshore berm and subaerial exposure
intervals) are consistent with the processes observed in modern backshore and backshore berm
environments. Where discrete traces are preserved, assemblages are assigned to the Psilonichnus

Ichnofacies. The backshore and backshore berms of the central and south margin include intense
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to complete bioturbation (i15-6) by meiofauna, macrofauna, and plant roots, resulting in
cryptobioturbation preserved as Ichnofabric VI.

Synthesis.—Ancient and modern deposits illustrate along-strike variations in grain type,
size, and sorting, as well as trace-fossil associations, ichnofabric, and ichnodiversity similar to
their character and distribution on the modern shelf. By analogy with the present-day margin,
along-strike changes are interpreted to be controlled by margin orientation relative to the
direction of dominant wave energy, and result in progressive increase in depositional energy
from north to south (Fig. 14). Akin to deposits of the modern north-margin shelf, Pleistocene
FA1 strata more common to the north are interpreted as deposits of a shoreface system sheltered
from local, wind-generated waves, storm waves, and distal swell. Physical oceanographic
processes governing the deposition of FA1 strata were dominated by generally weak, southward
longshore currents and broad periods of stasis, and biological reworking. Analogously, the
patterns of the Pleistocene FA2 strata are interpreted to represent a higher energy shoreface, with
conditions favoring a rate of physical reworking greater than the rate of biological reworking.

This shoreface likely reflects exposure to waves of cold fronts and distal swell.

Sedimentologic, Ichnologic, and Diagenetic Influences on Petrophysical Heterogeneity
Understanding controls on spatial patterns of sedimentary facies and bioturbation within
carbonate shoreface systems can provide new insights into controls on petrophysical
heterogeneity within subsurface grainstone deposits and analog reservoirs. The results of this
study show several scales of variability that could influence the thickness and quality of reservoir
analogs.
Regional scale.—At the largest scale, along-strike changes in sedimentologic character,

stratal successions, and ichnofabric are marked by the differences between FA1 (more common
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to the north) and FA2 (more common to the south) successions in the Pleistocene. Several
patterns are observed. First, the stratigraphic succession and most individual facies are thicker to
the south. For example, the upper shoreface grainstones are < 3-m thick in FA1, but can be 4-m
thick in FA2. Second, bioturbation is more intense and deeper to the north. For example, some
grainstones are completely bioturbated; primary physical sedimentary structures within them are
difficult to discern or are absent. Third, the continuity of the beach ridges—and presumably the
underlying upper shoreface—is greater along strike in the north, where individual ridges can
extend more than 10 km. To the south, ridge sets are more complex, and can be discontinuous
across several km strike.

Outcrop scale—The distribution, behaviors, and tiering of tracemakers are recorded in
the ichnologic character (trace-fossil assemblages, ichnofabrics, ichnofacies) of Pleistocene
strata. Carbonate shoreface deposits of CAP are characterized by six ichnofabrics (Table 6) that
reflect the biological modification of the primary sedimentary fabric. The six ichnofabrics reflect
the burrowing activity of individuals (i.e., ethology and trophic structure) as well as the epifaunal
and infaunal community as a whole (i.e., bioturbation intensity, burrow crosscutting, tiering).
Ichnofabrics range from no bioturbation (Ichnofabric I), to complete burrow mottling and
homogenization of the depositional fabric to produce cryptobioturbation (Ichnofabric VI; Figs.
12, 13).

Facies associations within Pleistocene and Holocene shallowing-upward successions
display systematic vertical changes in sediment, physical sedimentary structures, bioturbation
intensity, ichnodiversity, tiering, and ichnofabric (Fig. 10). For example, upper shoreface strata
commonly are more bioturbated than the overlying foreshore deposits, and exhibit greater

burrow penetration and connectivity. Thus, the ichnology and depositional facies vary
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considerably at the scale of a single shallowing-upward succession, resulting in m-scale vertical
heterogeneity.

Hand sample scale.—Micro- and macro-CT data reveal density heterogeneities in 2D
and 3D, which are interpreted to reflect the patterns of trace-fossil distribution, architectural
morphology, connectivity, and crosscutting relationships of the ichnofabric. Petrophysical and
CT-scan data reveal a range of burrow orientation and connectivity. Ichnofabric II (Sample 3)
shows the greatest cm- and sub-cm-scale variability in rock fabric, pore networks, and porosity,
interpreted to reflect vertical and horizontal burrow connectivity and associated cement haloes.
Ichnofabric VI (Sample 1) shows the least spatial variability, reflecting a relatively homogeneous
rock fabric interpreted to reflect complete bioturbation by ubiquitous meiofauna and macrofauna.
Ichnofabric V (Sample 2) represents a transition between the spatial complexity and high-burrow
connectivity in Ichnofabric II and the more-or-less homogeneous fabric, complete bioturbation,
and ubiquitous burrow connectivity of Ichnofabric VI.

Thus, at the scale of an individual core or hand sample, trace fossils influence carbonate
sedimentary textures and porosity in a variety of ichnofabrics (Figs. 12, 13): 1) millimeter- to
centimeter-scale, bedding-parallel planiform trace fossils with burrow fill that is coarser grained
and more porous than the host rock; 2) complete bioturbation by meiofauna to produce mottled,
cryptobioturbate textures; 3) discrete vertical, subvertical, and U-shaped trace fossils that display
less well-sorted, loosely packed burrow fill with considerably less cement than the host rock, and
cement linings and hollow interiors that may act as conduits between units; and 4) 3D burrow
networks characterized by poorly sorted, loosely packed peloidal fill, surrounded by a halo of

pore-occluding, sparry calcite cement.
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Integrated Ichnofacies Model for Carbonate Shoreface Systems

Integration of ichnologic and sedimentologic characteristics of Pleistocene, Holocene,
and modern shoreface deposits on the leeward margin of CAP lead to the development of a new
ichnofacies model specific to wave-dominated carbonate shoreface systems (Fig. 15). A
conceptual ichnofacies model specific to wave-dominated carbonate shoreface systems (Fig. 15)
includes synthesis of ichnologic and sedimentologic characteristics of Pleistocene and Holocene
shallowing-upward successions, informed by parallels with the hydrodynamic conditions and
geomorphic elements on the modern shelf. This model (Fig. 17) provides the framework for
interpreting the controls on sedimentological, ichnological, and petrophysical variability within
shallow-marine carbonate depositional systems. The trace-fossil assemblages and ethological
groups of modern and ancient deposits include four ichnofacies: Trypanites Ichnofacies,
Psilonichnus Ichnofacies, Skolithos Ichnofacies, and Cruziana Ichnofacies.

The Psilonichnus Ichnofacies is characteristic of such geomorphic elements as the
backshore and foreshore within the uppermost intertidal and supratidal environments of coastal
settings. Consistent with the traditional Seilacherian ichnofacies model, the Psilonichnus
Ichnofacies of CAP is best expressed in deposits of the backshore and backshore berm. Such
environments are subject to eolian and other continental processes (e.g., pedogenesis; Hasiotis
2007; Hasiotis et al. 2007; Hasiotis and Platt 2012; Hasiotis et al. 2013), with marine processes
dominant during perigean spring tide and storm conditions (Fig. 15). Bioturbation is dominated
by terrestrial plants and organisms in the backshore and backshore berm settings, including
terrestrial meiofauna and macrofauna (e.g., amphipods, snails, arachnids, insects, lizards), which
form trackways and trails and burrow through the interstitial sediment, producing ubiquitous

mottled texture. The mottling may preserve or destroy the primary sedimentary fabric,
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commonly resulting in preservation of Ichnofabrics VI, I1I, and IV. In the upper foreshore,
bioturbation is dominated by marine macrofauna and meiofauna. Terrestrial organisms, such as
lizards, amphipods, and insects, form surficial trackways, as well as vertical to inclined burrows
in the backshore environments on the leeward margin.

The backshore is characterized by terrestrial plants and organisms that produce surficial
tracks, trackways, and burrows. Trace-fossil assemblages are characterized by sparse distribution
of vertical, inclined, and U-shaped dwelling burrows attributed to insects (Arenicolites,
Macaronichnus, Macanopsis, Polykladichnus, Skolithos), as well as sparse J- and Y-shaped
fiddler- and ghost-crab burrows (Psilonichnus). Less common traces include bird tracks, and rare
trackways of land snails, hermit crabs, and ghost crabs (4rchaeonassa, Coenobichnus, and
Diplichnites, respectively). Cryptobioturbation is also prevalent, attributed to the burrowing
activity of meiofauna (e.g., amphipods). Bioturbation intensity (i1i2—6) and sedimentary processes
result in preservation of Ichnofabrics III, IV, and VI.

The Skolithos Ichnofacies is characteristic of high energy, shifting sandy media in
intertidal to shallow subtidal settings. On the modern shelf, the Skolithos Ichnofacies extends
from the lower foreshore (swash zone) to the upper shoreface—bioturbated upper shoreface
transition zone, within high-energy, marine environments influenced by waves, currents, and
storms. Although variable along the margin, the Skolithos Ichnofacies is typical of moderately
sorted, medium-grained sand with well-preserved physical sedimentary structures (i11-2).
Actively migrating, sinuous-crested subaqueous dunes (preserved as trough cross-strata, Fig. 9)
include conditions favorable to habitation by certain groups of macrofauna (e.g., suspension-
feeders and passive carnivores). As a result, trace-fossil assemblages are dominated by vertical

dwelling burrows (e.g., Ophiomorpha, Skolithos) and display a wider range of bioturbation
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intensity (ii1-5). Together, the physical sedimentary processes and bioturbation of such
carbonate shoreface environments result in the preservation of Ichnofabrics [-IV.

The Cruziana Ichnofacies is characteristic of lower energy, subtidal settings with limited
influence by waves. This setting is comparable to the lower shoreface of Kamola and Van
Wagoner (1995), in that it lies below fairweather wave base but is likely subject to disturbance
during distal swell and extreme wave events or storms. On the modern shelf, the Cruziana
Ichnofacies extends seaward from the upper shoreface—bioturbated upper shoreface transition
zone on the north and central margins, and is indicative of low-energy, permanently subtidal
marine environments that experience infrequent high-energy events. The Cruziana Ichnofacies is
typical of poorly-sorted, very fine to coarse sand with variable amounts of mud (up to 34%) and
poor preservation of physical sedimentary structures. Bioturbation by surficial epifaunal deposit
feeders (e.g., sea biscuits, gastropods), predators (sting rays) along with dwelling structures of
polychaete worms and callianassid shrimp, result in intense to complete bioturbation (i15-6).
Trace-fossil assemblages are dominated by locomotion, and surficial deposit-feeding traces (e.g.,
Archaeonassa, Scolicia), as well as Thalassinoides and Ophiomorpha, and dwelling burrows of
suspension feeders or passive carnivores (e.g., Cylindrichnus, Conichnus, Skolithos). Together,
the paucity of physical sedimentary structures and intense bioturbation by diverse and abundant

trace fossils results in preservation of Ichnofabrics II, III, and IV.

CONCLUSIONS

This study characterizes the geomorphology, sedimentology, and ichnologic variability
within shoreface deposits along the western, leeward margin of Crooked-Acklins Platform,
southern Bahamas. Evaluation of bottom types, geomorphic features, and remote-sensing data

along with analysis of neoichnology and sediment distribution on the modern shelf provide the
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framework for outcrop analyses. Integration of modern and outcrop data illustrate how
hydrodynamic and biologic processes influence the nature and distribution of sedimentary facies
and biogenic structures within carbonate shoreface systems. Results include a conceptual model
for the controls on spatial variability, and provide insight that can be applied to better understand
heterogeneous subsurface analogs.

Bioturbation within carbonate shoreface deposits reflects the large-scale changes in
energy and hydrodynamic conditions along the western leeward margin. These changes are
analogous to those in the Holocene and Pleistocene outcrops on the margin. The interaction
between physicochemical and biogenic controls results in preservation as one of six ichnofabrics,
representing the range of ichnologic features observed on the modern shelf and in the Pleistocene
outcrops. Descriptions of ichnofabrics in hand sample, slabbed sample, and thin section
demonstrate the influence of bioturbation on grain-size distributions, grain packing and sorting,
and cementation patterns. Vertical and lateral changes in both character and intensity of
bioturbation are evident at several scales: 1) regional (along-strike); 2) lithofacies (within
shallowing-upward successions); 3) hand sample (stratigraphic position and geomorphic setting);
and 4) thin section (mm-scale variations in cementation, grain size distribution, and grain
packing). Bioturbation alters pore distributions, and porosity and CT scan data reveal that
ichnofabric-associated textural variability can have a considerably influence on petrophysical
heterogeneity. These insights provide a conceptual model for controls on sedimentological and
ichnological heterogeneity in carbonate shoreface systems, and may be applicable to

understanding similar systems in the subsurface.
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FIGURE CAPTIONS

Key of Ichnogenera Abbreviations used in figures, tables, and captions:

Ac = Archaeonassa
Ar = Arenicolites
As = Asterosoma
Bg = Bergaueria

Bi = Bichordites

Ce = Coenobichnus
Co = Conichnus

Cr = Cryptobioturbation
Cy = Cylindrichnus
Dc = Diplichnites
Di = Diplocraterion
Fu = Fugichnia

Di = Diplocraterion
Fu = Fugichnia

Li = Lingulichnus
Ma = Macaronichnus
Mc = Macanopsis
Op = Ophiomorpha
Pa = Palaeophycus
Ph = Phycosiphon
Pc = Piscichnus

Pl = Planolites

Pk = Polykladichnus
Ps = Psilonichnus

Rz = Rhizoliths

Ro = Rosselia

Ru = Rusophycus
Sc = Scolicia

Si = Siphonichnus
Sk = Skolithos

Ta = Taenidium

Te = Teichichnus
Th = Thalassinoides

FIG. 1.—Study area. A) Google Earth image of Crooked-Acklins Platform (CAP), southeastern
Bahamas. Yellow star is Nassau; red box shows location of B. B) Remote sensing image
of CAP with study area (red box) highlighted on the arcuate, leeward margin, detailed in
C. ©) QuickBird NIR-G-B image of study area on leeward margin, indicating the three
study regions. White star is location of shoreface hydrodynamic data (Rankey 2014).

FIG. 2.—QuickBird remote sensing images showing variability of geomorphic features and
bottom types (white text) on the central- and south-margin shelf, as well as along-strike
changes in shelf-margin bathymetry (red lines show the shelf break) and distribution of
geomorphic elements (yellow text). The grey area within the black dashed lines
represents the transitional area between the upper shoreface (USF) and the bioturbated
upper shoreface (bUSF). Major ridge sets (black lines) on Crooked Island and Long Cay
illustrate along-strike variability of Pleistocene and Holocene progradation. A) Central
margin shelf (transect B-B’, Fig. 1C). Note that the transitional area is deflected seaward

near the tidal delta. B) South margin shelf (transect C—C’, Fig. 1C).
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F1G. 3.—Shoreface profiles of transects A—A’, B-B’, and C-C’ (locations in Fig. 1C). Each
profile shows the distribution of geomorphic elements on the shelf (grey = transitional
boundaries); blue letters correspond to the location of sediment samples shown in Fig. 6.
The scale horizontal scale is the same for A-A’ and B—B’; note the change in horizontal
scale in transect C—C’, reflecting the narrow shelf-width. The shelf gradient steepens
distally, with the upper shoreface (USF) to bioturbated upper shoreface (bUSF) transition
marked by a slight increase in gradient on all three margins. Note the ratio of USF to
bUSF increases as the shelf gradient becomes progressively steeper from north to south.

F1G. 4.—Field photos of bottom-type variability among geomorphic elements of the modern
leeward shelf. A—C) North margin. D-F) Central margin. G-I) South margin. A, D, G)
Bottom types of the backshore berm and foreshore. B, E, H) Bottom types of the upper
shoreface (USF). C, F, I) Bottom types of the bioturbated upper shoreface (bUSF). A)
Rocky shoreline characteristic of the north margin foreshore. B) Asymmetrical wave
ripples modified by burrowing activities of echinoids and other benthic fauna
(Archaeonassa, Scolicia; arrows and dotted lines). C) Patch reefs (up to 2.5 m relief) and
bioturbated sediment typical of the north margin bUSF. D) Wide, gently sloping sandy
beaches characteristic of the central margin. E) Current-modified wave ripples with little
bioturbation, typical of the central margin USF. F) Thoroughly bioturbated sediment of
the central margin bUSF with scattered low patch reefs in the distance. G) Narrow,
steeply sloping beaches and Holocene outcrops of the south margin. H) Flood-oriented,
3D subaqueous dunes (height up to 0.8 m) with superimposed current ripples, typical of
the USF; note boulder-size clasts in lows between dune crests (arrow). I) Rocky bottom

zone devoid of sediment.
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FIG. 5.—Modern traces of the leeward margin, arranged proximally—distally. A—C are common
in the backshore (BS) and foreshore (FS), D—F in the upper shoreface (USF), and G-I in
the bioturbated upper shoreface (bUSF). A) Plan-view photo showing paired apertures of
a ghost-crab burrow (Psilonichnus) in the upper FS. B) Cast of a ghost crab burrow
assignable to Psilonichnus; note the upwards branching to form Y-shaped burrow
morphology near the sediment surface (yellow line). C) Crab trackways up to 5-cm in
diameter are typical of the upper FS and BS, and may be surrounded by sediment
expelled from the burrow. D) Fecal mound common of the central-margin USF; E)
Paired openings to burrows common of ghost shrimp Alpheus sp. F) Vertical tube (cf.
Skolithos) with lining of agglutinated sediment, prevalent in the USF of all three margins.
G) Cone-shaped mound (white arrow) and paired pit (black arrow) mark the entrance and
exit to burrow systems formed by Thalassinid and Callianassid shrimp, prevalent in the
bUSF of the central and south margins. H) Goby fish burrow in the bUSF. Vial cap is 4.6
cm in diameter. I) Sting ray deposit-feeding pit similar in morphology to Piscichnus,
common from the USF-FS transition to the bUSF.

F1G. 6.—Thin-section photomicrographs showing sedimentologic variability of the leeward
margin of CAP, locations shown on Fig. 3. A—C are from the north margin, D—F from the
central margin, and G-I from the south margin. A) Well-sorted, medium skeletal-peloid
sand from the foreshore (FS); note the micritic rims on the undifferentiated skeletal
fragments, foraminifera, and Halimeda grains. B) Moderately-sorted, coarse composite
grain-skeletal sand with micritic rims, from the upper shoreface (USF) (5-m water depth).
C) Poorly sorted, bimodal, very fine peloid-skeletal sand with 33% mud from the

bioturbated upper shoreface (bUSF) (18-m water depth). D) Moderately-sorted, fine—
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medium ooid-peloid-skeletal sand from the FS. E) Moderately-sorted, medium ooid-
composite grain-skeletal sand of the USF (4-m water depth). F) Poorly-sorted, trimodal,
very fine, medium, and coarse skeletal-composite grain-ooid sand from the shelf-slope
bUSF (31-m water depth). G) Moderately-sorted, medium—coarse ooid-composite grain-
skeletal sand from the FS; undifferentiated skeletal fragments are rounded and abraded
with micritic rims, microborings, and poor preservation of ornamentation. H)
Moderately-sorted, medium—coarse skeletal-composite grain-ooid sand from the USF (7-
m water depth). Skeletal and composite grains comprise the coarse sand fraction; skeletal
grains include whole Halimeda and foraminifera, and mollusk, sponge, and red algal
fragments with preserved ornamentation as well as micritic rims; rare ooids are fine sand-
size superficial ooids with peloid nuclei and < 3 oolitic laminae. I) Moderately-sorted,
trimodal, fine, medium, and coarse ooid-skeletal sand from the bUSF (27-m water depth).

FIG. 7—QuickBird remote-sensing image and interpreted diagram of beach ridges of southern
Long Cay, illustrating progradation patterns. A) Quickbird image of southern Long Cay.
Beach ridges are the linear, margin-parallel, lighter-colored features. B) Interpretation of
beach-ridge set progradation, which first occurred from NE to SW (ridge sets 1-3), then
proceeded to the W (set 4) and N (sets 5—6) before Holocene progradation began in
multiple directions.

FIG. 8.—Outcrop photos and thin-section photomicrographs illustrating the character of
Pleistocene Lithofacies (LF) E, F, and G. A) Low-relief (< 75 cm) Holocene LFE deposit
from the central margin; note the abundance of Psilonichnus burrows and rhizoliths. B)
Fenestral ooid grainstone with alternating laminations of coarse and fine sand (LFE); C)

Moderately-sorted, bimodal fine- to medium-grained ooid-peloid-skeletal grainstone
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typical of south margin LFE strata; note the vague preservation of coarse—fine laminae,
and presence of meniscus calcite cement. D) Holocene LFF deposit from the south
margin; swaley bedsets are laterally discontinuous, and exhibit steep, seaward-dipping
foresets as well as landward-dipping bedsets that flatten and become tangential towards
the backshore. E) Swaley LFF bedsets separated by internal truncation surfaces (arrows).
F) Poorly-sorted, fine-grained ooid-skeletal-composite grain grainstone of a FA1 berm
deposit; note the incipient dissolution, as well as the presence of secondary micrite that
coats grains and fills interparticle pores. G) Irregular, laminated micritic crusts of LFG
(arrows), overlain by a < 30-cm-thick unit angular breccia. H) Caliche crust and
overlying breccia, typical of LFG from both FA1 and FA2 successions; note the irregular
laminations within the micritic crust, as well as the arrangement of the angular clasts
within the breccia. I) Oolitic grainstone, illustrating petrographic characteristics
associated with subaerial exposure; note the secondary micrite and subtle laminations that
compose the crust, as well as the aligned, downward-bifurcating moldic pores interpreted
as rhizoliths.

FIG. 9.—Outcrop photos and thin-section photomicrographs illustrating the character of
Pleistocene Lithofacies (LF) A through D. A) LFA deposit from the south margin
composed of coral rubble rudstone and coralline boundstone with rare in situ coral,
above, a sharp contact (red arrow) separates LFA from the overlying seaward-dipping,
planar and low-angle cross-laminated strata of LFE. B) Bedding-plane of coral rubble
rudstone. C) Moderately-sorted, coarse-grained skeletal-ooid grainstone matrix, which
infills and overlies the boundstone and rudstone of LFA; note the abundance of micritic

cement that partially occludes interparticle pores. D) LFB deposit from the south margin,
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showing well-preserved TCS (ii2); note the sharp, erosive contacts both above and below
each bedsets (red arrows). E) Decimeter-scale TCS bedsets of FA1 (ii5), with
interbedded cobble-size intraclasts (red arrow). F) LFB deposit from FAT1, illustrating
mm-scale variability; red line marks the edge of a subvertical trace fossil (cf.
Bergaueria). Note the looser packing and coarser sediment in the burrow interior. G)
Thick, southward-dipping trough cross-stratified bedsets with sharp, parallel bedset
boundaries (red arrows), common in north margin LFC strata from a north margin
outcrop. H) Plan-view of southward-dipping LFC strata showing rib and furrow
paleocurrent indicators (white arrows). I) LFC, composed of bimodal, poorly sorted very
fine to medium-grained skeletal-ooid-composite grain grainstone, showing the fill of an
unlined, subvertical burrow, with coarser fill and looser sediment packing than the
matrix. J) Rounded, cobble-size intraclasts of planar-laminated grainstone (red arrow)
within FA2 toe-of-beach (LFD) strata. K) LFD displaying coarse grain size, poor to
moderate sorting, and climbing ripples, typical of toe-of-beach deposits on the north
margin. L) Moderately-sorted, fine-grained, ooid-composite grain grainstone from a
south margin LFD deposit; note the patchy distribution of cement and paucity of
laminations or other physical sedimentary structures.

F1G. 10.—Representative measured sections of Pleistocene facies associations with stratigraphic,
sedimentologic, and ichnologic data, and interpreted environments of deposition. A)
Succession common of Facies Association 1; note the thinner overall section and higher
bioturbation intensity throughout as well as the thin foreshore. B) Succession common of
Facies Association 2. Where all six lithofacies are present, FA2 is characterized by a

discontinuous, basal unit of boundstone-rudstone, upper shoreface deposits with thick
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trough cross-stratified bedsets and low bioturbation intensity (< ii3), cryptobioturbated
foreshore deposits up to 2-m thick, and swaley-bedded berm deposits up to 2-m thick.
The measured section is < 4 m, the succession lacks both reef (LFA) and berm (LFF)
facies, grain size is much finer, and bioturbation intensity (ii) is much greater than Facies
Association 1.

FIG. 11.—Outcrop photos of trace fossils. A) Plant root molds preserved in concave hyporelief;
note the Y-shaped branching pattern and associated change in trace diameter. B)
Psilonichnus preserved within LFE of a south-margin succession. C) Planiform traces
preserved within fenestral, moderately well-sorted, medium-grained ooid grainstone of
LFE; note the subtle nature of the horizontal burrow (Planolites), which lacks a defined
burrow lining. D) Piscichnus within LFB of a north-margin succession. E) Skolithos
common of LFB and LFD deposits of FA1. F) Conichnus within LFD. G) Vertical
transition from Rosselia (lower) to Cylindrichnus (upper). H) Thalassinoides in LFB
deposits of FA1. I) Horizontally oriented Ophiomorpha burrow network within LFD;
note the branching pattern and hollow interior of the burrow shafts.

FIG. 12.—Representative outcrop, hand sample, and thin section photos of Ichnofabrics II-VI.
A—C) Ichnofabric II, illustrating tiering of trace fossils with horizontal, vertical, and
boxwork morphologies. Note the intensity of bioturbation, and degree of interpenetration
and crosscutting compared to the other ichnofabrics. Also note the porous, loosely packed
burrow fill (BF) compared to the cement halo (H) surrounding the burrow (contact
marked with red arrows). D-F) Ichnofabric 111, showing diminutive subvertical and U-
shaped trace fossils. Trace fossils of Ichnofabric III typically display protrusive

(common) and retrusive (less common) spreiten. G—I) Ichnofabric IV, dominated by
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planiform, cylindrical trace fossils that intermittently disrupt primary laminations (black
arrows). 1) Ichnofabric IV expressed in thin section, illustrating the subtle alteration of
primary laminae. Small, horizontal burrows are expressed as ovoid disruptions in primary
laminae (yellow arrow), with burrow fill that has looser grain packing and less
cementation than the surrounding host rock. Note the looser grain packing and
diminished cement that define burrow interiors (yellow arrows). J-L) Characteristics of
Ichnofabric V, with vertically-oriented, reinforced burrows such as Ophiomorpha (yellow
arrow) and Skolithos. Burrow walls are lined with pellets of sand-sized grains to form
mammillated textures on exterior walls (dashed lines). Note the coarser grain size and
lack of cement within burrow fill (BF) compared to the finer grained matrix (M). M-O)
Ichnofabric VI, illustrating cryptobioturbation at multiple scales. Dense distribution of
mm-scale burrows destroys primary laminations at bioturbation intensity > ii3 (black
arrows).

FI1G. 13.—Corresponding slab sample, thin section, and CT scan data. Cryptobioturbation
(Ichnofabric VI), Vertical Reinforced Burrows (Ichnofabric V), and Network Burrows
(Ichnofabric II) ichnofabrics common within carbonate shoreface deposits of CAP. The
character of each ichnofabric is displayed in high-resolution digital scans of slabbed
samples, whole thin-section scans, and axial images from CT- and Micro-CT scans.
Density is represented by color range: black (no density, open pore) to white (highest
density) for micro-CT and thin section scans, and from black to dark red in CT scans.
Density values are used as a proxy for porosity distribution, in turn correlated to
permeability distribution. The three samples represent the spectrum of porosity

distribution within shoreface grainstone of CAP. A—-D) Ichnofabric VI, cryptobioturbated
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with density homogenized in both vertical and horizontal directions. This type of porosity
distribution is most common within LFE and LFF deposits; E-H) Ichnofabric V,
characterized by Ophiomorpha and Skolithos with reinforced, cm-scale burrows. CT
scans show sparse distribution of cm-scale density heterogeneities, common in LFA and
LFB deposits of FA2. I-L) Ichnofabric II, characterized by network burrows with density
heterogeneities that form interconnected 3D networks, corresponding to burrow systems
with morphologies similar to Ophiomorpha or Thalassinoides. These porosity
distributions are most common within FA1 deposits of the North Margin. For network
burrow ichnofabrics, note that the burrow interiors are darker, indicative of porous
burrow fill, and are typically surrounded by a lighter colored halo of higher density
calcite cement.

FIG. 14.—Schematic summary and conceptual model showing hydrodynamic processes that
influence sedimentation and bioturbation on the leeward margin of CAP, the stratigraphic
character and preservation of shallowing-upward grainstone successions in the rock
record, and the defining characteristics of along-strike variability. Arrows on the modern
processes map show schematic direction of currents and sediment transport. Pleistocene
sections illustrate the stratigraphic patterns and bioturbation intensity of protected versus
open margin shoreface deposits. Defining character summarizes features of along-strike
heterogeneity, applicable to predicting variability within analog reservoirs.

FIG. 15.—Ichnofacies model of a carbonate shoreface system with along-strike variability in
hydrodynamic conditions and depositional environments. Bathymetric profiles, dominant
hydrodynamic processes, depositional environments, abundance and distribution of traces

and associated ichnofacies for the north, central, and south margins. The profiles are
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derived from bathymetric data collected during scuba transects. For horizontal scale,
compare to the bathymetric profiles in Fig. 3. Please refer to the Key of Ichnogenera for

abbreviations.

TABLE CAPTIONS

TABLE 1.—Geomorphic characteristics of the north, central, and south margin. Abbreviations are
as follows: BCB=boulder clast berm; LSF=lower shoreface; MHT = mean high tide;
RC=rocky cliffs, RS=rocky shoreline; SB=sand berm; SS=sandy shoreline; USF=upper
shoreface; and VSB=vegetation-stabilized sand berm.

TABLE 2.—Summary table for North Margin Transect A—A’, location in Fig. 1C. Abbreviations
are as follows: BST = boundstone; GST = grainstone; ii = ichnofabric index; MHT =
mean high tide; N/A = not available; PKST = packstone; PR = patch reef; RB = rocky
bottom; RC = rocky cliffs; RS = rocky shoreline; RST = rudstone; SB = sand berm; and
U. skeletal = unidentified skeletal fragments. Sorting abbreviations: M = moderately;
MW = moderately well; P = poorly; VP = very poorly; VW = very well; W = well.

TABLE 3.—Summary table for Central Margin Transect B-B’, location in Fig. 1C. Abbreviations
are as follows: BCB = boulder clast berm; BST = boundstone; bUSF = bioturbated upper
shoreface; GST = grainstone; ii = ichnofabric index; PKST = packstone; PR = patch reef;
RC =rocky cliffs; RS = rocky shoreline; RST = rudstone; SB = sand berm; TCS = trough
cross-stratification; TOB = toe of the beach; and USF = upper shoreface, and
VSB=vegetation-stabilized sand berm.

TABLE 4.—Summary table for South Margin Transect C—C’, location in Fig. 1C. Abbreviations

are as follows: BST = boundstone; bUSF = bioturbated upper shoreface; GST =
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grainstone; i1 = ichnofabric index; PR = patch reef; RC = rocky cliffs; RS = rocky
shoreline; RST = rudstone; TCS = trough cross-stratification; TOB = toe of the beach;
and USF = upper shoreface, and VSB=vegetation-stabilized sand berm.

TABLE 5.—Summary table of Pleistocene and Holocene lithofacies. Abbreviations are as
follows: BSB = backshore berm; bUSF = bioturbated upper shoreface; FA1 = Facies
Association 1; FA2 = Facies Association 2; FS = foreshore; M = moderately sorted;
MHT = mean high tide; MW = moderately well sorted; P = poorly sorted; SL = sea level,
TCS = trough cross-stratified; i1 = ichnofabric index; USF = upper shoreface; and W =
well sorted.

TABLE 6.—Summary table of carbonate shoreface ichnofabrics.
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Figure 2:
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Figure 3:
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Figure 10:
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Figure 14:
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Figure 15:
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TABLES

Table 1:

Margin

Characteristics North Margin | Central Margin | South Margin
Margin orientation SW facing W facing NW facing
Shelf width (kn) 0.7-1.9 1.4-2.6 0.4-1.2
Shelf-break depth (m) 18 17 13
Average shelf gradient 0.5° 0.5° 2.1°
Berm type SB BCB: VSB VSB
Berm height (m) <03 <1.5 =4
Shoreline type RC; RS SS RC:; SS
Beach width (m) <10 < 30 4-25
Beach gradient < 5° < 5° > 7°
USF depth range (i) 0.7-7.0 1.0-5.0 3.4-17.0
USF width (km) 1.0 1.1 0.6
USF width (% shelf) 55% 50% 85%
USF shelf gradient 0.2° 0.3° 1.3°
bUSF depth range (m) 7-18 5-17 17-27
DUSF width (km) 0.9 1.2 0.1
bUSF width (% shelf) 50% 55% 10%
DUSF shelf gradient 1.1° 1.1° 19°
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APPENDIX A

Porosity and Permeability in Carbonate Shoreface Strata

Shoreface strata of CAP are largely characterized by grainstone depositional textures that
exhibit considerable sedimentologic and ichnologic variability (Fig. 10), and a wide range of
petrophysical properties. Shoreface deposits show porosity that ranges from 3-34% (N = 76) and
permeability that varies from 0.011-317 D (N = 910). Integration of thin-section petrography,
CT scans, and porosity and permeability data from three representative samples (Fig. 13; Table
A) explore the relationship between sedimentologic and ichnologic variability and petrophysical
heterogeneity.

Spot-permeametry testing on 21 unpolished slab samples used a New England Research
TinyPerm II portable handheld air permeameter. The device measures air permeability ranging
from 1 millidarcy (mD) to 5,000 Darcy (1-10,000 mD with the highest accuracy), through a
probe tip with an internal diameter of 9.27 mm. Spot-permeability measurements (N = 910)
obtained on the cut face of slabbed samples used a grid pattern with 2-cm spacing, supplemented
by additional grid points to capture large (> 9.27 mm) discrete traces. Following standard
procedures (e.g., Gingras et al. 2012), five permeability measurements were recorded at each
grid point, with datasets ranging from 30—80 measurements per sample, depending on the
number of grid points. Due to the size of the probe tip, spot-permeametry data of burrows < 9.27
mm in size are representative of both original (depositional) sedimentary fabric, as well as
burrow-modified fill. Conversely, spot-permeametry data do not include any contribution from
fractures or vugs > 9.27 mm. The large size of the probe tip relative to trace fossils and sample-

surface irregularities (e.g., microfractures) together limit the accuracy of the measurements.
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The Modified Thompson Tau technique was used to remove statistical outliers within
each grid-point dataset, and the remaining values were averaged to produce point-permeability
values (Pp) for each grid point. After removal of outliers, P, values were used to determine
permeability variations within the sample and calculate bulk permeability. Bulk permeability is
calculated using the arithmetic, geometric, and harmonic mean of all P, values per sample.
Following Gingras et al. (1999), the mean that best represents bulk permeability is dependent on
both the degree of burrow connectivity (low, moderate, high) and the presence or absence of
preferential fluid flow. In cases with low burrow connectivity, bulk permeability is best
represented by the geometric mean, whereas the harmonic mean represents samples with
moderate, local burrow connectivity, and the arithmetic mean in examples with high burrow
connectivity and preferential fluid flow (i.e., flow along or across burrows; Gingras et al. 1999;
La Croix et al. 2013). Bulk permeability is reported as the range of all three mean values. The
average ratio of maximum to minimum (Kmax:Kmin) permeability values was calculated and used
as an indirect indicator of the influence of cm-scale heterogeneities on petrophysical properties

(Budd 2002).

Sample 1.—This sample is a moderately well- to well-sorted, very fine—-medium-grained,
ooid-skeletal-composite grain grainstone with vague preservation of parallel laminae (Fig. 13A).
Characteristic of LFF, the sample displays poor preservation of parallel laminae, with moderately
well- to well-sorted, very fine sand cemented by isopachous bladed calcite, as well as clear
blocky calcite concentrated at grain boundaries, producing meniscus cement fabrics. The laminae
alternate with mottled intervals of moderately sorted, fine—medium sand that typically display

partial-complete dissolution of isopachous and meniscus calcite cement. The mottled intervals
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are coarser grained and less well sorted, with poorly preserved internal stratification, resulting in
the cryptobioturbated fabric (ii5; Ichnofabric VI; Fig. 13B-D). The sample also exhibits
abundant rhizoliths and few discrete trace fossils, such as Macaronichnus, Planolites, and
Palaeophycus. Where preserved, very fine-grained laminae are cemented by isopachous bladed
calcite and mosaics of clear blocky calcite concentrated at grain boundaries, producing meniscus
cement fabrics, and resulting in the preservation of rounded interparticle pores.

Axial scans and rendered 3D volumes of CT data reveal high burrow connectivity among
discrete tube-like features, resulting in a relatively homogenous fabric. Preserved macroporosity
is primary interparticle and secondary moldic porosity averaging 21%, but total porosity is likely
much higher due to abundant intraparticle microporosity associated with incipient-moderate
dissolution of grains. Permeability ranges from 10.7-26.4 D, with a Kmax:Kmin value of 2,
standard deviation of 5.55 D, and calculated bulk permeability between 14.9 and 16.4 D.
Rhizoliths preserved as open macropores preferentially occur within the medium-grained
intervals (Fig. 13A, B), corresponding to lower intensity colors in CT data (Fig. 13C, D).

Sample 2.—This sample is a moderately well-sorted, medium-grained ooid-composite
grain-skeletal grainstone with well-preserved TCS (Fig. 13E—F). Characteristic of a south-margin
LFB deposit, the sample is representative of Ichnofabric V with ii3. Primary interparticle and
secondary moldic porosity are occluded by isopachous to meniscus granular calcite cement, and
preserved macroporosity is 28%.

Axial scans and rendered 3D volumes of the CT data shows density heterogeneities that
correspond to cross laminae of the primary depositional fabric (Fig. 13G—H). Permeability

ranges from 1.2—16.3 D, with a Kmax:Kmin value of 14, standard deviation of 6.16 D, and
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calculated bulk permeability between 3.8 and 8.0 D. Density heterogeneities reflecting the pore
distribution and permeability appear to correspond depositional fabric, rather than bioturbation.

Sample 3.—This sample is a moderately sorted, very fine peloid-skeletal grainstone, with
vague cross-stratification (LFB). Characteristic of a north-margin LFB in Pleistocene FA1
deposits, the sample is representative of Ichnofabric II with 115 (Fig. 131, J). The branched and
interconnected burrows are commonly surrounded by a “halo” of clear, equant calcite cement
forming low-porosity zones up to 5-mm wide. These cement halos are less porous than either the
burrow fill or matrix. Primary interparticle and secondary moldic porosity are occluded by
meniscate clear calcite mosaic cement, as well as isopachous fibrous and dogtooth cement,
resulting in preserved macroporosity of 23%. In contrast, burrow-fill sediment is typically less
well sorted, with looser grain packing and considerably less cement than the host rock. Burrow
fill includes slightly coarser, fine-grained sand with looser grain packing and less abundant
cement than the matrix, resulting in greater preserved porosity within burrows (up to 24%,
double the average matrix porosity).

Axial scans and rendered 3D volumes of the CT data shows interconnected areas of lower
density (darker color represents higher porosity) surrounded by higher density (brighter color,
lower porosity; Fig. 13K, L). Permeability ranges from 0.25—1.6 D, with a Kmax:Kmin value of 6,

standard deviation of 0.56 D, and calculated bulk permeability between 0.57 and 0.89 D.
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Table A:

Bioturbation Porosity | Minimum | Maximum | Range Standard | Geometric | Arithmetic | Harmonic

Sample Intensity Lithofacies | FA |[EOD| (%) k (D) k (D) (D) | Kmax:Kmin |Deviation| Mean (D) | Mean (D) | Mean (D)

KP2-10 i LFE FA2| FS 17 0.13 3.18 3.1 25 0.97 0.65 1.0 0.40
KP2-110 i3 LFE FAl| F5 N/A 9.76 38.1| 283 4 9.02 17.9 19.4 16.7
KP2-240 i3 LFE FA2| F§ 19 1.17 13.4] 122 11 4.00 3.7 7.0 4.1
KP2-300 id LFF FA2|BSB 21 573 10.6 49 2 200 88 9.0 86
KP2-350 i3 LFF FAl|BSB 21 2125 5.74 35 3 1.08 3.7 3.8 36
KP3-100 i3 LFB FA2| USF 20 4.64 443 397 10 11.6 11.3 14.0 9.6
KP3-190 iid LFB FA2| USF 22 0.35 5.66 53 16 1.96 22 3.0 13
LCH9-138 i3 LFF HFA| BSB 21 10.7 64| 157 2 5.55 15.6 16.4 14.9
LPI-MAR3 Jil] LFA FA2| Reef 19 0.93 159 150 17 5.83 4.9 7.6 29
LP2-] iid LFA FA2| Reef 15 0.02 3.91 39 194 1.58 0.3 13 0.06
SATI-171 i3 LFE FA2| F§ 21 2.11 263 242 12 8.07 8.0 11.1 5.5
SAT2-408 6 LFF FA2|BSB 17 0.07 647 6.4 97 236 03 1.0 021
SATH-180 il LFA FA2| Reef 20 0.49 239 1.9 5 0.69 13 15 1.1
SLRI-240 i3 LFB FAL| USF 11 0.04 0.15| 011 3 0.05 0.09 0.10 0.08
SLRS-365 iid LFA FAl| USF 16 0.02 026 024 11 0.07 0.07 0.09 0.06
SLRY-180 i) LFB FA1l| USF 23 025 1.60 14 6 0.56 0.73 0.89 0.57
SLR9-200 ii6 LFB FAl| USF 15 0.10 061 051 6 3.91 0.27 0.33 0.21
WPI-395 i3 LFE FAl| F5 28 2.50 215 190 9 6.99 8.0 10.1 6.2
WP2-120 i3 LFB FA2| USF 28 1.20 163 151 14 6.16 3.7 8.0 38
WP2-420 i3 LFE FA2| FS 15 3.00 427 397 14 14.3 14.7 19.4 10.3
WPB-210 ii6 LFF FA2|BSB 26 9.43 356 262 4 8.03 18.3 19.8 16.9
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