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Ancient barrier islands are poorly understood relative to other clastic depositional
environments, despite being prominent features along modern coastlines and important
for understanding transgressive shoreline deposits. A new dataset of ancient barrier
island dimensions (1 = 83 examples) addresses this knowledge gap with a
quantitative analysis of barrier island sand body dimensions including thickness
(vertical), length (shore-parallel direction), and width (shore-perpendicular direction).
This dataset of barrier island deposits was compared to planform measurements
made for modern islands (n = 274), to investigate possible scaling relationships and
other aspects of modern to ancient linkages. These measurements are nuanced
and challenging to perform, and first-pass comparisons show that modern barrier
islands should not be used as direct analogs for ancient systems. Nevertheless,
results emphasize key depositional and preservation processes, and the dimensional
differences between deposits formed over geologic vs. modern time scales. Using
the methods outlined herein, barrier island deposits appear to be 2-5x longer
(P50 modern = 10.7km; p50 ancient = 20.0km), and 6-15x wider (050 modern
= 1.2km; p50 ancient = 7.3km) than modern barrier islands. We interpret
the results to indicate that ancient barrier islands are time-transgressive deposits
recording vertical amalgamation, and barrier island growth by lateral accretion, and
progradation. When comparing single barrier islands, thickness measurements do
not vary systemically between modern and ancient examples, suggesting that local
accommodation dictates barrier island thickness as a preservation control. Gross length,
width, and thickness measurements are too coarse for robust paleomorphodynamic
calculations, therefore more detailed sub-environment analysis (e.g., upper shoreface
delineation), with improved facies models, is required before rigorous quantifications can

Frontiers in Earth Science | www.frontiersin.org 1

May 2019 | Volume 7 | Article 109


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2019.00109
http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2019.00109&domain=pdf&date_stamp=2019-05-17
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:juliamulhern5@gmail.com
https://doi.org/10.3389/feart.2019.00109
https://www.frontiersin.org/articles/10.3389/feart.2019.00109/full
http://loop.frontiersin.org/people/652039/overview
http://loop.frontiersin.org/people/577676/overview
http://loop.frontiersin.org/people/734924/overview

Mulhern et al.

Barrier Island Dimensional Comparisons

be generated. However, these initial comparisons do show scaling trends between length
and width which could be leveraged, with caution, in the interim. As sea levels continue
to rise, understanding barrier island motion and preservation will be central to predicting

coastal change.

Keywords: paleomorphodynamics, barrier island, scaling relationships, accommodation, shallow marine,
dimension prediction, modern analog, transgressive

INTRODUCTION

Barrier islands are elongate coastal sand bodies which comprise
10% of the world’s coastlines (Hoyt, 1967; Oertel, 1985; Stutz
and Pilkey, 2011). Modern barrier islands have been thoroughly
studied, largely due to their relevance to growing coastal
populations and infrastructure (Fisher and Dolan, 1977; Davis,
1994b; Short, 1999; Dronkers, 2005; Dyke, 2007; Anthony, 2009;
Moore et al., 2010; McBride et al., 2013). Well-known examples
from the U.S. Atlantic and Gulf coasts as well as the Dutch
Wadden Sea form the basis of facies models that are used to
interpret ancient barrier island deposits (Davies, 1978; Barwis
and Hayes, 1979; Reinson, 1979; McCubbin, 1982).

While barrier island deposits have been interpreted for over
80 years, their dimensions have not been rigorously quantified
(c.f. Reynolds, 1999). The dimensions of preserved barrier island
deposits lend insight into transgressive processes on siliciclastic
coastlines (McCubbin, 1982; Cooper et al., 2018a; Jones et al.,
2018). Barrier islands commonly form the thickest sandstone
units within a transgressive succession, therefore quantifying
the range of preserved barrier island dimensions could improve
predictions for subsurface hydrocarbon reservoirs (Davies
et al,, 1971; Reinson, 1992; Reynolds, 1999). Barrier islands
will become an increasingly important hydrocarbon reservoir
type as exploration expands beyond regressive sequences
(Hampson et al., 2004).

Modern coastlines provide a natural laboratory for
understanding barrier island processes and dimensions,
and therefore are commonly used as analogs to interpret both
outcrops and subsurface data (Chiang, 1984; Reinson, 1992;
Hubbard et al., 2002; Boyd, 2010). However, the accuracy and
effectiveness of analog usage is limited by a lack of dimensional
comparisons between modern and ancient barrier islands.
Paleomorphodynamics is the broad term for the field of
quantitative sedimentology that uses equations and empirical
relationships to link and scale modern and ancient depositional
systems (Syvitski and Milliman, 2007; Semme et al., 2009;
Blum et al., 2013). Although these relationships have been
developed for fluvial (Mohrig et al., 2000; Parker, 2006; Hajek
and Wolinsky, 2010; Milliken et al., 2012), deltaic (Edmonds
and Slingerland, 2007; Jerolmack and Swenson, 2007; Martin
et al,, 2018), and deepwater (Pirmez and Imran, 2003; Covault
et al,, 2012) settings, comparable research in shallow marine
settings, including barrier islands, lags behind (cf. Hudock et al.,
2014; Lazarus, 2016). For barrier island systems specifically,
the modern morphodynamics are a topic of ongoing research
(Hayes, 1980; McBride et al., 2013; Short and Jackson, 2013;
Cooper et al., 2018a; Mellett and Plater, 2018), however,

comparisons to ancient barrier islands are lacking. In developing
the dataset presented here, we explore the methods that can
be used to measure and compare barrier islands, an initial
step toward shallow marine paleomorphodynamics, and, in the
process, enhanced understanding of barrier island deposits.

The new dataset helps constrain the range of ancient
barrier island dimensions, and was used to assess the feasibility
of measurement comparisons between modern and ancient
systems. This first order comparison of modern and ancient
barrier island systems is used to refine existing models of barrier
island motion and preservation. Specifically, we compare the
thickness, length, and width of modern and ancient barrier
islands. This approach highlights some of the challenges of
using modern barrier island measurement data, because truly
analogous architectures are not necessarily preserved in the
rock record due to processes like ravinement, reworking, and
stacking through time (e.g., Hendricks, 1994; Sixsmith et al.,
2008). These comparisons also reveal inherent measurement
inconsistencies, and terminology problems in barrier island
literature. Articulating and highlighting these challenges provides
a cautionary message to those using direct analog comparisons,
especially for predictive purposes. Although complicated, these
results highlight the difference between barrier islands and other
depositional settings in terms of paleomorphodynamic potential,
and create a starting point for further analysis.

METHODS

Database Development

Ancient barrier island dimensions were collected from an
extensive literature review (n = 123 publications; Figure 1;
Table 1). The database includes studies that use the term
“barrier; or that suggest the preservation of barrier island
deposits (e.g., Heward, 1981; Rawn-Schatzinger and Schatzinger,
1993). To establish internal consistency, the depositional
environment of each example was assessed and reclassified as
needed (Table1). In straightforward examples, the extent of
barrier island deposits was measured or recorded directly from
the publication (e.g., Bridges, 1976; Franks, 1980). For more
ambiguous examples, however, the sedimentology and geologic
context was considered in detail (e.g., Berg, 1976; Guscott
et al., 2003). Deposits were interpreted as barrier islands if
the preserved shoreface was directly associated with estuarine,
lagoon (Davies, 1978), or back barrier deposits, as per widely-
used definitions (Oertel, 1985; Otvos, 2012). This designation
includes examples of recently drowned barriers on the present
day shelf (Mellett et al., 2012; Green et al., 2013, 2018; Salzmann
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FIGURE 1 | Distribution of modern (A) and ancient (B) barrier islands used in the databases.

et al., 2013; Cooper et al., 2016, 2018b; Pretorius et al., 2016;
Brooke et al., 2017; Mellett and Plater, 2018).

Of the 123 total ancient examples documented, 83 were
determined to be barrier island deposits (Table 1). Other studies
were interpreted as back barriers (n = 1), tidal inlets (n = 3),
tidal bars (n = 2), spits (n = 3), strand plains (n = 3), and
delta fronts (n = 2), or were designated as uncertain (n = 4),
and not included in analysis. Duplicate studies of the same
strata and locations (n = 9) were included in the database, but
only one value for each unique island deposit was used in this
analysis. Barrier islands closely associated with deltas (n = 13)
are not included in this analysis because the proximity to deltaic
processes likely influences the growth, shape, and preservation
statistics of this subset of barrier island systems relative to
those developed away from direct fluvial input (Hoyt, 1969;
Penland et al., 1988; Penland and Suter, 1989; Van Maren, 2005).
Although this is clearly an oversimplification of the processes
controlling the interaction between deltaic and barrier island
deposits (amalgamation, reworking, etc.), these examples were
excluded in this first pass analysis.

Measurements from ancient examples were estimated using
scaled figures (e.g., measured sections and maps), or pulled from

the text of each publication. Key dimensions (length, width,
and thickness) available from each study vary: the majority of
examples (56%) have all spatial dimensions measured, whereas
24% have thickness and width, and 14% have only thickness
(Figure 2). Maps and cross-sections are stored as images within
the database, as are key contextual metadata, including age,
location, and nomenclature used to describe the deposits.
Each study was given a confidence designation (1-high to 3-
low), which indicates the quality of the available data and the
confidence in the measurements, high (1) indicates clear and
well-supported data, whereas low (3) indicates poorly-supported
data or vague figures (Table 1).

These ancient barrier island dimensions were compared
to a previously generated dataset of planform dimensions of
modern barrier islands (n = 274) mapped using Google Earth
aerial imagery (Figure 1A; Mulhern et al., 2017). Barrier islands
(visibly separated by water on all sides) and spits (partially
attached; Oertel, 1985) were mapped by tracing each individual
object at the water line along roughly 29,000km of global
coastlines (Figure 1A; Mulhern et al., 2017). The spatial data
were combined with thickness values gathered from the literature
and measured from core, seismic, and ground penetrating radar
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TABLE 1 | Barrier Island dimensions from ancient literature.

Publication, Year, and Field, Basin, Location Study type Thickness-SP Thickness- Width Length
Formation (Fm.) MP
Allen and Johnson, 2011; Kaiparowits Basin, Utah, U.S. (1, RF, NA) 20,27.8,31.1m > 4.8km > 6.7 km
Cretaceous Straight Cliffs Fm.
Ambrose and Ayers, 2007; Carbon Junction, San Juan Basin, (1, RF, ASP) 12-36m 45.45m 8km
Cretaceous Fruitland Fm. New Mexico, U.S.
Ambrose and Ferrer, 1997; Langunillas Field, Maracaibo Basin, 2, F, NA) 3.66m 4.08 km 8.12 km
Eocene Misoa Fm. Venezuela
Antia et al., 2011; Cretaceous Various, Denver-Julesburg Basin, (1, RF, NA) 18m 46m 9.71km 34.95 km
Muddy Fm. Nebraska, U.S.
Barwis and Horne, 1979; Appalachian Basin, Kentucky, U.S. (3, RF, NA) 14m 3-8 km
Carboniferous Carter Caves Ss.
Bass, 1934; Carboniferous Various, Anadarko Basin, Kansas, (3, A, NA) 50-100 ft 0.5-1.5mi 2-6 mi
Cherokee uU.S.
Berg, 1976; Cretaceous Muddy Hilight Muddy Field, Powder River (1, RF, NA) 6m 4-13km 25 km
Fm. Basin, Wyoming, U.S.
Berg, 1970; Cretaceous Muddy Recluse Field, Powder River Basin, (1, RF, NA) 44 ft 1.75mi 11 mi
Fm. Wyoming, U.S.
Berg and Davies, 1968; Bell Creek Field, Powder River Basin, (1, RF, NA) 9m/27 ft 7.5km 20 km/11 mi
Cretaceous Muddy Fm. Montana, U.S.
Bergman and Walker, 1987; Carrot Creek Field, Alberta, Canada (3, RF, NA) 100 ft 27.2km
Cretaceous Cardium Fm.
Bibler and Schmitt, 1986; Central Montana, Montana, U.S. (1, RF, ASP) 20, 10, 80, 25m 140m
Cretaceous Horsethief Fm.
Boyd and Dyer, 1964; Oligocene Texas Gulf Coast Basin, Texas, U.S. (2, PM, ASP) 400 ft 894 m 9km 220 km
Frio Fm.
Bridges, 1976; Silurian Skomer Welsh Basin, Wales, United Kingdom (1, R, NA) 5-28m 0.2-2km,
Volcanic Group 2-4km
Buatois et al., 1999; Carboniferous  Gentzler and Arroyo Fields, Anadarko (3, A, UQ)
Kearney Fm. Basin, Kansas, U.S.
Campbell, 1979; Cretaceous San Juan Basin, New Mexico, U.S. (4, RF, AMP)
Gallup Sandstone*
Campbell, 1971; Cretaceous San Juan Basin, New Mexico, U.S. (2, RF, AMP) 100m 160km 320 km
Gallup Sandstone
Cant, 1984; Cretaceous Spirit Alberta, Canada (3, RF, NA) 12-30m
River Fm.
Caplan and Moslow, 1999; Triassic ~ Peejay Field, British Columbia, (1, PM, NA) 8m 4.3km 6 km
Halfway; Doig Fm. Canada
Carter, 1978; Miocene Cohansey NJ Coastal Plain, New Jersey, U.S. (2, PM, NA) 12 m/6m 45km 80 km
Sand
Cavaroc et al., 1976; Tindouf Basin, Morocco (1, R, ASP) 6-10m 200m 6km 12 km
Carboniferous Tindouf Basin
Chiang, 1984; Cretaceous Hoadley Gas Field, Alberta, Canada (1, RF, AMP) 10 m/80 ft 24 24km 209 km
Mannville Group-Glauconitic Fm.
Davies, 1969; Jurassic Lias Sand Mendip Basin, England, (3, R, AMP) 150 ft/ 300 ft
Fm. United Kingdom
Davies and Berg, 1969; Bell Creek Field, Powder River Basin, (4, RF, UC)
Cretaceous Muddy Fm.* Montana, U.S.
Davies and Ethridge, 1971; Texas Gulf Coast Basin, Texas, U.S. (2, PM, NA) 40-80 ft
Eocene Cailborne Group
Davies et al., 2006; Cretaceous Book Cliffs, Utah, U.S. (1, RF, ASP) 4-20m 48m 5-25
Blackhawk Fm. km/40 km
Davies et al., 1971; Cretaceous Bell Creek Field, Powder River Basin, (4, RF, UC) 22 ft
Muddy Fm.* Montana, U.S.
Devine, 1991; Cretaceous Point San Juan Basin, New Mexico, U.S. (2, RF, AMP) 9m 18m 10.4 mi
Lookout Sandstone
Dickinson, 1976; Eocene Jackson Texas Gulf Coast Basin, Texas, U.S. (3, PM, AMP) 9-12m 8-24km
Group
(Continued)
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TABLE 1 | Continued

Publication, Year, and Field, Basin, Location Study type Thickness-SP Thickness- Width Length
Formation (Fm.) MP
Elliott, 1975; Carboniferous Great Pennie Basin, England, 8, R, AMP) 5m/7.5-16m 16m 15.3 /20km 40.7/40 km
Limestone United Kingdom
Exum and Harms, 1968; Various, Denver Basin, Nebraska, (1, RF, NA) 25 ft 0.5-1.5 mi 2-5 mi
Cretaceous Muddy Fm. u.s.
Finkelstein, 1992; Pleistocene Atlantic Coast, Virginia, U.S. (1, PM, NA) 2-4m 0.82km 10.38 km
Mockhorn Island
Fisher et al., 1970; Eocene Texas Gulf Coast Basin, Texas, U.S. (1, PM, ASP) 50-500 ft 152m 28 mi 100-150 mi
Jackson Group
Flores, 1978; Cretaceous Aimond Rock Springs Embayment, Wyoming, (2, RF, UC) 5-18m 8 km
Fm.* u.s.
Franks, 1980; Cretaceous Kiowa Anadarko Basin, Kansas, U.S. (1, RF, NA) 18m 2km 6 km
Fm.
Galloway, 1986; Eocene Greta, West Ranch Field, Texas Gulf (2, PM, NA) 100 ft (30 m)
Jackson—Tegua Fm and Frio Fm Coast Basin, Texas, U.S.
Galloway, 1986; Eocene Glasscock, West Ranch Field, Texas (2, PM, NA) 20 ft 7.33km
Jackson—Tegua Fm and Frio Fm Gulf Coast Basin, Texas, U.S.
Galloway, 1986; Eocene 41-A, West Ranch Field, Texas Gulf (2, PM, NA) 10-100 ft, 5 mi (8km)
Jackson—Tegua Fm and Frio Fm Coast Basin, Texas, U.S. 3-30m
Guscott et al., 2003; Jurassic Scott Field, Moray Firth Basin, (1,R, V) 100-150 ft
Sgiath Fm. Scotland, United Kingdom
Hamilton, 1995; Eocene Seventy Six West Field, Texas Gulf (1, PM, NA) 3.2-10m 0.6-1.2km ~4.8 km
Jackson—Tegua Fm. Coast Basin, Texas, U.S.
Hamilton, 1995; Eocene Seventy Six West Field, Texas Gulf (1, PM, NA) 4.5-7.3m 0.48-1.3km
Jackson—Tegua Fm. Coast Basin, Texas, U.S.
Harms et al., 1965; Cretaceous Rock Springs Embayment, Wyoming, (1, RF, ASP) 50 ft 29m 4.5 mi 13.5mi
Fox Hills Sandstone u.s.
Hawkins, 1980; Cretaceous Fontenelle, Storm Shelter, Whiskey (2, RF, UC)
Frontier Fm. Buttes, Wyoming, U.S.
Hendricks, 1994; Cretaceous Green River Basin, Wyoming, U.S. (2, RF, NA) 25-150 ft 45 ~2mi
Almond Fm.
Hobday and Horne, 1977; Pocahontas Basin, West Virginia, U.S. (1, RF, AMP) 10-25m 25 1.6-8km 16 km
Carboniferous Pennsylvanian
Hobday and Jackson, 1979; KwaZulu Margin, KwaZulu Natal, (3, PM, NA) 55m
Pleistocene Port Durnford Fm. South Africa
Hobday and Orme, 1974; KwaZulu Margin, KwaZulu Natal, (4, PM, NA)
Pleistocene Port Durnford Fm.* South Africa
Hobday and Tankard, 1978; Karoo Basin, Cape Peninsula, South (3, R, AMP) 100m 75-100 km
Ordovician Peninsula Fm. Africa
Hollenshead and Pritchard, 1960; San Juan Basin, New Mexico, U.S. (8, RF, AMP) 15-45/5-70m 82m 75km 150 km
Cretaceous Cliffhouse Fm.*
Holmes and Rivard, 1976; Jenner Field, Alberta, Canada (2, RF, NA) 13.62m 3.22km 28.9 km
Cretaceous Glauconitic Fm.
Holz et al., 2002; Permian Rio Candiota Coal Field, Parana Basin, 2,1, ASP) 3-12m < 14km
Bonito Fm. Rio Grande do Sul, Brazil
Horne and Ferm, 1976; Pocahontas Basin, Virginia, U.S. (4, RF, UC) 4.3m 1.5km
Carboniferous Pennsylvanian*
Horne and Ferm, 1976; Pocahontas Basin, West Virginia, U.S. (4, RF, UC) 11-26m 1.6-8km max 64 km
Carboniferous Pennsylvanian*
Hubbard et al., 2002; Cretaceous Various Fields, Alberta, Canada (1, RF, NA) 17.56m/30m 8km 23 km
Bluesky Fm.
Johannessen and Nielsen, 2010; Freja Oil Field, Danish Central Graben, (1, R, AMP) 71-88m 30.7 km 13.8 km
Jurassic Heno Fm. North Sea, Denmark
Johnston and Johnson, 1987; Livingston Field, Texas Gulf Coast (2, PM, NA) 40-50 4.8km 14.4 km
Eocene Wilcox Fm. Basin, Louisiana, U.S. ft/12-16m
Kamola and Howard, 1985; Book Cliffs Basin, Utah, U.S. (2, RF, UC)
Cretaceous Blackhawk Fm.

(Continued)
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TABLE 1 | Continued

Publication, Year, and Field, Basin, Location Study type Thickness-SP Thickness- Width Length

Formation (Fm.) MP

Kieft et al., 2011; Cretaceous Rock Springs Embayment, Wyoming, (1, RF, ASP) 5-22m 28m 26 km

Almond Fm. u.s.

deVries Klein, 1974; Pennsylvanian ~ Arkoma Basin, Arkansas, U.S. (3, RF, ASP) 5.48,7.17,9.68,

Atoka Fm. 12.14m

Land, 1972; Cretaceous Fox Hills Rock Springs Embayment, \Wyoming, (3, RF, NA) 18-75m, 21-63 10-30 30 km

Sandstone uU.S. m/ 46-90 ft m/6-12 mi

Leckie, 1985; Cretaceous Fort St. Deep Basin, British Columbia, (2, RF, NA) 22-35m

John Group Canada

Loseth et al., 2009; Jurassic Various, North Sea Basin, Oseberg (1, R, AMP) 30-50m 30km 40 km

Tarbert Fm. South, Norway

McCubbin and Brady, 1969; Patrick Draw Area, Rock Springs (8, RF, NA) 30m max, 6m 10 km/6 mi/ 10miN /16

Cretaceous Almond Fm. Embayment, Wyoming, U.S. 6.4km km

Mellere et al., 2005; Pliocene Crotone Basin, Italy (2, R, NA) 10-60m 67 m 0.5-2km

Spartizzo-Scandale

Miller Jr., 1962; Cretaceous Fall Various Fields, Powder River Basin, (3, RF, NA) 40-90 ft

River Fm. Wyoming, U.S.

Mulhern and Johnson, 2016; Kaiparowits Basin, Utah, U.S. (1, RF, NA) 10-30m <10km > 7 km

Cretaceous Straight Cliffs Fm.

Navilova and Kurniawan, 2013; Belanak Field, Malay Basin, Indonesia 2, 1, NA) 0-28m 0.57 km 5.42 km

Miocene Upper Arang Fm.

Olsen et al., 1999; Cretaceous San Juan Basin, Colorado, U.S. (2, RF, AMP) 12m 55m 10-20km

Cliffhouse Fm.

Painter et al., 2013; Cretaceous Book Cliffs Basin, Colorado, U.S. (1, RF, ASP) 8.9m 19.41m 3.811km

Mesa Verde Group

Percival, 1992; Carboniferous Pennie Basin, England, (1, R, NA) 9m 2.5km 4.5 km

Harthope Ganister United Kingdom

Rautman, 1978; Jurassic Black Hills Region, South Dakota, (8, RF, AMP) 30m 100km

Sundance Fm. u.s.

Roehler, 1988; Cretaceous Rock Springs Embayment, \Wyoming, (1, RF, NA) 9m 29m 3.5 mi 60 mi

Almond Fm. uU.S.

Sabins, 1963; Cretaceous Gallup Bisti Field, San Juan Basin, New (1, RF, NA) 12.2m 1.6-3.2km 50 km

Sandstone Mexico, U.S.

Salzmann et al., 2013; Holocene South African Coast, KwaZulu-Natal, (1, PM, NA) 10-12m 80m 1.5 km

KwaZulu-Natal South Africa

Sanders and Kumar, 1975; Atlantic Coast, New York, U.S. (1, PM, NA) 8.3,17.08, 19.2 363-850m

Holocene Fire Island

Schultz and Stewart, 1991; Atkinson Field, Texas Gulf Coast (3, PM, NA) 31 ft 5,333 ft 16,000 ft

Eocene Reklaw Fm. Basin, Texas, U.S.

Self et al., 1986; Eocene Wilcox Lockhart Crossing Field, Louisiana, (1, PM, NA) 40-45 4-6 tens of mi

Fm. uU.s. ft/12-14m mi/7-10km

Sharma et al., 1990; Cretaceous Bell Creek Field, Powder River Basin, (4, RF, UC)

Muddy Fm.* Montana, U.S.

Shelton, 1967; Cretaceous Eagle Lake Basin, Montana, U.S. (1, RF, AMP) 30-70 ft/560-100 30m 20-30 mi 40 mi

Sandstone ft

Sixsmith et al., 2008; Cretaceous San Juan Basin, New Mexico, U.S. (1, RF, AMP) 8-16m 22m 3,500- 2,700-

Point Lookout Sandstone 5,500m 15,000

Snedden and Kersey, 1981; Texas Gulf Coast Basin, Texas, U.S. (4, PM, UC)

Eocene Jackson Yegua Fm.*

Storms et al., 2008; Holocene Adriatic Basin, Italy (3, RF, NA)

Adriatic Shelf Quaternary

Sturm et al., 2001; Cretaceous Siberia Ridge Field, Washakie Basin, (38, RF, ASP) 40 ft 137m 2-5 mi 5-40 mi

Almond Fm. Wyoming, U.S.

Tavener-Smith, 1982; Permian Karoo Basin, South Africa 2, R, NA) 19.65m

Vryheid Fm.

Thomas and Mann, 1966; Jurassic ~ Texas Gulf Coast Basin, Louisiana, (2, PM, AMP) 3-5m 426 m 40-85 135km /22

Terryville Sandstone u.s. km/115km km
(Continued)
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TABLE 1 | Continued

Publication, Year, and Field, Basin, Location Study type Thickness-SP Thickness- Length
Formation (Fm.) MP

Tizzard and Lerbekmo, 1975; Suffield Area, Alberta, Canada (8, RF, AMP) 10m 38m

Cretaceous Viking Fm.

Tye et al., 1994; Oligocene Vedder Fields, San Joaquin Basin, (2, F, AMP) 23-30m 28 km
Freeman Fm. California, U.S.

Valasek, 1995; Cretaceous Tocito San Juan Basin, New Mexico, U.S. (1, RF, NA) 4-20m 6.9,7.1,8.4,
Sandstone 15.9 km
Weidie, 1968; Cretaceous Difunta Parras Basin, Mexico (3, PM, NA) 3.5 mi
Group

Weimer, 1966; Cretaceous Patrick Draw Field, Rock Springs (2, RF, ASP) 9m 96m 14 km
Almond Fm. Embayment, Wyoming, U.S.

Williams et al., 1975; Jurassic Piper Field, Moray Firth Basin, (1, R, NA) 9-15m 110m 16-160 mi
Sgiath Fm. Scotland, United Kingdom

Willis and Moslow, 1994; Triassic Wembley Field, Alberta, Canada (1, PM, NA) 2-6m > 30 km
Halfway-Doig Fm.

Yang, 1999; Eocene Jackson Texas Gulf Coast Basin, Texas, U.S. (3, PM, NA) 80 ft

Group

*indicates repeat study not included in analysis.

Data separated by/indicate two different sources (i.e., text vs. image). Data are reported in the units of the literature cited and converted for plotting.

Study Type (confidence, basin type, amalgamation).
Confidence: 1, high; 2, medium; 3, low; 4, repeat studly.

Basin types: PM, Passive Margin; RF, Retroarc Foreland; F, Forearc; R, Rift; I, Intracratonic; A, Aulacogen.
Amalgamation: ASP, Amalgamated-Single Parasequence; AMP, Amalgamated-Multiple Parasequences; NA, not amalgamated; UC, unclear.

Fm, Formation; Ss, Sandstone; SF, Single Parasequence; MF, Multiple Parasequences.

studies of Holocene deposits as described below (e.g., Davis,
1994b; Salzmann et al., 2013; Fruergaard et al., 2015).

A key challenge in this approach is that modern examples
consist of a single island, whereas ancient examples can
have multiple barrier island parasequences preserved, either
stacked vertically or en echelon (Figure3). Here the term
parasequence is used to describe a single preserved barrier
island shoreface succession, indicating the preservation of a
distinct barrier island (Van Wagoner et al,, 1988; cf. Arnott,
1995; Catuneanu et al., 2010). More specifically, for this study
a parasequence is considered a single, genetically related,
stacked successions of depositional enviroments bound by either
flooding or ravinement surfaces. To investigate the importance
of vertical amalgamation and barrier island stacking, examples
with multiple barrier island parasequences were designated as
amalgamated if the parasequences are in vertical contact with
one another (Figure3A). When possible, the dimensions of
individual island deposits within these amalgamated deposits
were measured. If the individual parasequences are not clearly
separated, the entire amalgamated succession was measured,
and designated as a separate subset. Ancient examples were
considered not amalgamated (Figure 3B) if they contain only a
single parasequence, or if they contain multiple parasequences
which are not in sand-on-sand contact with one another and thus
were measured individually.

Measurement Comparisons

Modern and ancient barrier islands were measured using the
most straightforward methods and the most readily available
data (Figure 4), but clearly these data are not directly analogous.
Subaerial exposure of modern barrier islands is most conducive
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FIGURE 2 | Histogram showing the dimension data available (length, width,
and thickness) for the 83 ancient barrier island examples used in analysis.

to measuring through global imagery (e.g., Google Earth). In
contrast, the entire shoreface, rather than just the sub-aerial
foreshore and dune, is most conducive to measuring ancient
examples (Figure4), because the shoreface is commonly
preserved, forms large outcrops (Allen and Johnson, 2011; Kieft
et al, 2011), and creates distinct well-log patterns (Tizzard and
Lerbekmo, 1975; Willis and Moslow, 1994). Our procedures for
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A Ancient Amalgamated Example
Amalgamated Multiple Parasequence Measurements (Anc AMP)

)

J
C Amalgamated Single Parasequence Measurements (Anc ASP)

B Ancient Not Amalgamated Examples

Multiple islands separated by other facies Single island

' ' Not Amalgamated Measurements (Anc NA)

FIGURE 3 | Diagram showing how ancient barrier island examples were separated by amalgamation. The classic coarsening upwards model for a shoreface profile
was used to determine and define parasegeunces. Examples with multiple coarsening upwards progressions stacked vertically were considered amalgamated (A).
Examples were designated as amalgamated multiple parasequence (Anc AMP) examples if the boundary between the parasequences was not marked clearly enough
for them to be differentiated. Examples that showed amalgamation but single, clear, individual parasequences could be measured were designated as amalgamated
single parasequence measurement (Anc ASP). Not amalgamated examples do not have sand-on-sand contact between each coarsening upwards succession (B).
These were individually measured and designated as not amalgamated (Anc NA).
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FIGURE 4 | Modern and ancient barrier island measurement methods. Modern lengths (A) are measured along the island centerline parallel to the shoreline from inlet
to inlet. Ancient lengths were measured in the strike direction while width are measured in the dip direction. Modern widths (B) are measured in across the island in the
shore-perpendicular direction in three locations and averaged. Modern widths represent only the island topset. Ancient width measurements include both the topset
and foreset width. Modern thickness (C) measurements were made to the underlying substrate. Ancient thicknesses are measured vertically through the

preserved shoreface.

Frontiers in Earth Science | www.frontiersin.org 8 May 2019 | Volume 7 | Article 109


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Mulhern et al.

Barrier Island Dimensional Comparisons

collecting database measurements are outlined here (Figure 4),
the limitations and implications of which are explored in
the discussion.

Modern lengths were measured along each island centerline
in the shore-parallel direction from one tidal inlet to the next
(Figure 4A). While tidal inlet location may be transient, sub-
aerial exposure provides a consistent way to measure islands
globally and the shore-parallel length of modern islands is used
extensively in the morphodynamic literature (McBride et al,
2013; Short and Jackson, 2013). Ancient lengths were measured
from one end of the preserved shoreface to the other in the strike
(shore-parallel) direction, potentially including or crossing the
tidal inlet (Figure 5). If a range of values was evident from the
text or figures of a particular example, the range was recorded
in the database and a representative value is used for analysis.
Examples with tidal channel or tidal inlet deposits associated
with the barrier island were included because these facies are
often contiguous with the barrier island shoreface facies and
thus form part of preserved barrier islands successions (Davies
and Ethridge, 1971; Davies, 1978; Flores, 1978; Self et al., 1986).
Easily measurable modern planform extent allows us to consider
whether or not the sub-aerial expression of the barrier island
carries any scaling capability relative to outcrop and subsurface
measurements to potentially develop dimensional scaling proxies
for the subsurface.

Modern widths were measured in the shore-perpendicular
direction in three locations along the length of the island, and
averaged. These measurements document the subaerial extent
of the island for a single snapshot in time, thus recording
the topset width (Figure 4B). In ancient examples, the extent
of the preserved shoreface in the dip-direction was measured,
documenting both topset and foreset widths (Figure 4B). As
such, these measurements reflect the width of the whole barrier
island deposit, rather than just the subaerial portion. It is not
feasible to measure strictly the subaerial portion of ancient
barrier island deposits because the water line moves through
time and deposits are potentially subject to removal during
ravinement. Additionally, the foreshore is rarely specifically
designated in literature examples (Allen and Johnson, 2011; Kieft
et al., 2011; Painter et al., 2013). Inversely, subaqueous width
measurements for the modern are not feasible at a global scale
because they are inhibited by the scarcity of available data and
the difficulty in defining, constraining, and documenting the
subsurface back-barrier and shoreface boundary without ground
penetrating radar or seismic data (Jol et al., 1996; Daly et al.,
2002; Wernette et al., 2018). Again, while these measurements
are not analogous, their comparison will determine whether
the sub-aerial extent can be scaled and used as a proxy for
ancient width.

Modern thicknesses were measured vertically from the dune
crest to the underlying substrate based on published images
and figures (Figure4C). These values reflect the thickness
of multiple shoreface sub-environments (i.e., dune, foreshore,
upper shoreface, etc.) depending on the slope of the shoreface
and the underlying shelf (Figure 6; Roy et al, 1994). Cores
through some modern islands contain a range of depositional
environments (e.g., Bernard et al., 1962), while others contain

FIGURE 5 | Block diagram showing the conceptual difference between
modern and ancient length measurements. Modern lengths are limited by
short-term inlet location, whereas ancient lengths can span inlets, recording
shore-perpendicular motion through time.

only thin upper shoreface deposits above underlying lagoonal
facies (e.g., Belknap and Kraft, 1981).

Ancient thicknesses were measured vertically through
the sandstone portion of preserved barrier island deposits.
These thickness measurements also represent variable sub-
environments, depending on which portions of the barrier island
are preserved (Figure 4C). For example, some outcrops preserve
only the upper shoreface (e.g., Mulhern and Johnson, 2016)
while others record stacked offshore, lower shoreface, and middle
shoreface successions (e.g., Loseth et al., 2009). For examples
with multiple barrier island parasequences, the thickness of
each individual sequence was measured when possible. In some
cases, only the thickness of the entire interval was available, so
these examples were given different amalgamation designations
(Figure 3) to distinguish the type of measurements recorded.

Although different portions of the barrier island are being
measured in modern and ancient settings, the expression of
progradation via either topset width (modern) or a dip-oriented
shoreface width (ancient) represents a similar process, which
is the underlying morphodynamic link between modern and
ancient systems. Modern examples with the full island (topset
and forest) documented bolster comparisons. This attempt
to quantify and compare barrier island features provides an
initial focus on the feasibility of such comparisons, as well as
insight into barrier island processes and preservation. Direct
1:1 relationships between modern and ancient examples are not
expected precisely because of non-stationality. If offsets between
the two databases are systematic, however, then there could be
predictive scaling relationships between the two. The modern
planform expression of barrier islands could be scaled and used
to predict ancient dimensions once preservation processes are
better understood.

RESULTS

A total of 123 ancient examples were documented and 83 were
determined to be barrier island deposits (as described above;
Table 1). Gathering and quantifying preserved barrier island
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dimensions was more difficult than anticipated, highlighting
trends and problems with nomenclature as well as potential
literature bias. Barrier island studies vary in frequency over
time, with 39 studies between 1970 and 1979 compared
to 20 studies between 1980 and 1989 (Figure?7). Authors
describe the deposits using 29 different terms (Figure 8).
Reported barrier island deposits occur mainly in passive

margin (n = 42) and retroarc foreland basin (n = 58)
settings, relative to other basins [forearc (n = 2), rift (n
= 13), intracratonic (n = 3), and aulacogen (n = 4);

Figure 9]. The majority of ancient barrier island examples
are Mesozoic Western Interior Seaway deposits from the U.S.
(n = 32) and Canada (n = 8; Figure9). A large number
are also Tertiary Gulf of Mexico passive margin deposits
(n = 14; Figure 9).

Kernel distributions (Figure 10) of dimensional data show
that, using these measurement methods, modern and ancient
barrier islands are quantitatively different. Ancient barrier
islands are 2-5 times longer (p50 modern 10.7 km; p50
ancient = 20.0km), and 6-15 times wider (p50 modern
1.2km; p50 ancient = 7.3km) than modern barrier islands.
The median thickness values of the two datasets are similar
(p50 modern = 11.0; p50 ancient = 15.2), however, the range
of ancient thicknesses is three times greater than the modern
range (Figure 10A).

Because of these distinct size differences, modern examples
were compared to ancient examples separated by vertical
amalgamation. Ancient examples were split into three groups
(Figure 3): vertically amalgamated ancient examples with
multiple parasequence measurements (Anc AMP), vertically
amalgamated ancient examples with single parasequence
measurements (Anc ASP), and non-amalgamated ancient
examples (Anc NA). Box-and-whisker plots (Figure 11) show
that vertically amalgamated ancient examples with multiple
sequences (Anc AMP) are significantly thicker (5-10x) and
wider (4-20x) than the other groups. Both types of amalgamated
ancient examples, ie., both multiple (Anc AMP; p50
40.70km) and single (Anc ASP; p50 = 26.00 km) parasequence
measurements, are longer than non-amalgamated ancient

examples (Anc NA; p50 = 14.7) and modern examples (p50 =
10.69; Figure 11B).

Cross-plots (Figure 12) were used to compare modern
dimensions to non-amalgamated and single parasequence
amalgamated ancient examples. Cross-plotting thickness vs.
length (Figure 12A) shows direct overlap between the modern
and ancient with a single outlier. Cross-plotting thickness vs.
width (Figure 12B) shows some overlap between modern and
ancient datasets, with the ancient examples skewed toward larger
width values. Cross-plotting length vs. width shows a distinct
separation between modern and ancient values (Figure 12C).
The datasets have unique lines of best fit (Figure 12C) with some
overlap of their 90% confidence intervals. Scaling relationships
exist between length and width for both modern (R? = 0.30)
and the combined ancient single parasequence data (R?> = 0.51),
however, these lines of best fit do not intersect, indicating
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FIGURE 7 | Plot of barrier island studies by publication year showing variable
usage over time. All ancient studies determined to be barrier islands (n = 83)
included.
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FIGURE 6 | Schematic diagram of a barrier island showing the relationship between the inner and outer depth of closure and fair and storm weather wave base.
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studies determined to be barrier islands (n = 83) included.

scaling between the modern and ancient using the offset between
these trends.

DISCUSSION

Dimensional Comparisons

Initial comparisons using the dataset presented here show that
ancient barrier island dimensions are systematically longer,
thicker, and wider than modern barrier islands (Figure 10).
These results suggest that barrier islands are time-transgressive,
underscoring that for barrier islands, the modern is only
indirectly the key to the past. At a first order, it is clear
that modern barrier island dimensions should not be directly
extrapolated to predict subsurface or outcrop dimensions,
nor should such interpretations from the rock record be
used exclusively to choose modern analogs. Instead, modern
to modern and ancient to ancient comparisons are more
appropriate and can be informed by the new datasets compiled
for this analysis (Table 1; Mulhern et al., 2017). When evaluated
from a process-based perspective, this database highlights the
challenges associated with making comparable measurements
as short time-scale processes are overprinted by geologic time-
scale processes. These results reveal the importance of factors
such as parasequence stacking, accretion through motion, and
post depositional processes like ravinement in ancient barrier
island deposits.

The ancient systems documented here are overwhelmingly
from the Cretaceous of North America (48%; Figure 9). Many of
these ancient barrier island examples were deposited in the high
accommodation, high sediment supply setting of the Cordilleran

foredeep (DeCelles, 2004) during a monsoonal greenhouse
climate (Kauffman, 1977; Dennis et al., 2013). These temperate
and high sediment supply conditions are thought to be ideal
for modern barrier island development (Hoyt, 1967; Weidie,
1968; Hayes, 1979; Otvos, 2012) which, along with excellent
outcrop exposures, accessibility, and subsurface data, could
explain the abundance of Western Interior Seaway examples.
The prevalence of these examples might suggest that climate
should be considered during analog selection, and in developing
systematic paleomorphodynamic relationships. A component of
the scaling difference described here is likely resulting from the
non-ideal comparison between these ancient islands, dominated
by examples deposited in Cretaceous greenhouse conditions, and
modern examples, formed during current interglacial conditions.

Another factor impacting the ancient database is the
historical context of barrier island interpretations, which were
most common in the 1960s and 1970%, following a detailed
characterization of Galveston Island by Bernard et al. (1962).
Interestingly, the database presented here shows that Galveston
Island, one of the most heavily cited analogs for ancient barrier
island deposits (e.g., Miller, 1962; Shelton, 1967; Davies and Berg,
1969; deVries Klein, 1974; Tizzard and Lerbekmo, 1975; Chiang,
1984; Yoshida et al., 2004; Ambrose and Ayers, 2007) is unusually
large compared to the modern global dataset (Figure 12C), and
therefore may be a very poor choice as a modern analog for many
ancient systems, at least based on scaling relationships.

Barrier island interpretations declined slightly in the 1980’
(Figure 7) relative to the previous two decades, which may
reflect the proliferation of sequence stratigraphic models during
this time. Simple sequence stratigraphic models predict a
condensed interval or lag deposits during transgression (Vail
et al., 1977; Galloway and Hobday, 1983; Posamentier et al.,
1988; Van Wagoner et al., 1988; Cattaneo and Steel, 2003; Coe
et al., 2003). Although the processes favoring preservation of
transgressive deposits including barrier island-lagoon systems
are now recognized, and sequence stratigraphic models are
expanding (Jones et al., 2018; Pattison, 2018), a lack of updated
facies models likely compounds the terminology problem in
barrier island literature (Figure 8). Consequently, barrier island
interpretations remain controversial because barrier island
motion and preservation are poorly understood (Reinson,
1992; Cooper et al, 2018a). These challenges may explain
why some interpretations avoid barrier island terminology and
use descriptive but less environmentally-specific “shoreface”
nomenclature (Figure 8) to describe shallow marine sandstones
deposited during transgression (Allen and Johnson, 2011; Kieft
etal., 2011; Olsen et al.,, 2017). As a result, barrier island deposits
are likely under-represented in the last 30 years of geologic
literature (Figure 7).

Compiling and comparing modern and ancient barrier
islands sheds light on the role of time and preservation in
controlling barrier island dimensions, increasing understanding
to improve comparisons, interpretations, and predictions.
Ancient barrier islands preserve motion at the 10°-107 year
timescales while modern barrier island motion takes place over
10'-10% year timescales (Cooper et al., 2018a). Given that modern
barrier islands build landward, seaward, laterally, and vertically
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(Figure 13), larger dimensions from ancient examples can likely
be attributed to motion-driven accretion and/or the stacking of
individual islands through time (Ambrose and Ayers, 2007). The
stacking and erosional processes that occur at geologic timescales
are more complex than the accretion and washover processes
dictating barrier island motion at modern time scales. A more
detailed look the initial comparisons presented here (Figure 10)
sheds light on the processes of barrier island preservation and
areas of further study required for the development of robust
paleomorphodynamic relationships.

To investigate the impact of amalgamation and stacking
over geologic time, ancient barrier island examples that contain
multiple stacked parasequences were separated from those
interpreted as a single island (Figure 3). While determining
vertical amalgamation is not always straightforward (Figure 14),
these comparisons (Figure 11) show that ancient barrier island
examples with multiple parasequences are larger (longer, wider,
and thicker) than all other examples. This is a logical result given
that multiple barrier islands can be stacked and preserved in
conjunction with one another as the shoreline shifts over geologic
timescales. Nevertheless, the prevalence of not amalgamated
(n 51) relative to amalgamated barrier island examples
(n = 32) suggests that both island motion and stacking take place,
emphasizing that barrier island accretion and preservation are
key considerations for barrier island system evolution (Dickinson
et al., 1972; Barwis and Hayes, 1979; Reinson, 1992).

Here we discuss both the full dataset results and the
results separated by vertical amalgamation for each dimensional
measurement (length, width, thickness) to consider the processes
dictating those dimensions and the impact of barrier island
motion and preservation dynamics.

Thickness

Ancient barrier island examples are thicker than modern
examples (Figure 10A). The median thickness values of the
two datasets are similar (p50 modern = 11.0m; p50 ancient
=15.2m; Figure 10A), however the range of ancient barrier

island thicknesses is three times greater than the modern range.
The range in ancient barrier island thicknesses could partly reflect
measurement uncertainty, given that thickness can vary laterally
along strike and that the measurement requires an interpretation
of the base of the island deposits (Figure 4). Nevertheless, a
logical result is that vertically amalgamated islands with multiple
parasequences (Anc AMP; p50 = 45.72m) are significantly
thicker than individual (single) ancient (~6x; Anc ASP; p50 =
10.50m) and modern (~10x; p50 = 11.00m) barrier islands
(Figure 11A). The thickness of ancient multiple parasequence
examples (Anc AMP; p50 = 45.72m) is likely a function of
the available accommodation through time, assuming sufficient
sediment supply. In contrast, the other two groups of ancient
examples (amalgamated single parasequence (Anc ASP; p50 =
10.50 m) and non-amalgamated (Anc NA; p50 = 13.50 m), are
both similar to modern thicknesses (Mod; p50 = 11.00m), a
result that increases confidence in thickness measurements for
individual modern and ancient barrier islands. The values likely
reflect local accommodation and variability in the depth of
closure, which could potentially be used to quantitatively link
modern and ancient systems.

Length

Ancient barrier island lengths (p50 ancient = 20km) are 2-5
times modern lengths (p50 modern = 10.69 km; Figure 10B)
demonstrating that, as a whole, ancient islands preserve
lateral migration at geologic timescales. When separated by
vertical amalgamation (Figure 11B), comparisons show that both
multiple (Anc AMP; p50 = 40.70 km) and single (Anc ASP; p50
= 26.00km) parasequence amalgamated ancient examples are
longer than ancient non-amalgamated (Anc NA; p50 = 14.7 km)
and modern examples (p50 = 10.69 km).

In addition to the parasequence stacking preserved by the
ancient amalgamated multiple parasequence examples, the long
lengths of single parasequence amalgamated examples (relative
to the modern) demonstrates that barrier island systems can
preserve lateral, shore-parallel, accretion, and amalgamation over
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FIGURE 13 | Modern barrier islands are highly ephemeral and display multiple directions of localized motion. Schematic plan-form maps show that (A) barrier islands
move in the shore-perpendicular direction through basinward progradation or landward washover processes (Davis, 1994a; Cooper et al., 2018a). (B) Barrier islands
move in the shore-parallel direction through tidal inlet migration and accretion driven by long-shore drift (Moslow and Tye, 1985; Hayes and FitzGerald, 2013). (C)
Barrier islands build and accrete vertically with sufficient sediment supply and accommodation (Simms et al., 2006).
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FIGURE 14 | Schematic cross-sections and measured sections through barrier islands at three different stages of amalgamation. These sections illustrate that barrier
island amalgamation and reworking likely increases as a function of time, therefore, most preserved barrier islands contain some degree of amalgamation. Additionally,
the degree of amalgamation may be difficult to determine due to the similarity in the preserved facies.
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geologic time. Modern barrier islands move in the shore-parallel
direction through tidal inlet migration and island accretion
driven by long-shore transport (e.g., recurved spit migration;
FitzGerald, 1988; Seminack and McBride, 2015). Evidence of
barrier island reworking through inlet generation, migration, and
healing, is commonly observed in preserved deposits (Davies
and Ethridge, 1971; Davies, 1978; Galloway, 1986; Self et al.,
1986; Hendricks, 1994; Mulhern and Johnson, 2016) and these
processes likely increase the length of single parasequence
amalgamated examples. In addition to lateral migration, if an
inlet infills with sand vertically, it can link two separate barrier
islands into a single larger one. In some cases, migrating tidal
inlet deposits comprise the primary barrier island succession,
recording lateral motion of the island across the inlet channel
through time (Moslow and Tye, 1985). Alternatively, in some
modern examples, the shoreface can extend across the inlet
mouth, uninterrupted by inlet process, particularly on wave-
dominated coasts where ebb-tidal deltas tend to be smaller and
sand is readily reworked across the inlet mouth (Figure 5; Hayes,
1979; FitzGerald et al., 2012). The increased length of ancient
examples suggests that barrier island deposits are inherently
time-transgressive, recording lateral island motion via tidal inlet
migration (lateral accretion) and amalgamation on a different
time scale than modern barrier island migration.

Modern (p50 = 10.69km) and non-amalgamated ancient
(Anc NA; p50 14.70km) examples have similar lengths

(Figure 11B), however the processes limiting island length in
the modern and ancient are different. In modern systems, tidal
inlets can limit barrier island length (Figure 4A; Hayes, 1979),
and inlet location and frequency can depend on a variety of
factors including the tidal range, tidal prism, the location of storm
scours or paleovalleys, longshore transport, and spit migration
(Phleger, 1969; Hayes and FitzGerald, 2013; Mulhern et al., 2017).
These limiting factors are less clear in the rock record, where
measurements are derived from the preserved shoreface, which
commonly grades laterally from shoreface to tidal facies along
the length (strike-direction) of a single island (Figure 5; Davies
and Ethridge, 1971; Davies, 1978; Galloway, 1986; Self et al., 1986;
Hendricks, 1994; Mulhern and Johnson, 2016). Thus a given inlet
location may not be discernable in ancient barrier island systems,
and certainly cannot be recognized without very detailed facies
analysis (e.g., Reddering, 1983; Caplan and Moslow, 1999). Non-
amalgamated ancient examples are more likely limited by the
outcrop exposure or type and spacing of available subsurface
data. Therefore, while modern and ancient non-amalgamated
length values are similar, the large range of values (both modern
and ancient) could reflect database limitations rather than an
inherent sedimentary process.

Width
Ancient barrier islands are 6-15 times wider (p50 modern =
1.2km; p50 ancient = 7.3km) than modern barrier islands
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(Figure 10C). This large width difference is likely due to
both measurement techniques and amalgamation processes.
Comparisons separated by amalgamation (Figure 11C) show
that ancient amalgamated examples with multiple parasequences
(Anc AMP; p50 = 30.00 km) are significantly wider than other
ancient examples (4-5x) and modern examples (23x). Similarly,
the remaining ancient examples, ancient amalgamated single
parasequence (Anc ASP; p50 = 7.24km) and ancient non-
amalgamated examples (Anc NA; p50 = 4.08 km), are both wider
than modern examples (Mod; p50 = 1.19km). The topset vs.
foreset widths of some modern examples were measured to
understand whether the systematically greater ancient widths
are a function of how the width measurements were made, or
whether they are geologically significant. In modern settings,
the subaerial topset defines the width; in ancient examples,
both the topset width and the final foreset width combine to
define the preserved width (Figure 4B). In order to better mirror
the ancient width scale in the modern, both subaerial topset
width and foreset length would need to be measured. Foreset
data are quite rare from modern barrier systems, because core
studies and data constraining modern barrier island clinothems
are sparse. The few complete examples in the modern barrier
island database (n 5) have foresets that are 1.2-4.0 times
the topset width (Rampino and Sanders, 1980; Chiang, 1984;
Davis and Hayes, 1984; Moslow and Heron, 1994). Ancient
examples are 3.4-6.1 times wider than modern examples (based
on their mean values). This large difference, compared to the
1.2-4.0 topset vs. foreset difference, suggests that there is more
variability than can be explained by measurement differences,
indicating that ancient barrier island deposits preserve some
shore-perpendicular motion through time.

Further evidence for ancient barrier island motion is manifest
in the internal facies patterns of preserved barrier island deposits.
Some preserved examples show coarsening and shallowing
upwards successions (Sabins, 1963; Land, 1972; Bridges, 1976;
Roehler, 1988; Roy et al., 1994; Sixsmith et al., 2008), indicating
progradation of the shoreface via Walther’s law (Middleton,
1973). Other examples show internal washover processes,
suggesting retrogradation ((Hobday and Orme, 1974; Hobday
and Jackson, 1979; Willis and Moslow, 1994)a). Because similar
processes occur in both modern and ancient systems, the
increased relative width of ancient examples suggests that ancient
barrier islands are time-transgressive and that the deposit widths
record motion at longer time scales than modern barrier island
widths. In summary, these comparisons show that the processes
occurring at geologic time scales alter the dimensions of ancient
barrier islands. Comparisons by amalgamation (Figure 11)
emphasize the complexity of barrier island motion and
reworking, highlighting the need for an improved understanding
of barrier island preservation. Amalgamation and reworking of
barrier islands likely increases through time. Barrier islands can
be deposited rapidly (Stutz and Pilkey, 2011) resulting in massive
and undifferentiated sandbodies lacking internal differentiation.
This homogeneity may mask internal sedimentological evidence
or trends in grainsize which can be used to interpret
parasequence boundaries. Reworking of units through tidal
ravinement or lateral motion can complicate the depositional

history and overwrite sedimentological evidence of parasequence
boundaries within a single deposit. Depending on how islands
stack and the degree of ravinement, the preserved vertical
sequence of an amalgamated system may look similar to that of
a single island or a prograding system. Considering the possible
complexities preserved in barrier island deposits highlights
the additional research needed to fully understand barrier
island preservation, enable modern to ancient analog selection,
and develop paleomorphodynamic relationships. As coastlines
continue to change in response to the warming climate, a detailed
understanding of the role of accommodation, sediment supply,
and preservation timescales will be helpful in predicting future
coastal morphology and creating effective environmental policy,
development plans, and coastal remediation strategies.

While this analysis starts to investigate modern and preserved
barrier island dimensions, it does not include a full analysis of the
multitude of factors thought to play a role in determining barrier
island morphology, which, in addition to those discussed above,
include sediment supply, sediment composition, basement slope,
and substrate geology (Cooper et al, 2018a). Both datasets,
modern and ancient, are comprised of examples from a wide
range of sediment supply regimes, therefore the interpretations
discussed here can be applied to a variety of settings. Sediment
supply in barrier islands is complicated by the intermingling
of direct fluvial inputs to the coast line, reworking, long shore
transport, and sediment storage offshore, therefore quantifying
sediment supply fluctuations and links barrier island motion may
be difficult.

Paleomorphodynamic Implications

Cross-plots of length vs. thickness and width vs. thickness
(Figures 12A,B) do not show systematic scaling relationships
between modern and ancient examples, and therefore are not
helpful in developing predictive modern to ancient relationships.
This is unsurprising given the various time-based factors
influencing the thickness of ancient examples (accretion,
stacking, and ravinement) in addition local accommodation
and post-depositional erosion. However, thickness similarities
between ancient and modern examples could potentially be
linked to a process-based control, such as depth of closure.

The depth of closure is vertical height between the mean sea
level and storm weather wave base (Figure 6) calculated using
wave height, wave period and sediment grain size (Brutsché
et al, 2014) and is the depth below which there is no
significant net sediment transport (Birkemeier, 1985; Kraus,
1988; Nicholls et al., 1998; Wallace et al., 2010). A variety of
time-dependent equations estimate depth of closure for use in
modern morphodynamics and hydrodynamics (Hallermeier and
Nauman, 1978; Hallermeier, 1981; Birkemeier, 1985; Brutsché
et al., 2014), empirically quantifying the limit of storm and wave
processes on near shore sediments. Because the depth of closure
relates to levels of wave base, it could be used to precisely compare
specific portions of modern and ancient barrier island shorefaces.
For example, ancient upper and lower shoreface thicknesses
could be compared to inner and outer depth of closure values,
respectively (Figure 6).
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While conceptually straightforward, these comparisons would
be difficult to execute because of limited data availability,
ambiguity in the rock record, and difficulty in measuring and/or
modeling the depth of closure in modern settings (Bernabeu
et al., 2003a; Kana et al., 2011). Utilizing depth of closure
would require careful consideration because depth of closure is
highly variable (both along strike on a given barrier island and
through time) and is dependent on the timescale over which
it is measured (Bernabeu et al., 2003b; Phillips and Williams,
2007; Wallace et al., 2010). These complexities in determining the
depth of closure in the modern would likely be magnified when
extrapolating between modern and ancient.

More broadly, the fields of nearshore hydrodynamics and
numerical modeling can help to quantify and predict modern
barrier island geometries, generating relationships that could
be used in paleomorphodynamics. Although imperfect (Cooper
and Pilkey, 2004; Cooper et al., 2018a), equilibrium beach
profile equations (Bruun, 1962) could be adapted and modified
to account for variable erosion rates, impact of storms, and
multiple modes of barrier island motion (roll over, erosion,
over-stepping) to better estimate shelf morphology and slope to
predict available accommodation (Loureiro et al., 2012; Mellett
et al, 2012; Cooper et al, 2018a; Mellett and Plater, 2018).
Tidal inlet depth (de Swart and Zimmerman, 2009), cross-
sectional area (Gao and Collins, 1994; van de Kreeke, 2004), or
symmetry (Hoyt and Henry, 1965) calculations could be linked
to island characteristics and morphology. Direct comparisons
between specific modern and ancient sub-environments (i.e.,
upper shoreface) could also potentially aid in understanding
scaling. Recently drowned barrier island examples on modern
shelves may provide clues to understanding the link between
the modern and the ancient. Drowned barrier islands have been
the focus of ongoing research (Mellett et al., 2012; Green et al.,
2013, 2018; Salzmann et al., 2013; Cooper et al., 2016, 2018b;
Pretorius et al.,, 2016; Brooke et al., 2017; Mellett and Plater,
2018). Measurements show that drowned islands are smaller than
equivalent modern barriers (Green et al., 2013), emphasizing the
importance of understanding timescale and motion processes in
linking modern and ancient barrier islands.

Although crossplots using thickness values are not
currently insightful, length, and width differences between
the modern and ancient realms are significant and persist once
multiple amalgamated parasequence examples are removed
(Figures 11B,C). Increased lengths and widths of ancient barrier
islands suggest that preserved deposits are time-transgressive.
Cross-plotting length vs. width highlights the dimensional
difference between modern and ancient barrier islands (single
parasequence measurements only; Figure 12C). The ancient
barrier islands are skewed to longer and wider values relative
to the modern examples. There is some overlap in the 90%
confidence intervals, however, modern dimensions do not
directly predict ancient dimensions because the trend lines of
both datasets are offset. These trend lines are predictive (modern
R?> = 0.30, ancient R*> = 0.51) meaning that length predicts
width and vice versa for both systems for the two datasets
independently, but not together. The offset between the lines
implies that modern dimensions need to be scaled to be used in
subsurface predictions, and vice versa.

In summary, future development of paleomorphodynamic
relationships for barrier islands cannot escape the fundamental
complication that ancient barrier islands preserve motion
through time and post-depositional processes, which dictate
their dimensions. In contrast to channelized systems, which are
self-organized and display dynamic scaling (Sapozhnikov and
Foufoula-Georgiou, 1997; Paola and Foufoula-Georgiou, 2001;
Lane, 2006; Martin et al., 2018), the barrier island dynamics
are time-scale dependent: processes occurring at short time
scales (accretion and washover) vary from those occurring at
geologic time scales (amalgamation, stacking, back-stepping,
ravinement, reworking). Consequently, ancient barrier island
deposits cannot be linked to a single modern snapshot in time.
This complexity will influence the way paleomorphodynamics
can be developed for the shallow marine realm. This dataset
outlines a workflow for quantifying ancient barrier islands
and begins quantitative comparison of modern and ancient
systems. The significant scaling relationships between length
and width (Figure 12C) suggest that rotation and translation
could potentially be used to relate the two datasets, pending
more data. Although more examples are needed, gathering and
measuring ancient barrier island dimensions constrains the range
and distribution of dimensional values (Table 1; Figures 11, 12).
These examples could be leveraged as analogs for modeling and
subsurface predictions and combined with other shallow marine
datasets (Colombera et al., 2016; Brooke et al., 2017) to refine
paleomorphodynamic comparisons.

CONCLUSIONS

Ancient barrier island dimensions are highly variable,
ranging widely by age and tectonic and climatic settings.
Simple measurement methods are not directly analogous
for modern and ancient datasets, therefore unsurprisingly,
first pass comparisons show that modern and ancient barrier
island dimensions do not scale 1:1. Consequently, modern
analog dimensions should not be directly applied to ancient
interpretations and predictions, and caution should be used
when comparing between ancient examples. First-order
comparison of modern and ancient barrier island dimensions
shows that ancient barrier island deposits are wider and longer
than modern barrier islands, recording lateral and shore-
perpendicular motion through time. Thickness differences
suggest that ancient barrier island deposits can record vertical
stacking of multiple barrier islands through time, emphasizing
the role of accommodation in determining barrier island
preservation potential. Available accommodation determines
the thickness of ancient deposits, rather than the size of the
paleo-island. There appear to be systematic shifts in modern vs.
ancient barrier island dimensions (length and width), suggesting
that ancient barrier island deposits are time-transgressive.
These results are a first step toward understanding and
quantifying the paleomorphodynamic relationships between
modern and ancient barrier islands. The dataset also highlights
inconsistencies in barrier island terminology and facies models
based on depositional trends, underscoring the need for updated
barrier island facies models. Additional research into barrier
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island facies and preservation processes may provide key insight
to predicting how coast lines respond to climate change.
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