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ABSTRACT

Carbonate sequence stratigraphy is founded on the principle that changes in
relative sea-level are recorded in the rock record by the accumulation of sed-
iment with relative water depth-dependent attributes. While at the scale of a
shelf to basin transect, facies clearly arrange by water depth, the relation
blurs for depths <40 m, the most vigorous zone of carbonate production. The
reason for this change in behaviour is two-fold. Firstly, in shallow water, the
intrinsic processes of storm and wave reworking influence the seabed
through submarine erosion and sediment redistribution. Secondly, facies
diversity tends to be greater in shallow water than deep water because of a
greater diversity in grain producers. Remote sensing imagery, field observa-
tions and hydrodynamic models for two reef-rimmed shore-attached carbo-
nate platforms in the Red Sea show neither water depth nor energy regime
to be reliable indicators of facies type when considered in isolation. Consid-
ered together, however, the predictive power of the two variables rises signif-
icantly. The results demonstrate it to be an oversimplification to assume a
direct link between palaeo-water depth and depositional diversity of subtidal
lithofacies, while highlighting the importance of hydrodynamics in directing
the accumulation of carbonate sediments in the shallow photic zone. While
the size distributions of facies extents in the two focus areas follow power
laws, no direct relation between the lateral continuity of the facies belts and
water depth or wave height is reported. The work is relevant for the interpre-
tation of metre-scale subtidal carbonate cycles throughout the geological
record by demonstrating how caution must be applied when inferring palaeo-
water depths from depositional facies.

Keywords Depositional facies, entropy, GIS, Red Sea, water depth, wave
regime.

INTRODUCTION

It is a long-held tenet in carbonate geology that
changes in water depth, and hence sea-level,
can be recognized through analysis of the sedi-
mentary record. Sequence stratigraphy provides
the framework for understanding how sedimen-
tary systems evolve through geological time.
One method of reading the sedimentary record
is through examination of lithofacies; rocks
characterized by their sedimentary attributes,

such as grain size and sorting, fossil fauna and
bedding structure. Examination of modern car-
bonate systems (in particular the Bahamas, east-
ern Arabian Gulf and Western Australia) has
provided a broad context for the definition of
‘environments of deposition’ that can be applied
to the rock record in order to associate
sequences of lithofacies to palaeo-water depths
(Ginsburg, 1956, 1975; Fischer, 1964; Laporte,
1967; Shinn et al., 1969; Logan et al., 1970; Lie-
bau, 1984; Immenhauser, 2009). In the so-called
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‘T-Factory’, because their production is tied to
light and wave energy, carbonate sediments are
most effectively produced in shallow water and
it is in this environment of deposition that they
predominantly amass (Schlager, 2003). Potential
rates of accumulation are typically much greater
than the rate of subsidence of the shelf or plat-
form upon which they are deposited and, for
this reason, carbonate accumulations repeatedly
build up to sea-level and above. Characteristic
stacks of peritidal carbonate beds, termed to be
‘shallowing-upward’, result. In the shallow-
water sedimentary rock record, occurrences of
repetitive shallowing-upward patterns of litho-
facies recurrence are typically assumed to be
‘allocyclic’, that is they are driven by orbital
forcing on eustatic sea-level (Fischer, 1964;
Goodwin & Anderson, 1985; Grotzinger, 1986;
Goldhammer et al., 1987; Strasser, 1988; Eriks-
son & Simpson, 1990; Hinnov & Goldhammer,
1991; Osleger, 1991; Strasser et al., 1999; Sch-
warzacher, 2000; Meyers, 2008; Eberli, 2013),
although the pattern can also be biogenic in ori-
gin over limited scales (Wanless, 1981; Purkis &
Riegl, 2005), or result from autocyclic sediment
transport as theorized by Ginsburg (1971).
Autocyclic formation of peritidal carbonate
cycles is proposed to arise from the repeated
seaward progradation of shorelines and islands
across a platform top, driven by the imbalance
in size between the large open marine sources of
sediment production and smaller nearshore
traps. As the shoreline progrades seaward, the
size of the open marine source area decreases.
Eventually, reduced production of sediment no
longer exceeds slow continuous subsidence and
a new transgression begins (Ginsburg, 1971).
Even in the absence of relative sea-level oscilla-
tions, the autocyclic model advocates processes
within a sedimentary system that develops cyc-
lic feedback loops linking sediment production,
transportation and deposition and under such
auspices, shoreline progradation might be a
cycle-producing mechanism. While Pratt &
James (1986) and Satterley (1996) provided out-
crop data supporting autocyclicity, as does
Strasser (1988), albeit at a limited scale, and the
output of numeric forward models also backs
the plausibility of autocyclicity (Burgess, 2001,
2006; Burgess et al., 2001; Burgess & Wright,
2003), platform-scale evidence of the concept is
scarce in the rock record and it remains
challenging to tease apart cyclicity generated
by factors internal to the sedimentary system
versus those related to sea-level oscillation

(Schwarzacher, 2000; Peterhdansel & Egenhoff,
2008; Eberli, 2013).

Depositional topography and irregularly filled
accommodation both enhance the complexity of
the lateral arrangement of coevally deposited
platform-top facies, as is evident in the satellite
imagery for the two focus areas considered in
this study. If variable bathymetry persists
through time, as is typical, the lateral facies
complexity that exists along single timelines
permeates into cycles that display complex lat-
eral variability in thickness and frequency, even
when forced by the deterministic pendulum of
orbitally driven sea-level fluctuations. Here,
depositional topography prevents every climate
cycle from being recognized in the sedimentary
record since all sea-level fluctuations do not
necessarily reach the platform top; so-called
‘missed beats’ (Schwarzacher, 2000; Eberli,
2013). For instance, variable numbers of cycles
will be deposited across the platform top in
cases where some sea-level highstands are suffi-
cient in magnitude to flood the entire system,
but others only flood topographic lows. Further-
more, sea-level cycles may not be recorded
locally if thresholds were too low to create diag-
nostic facies changes.

James (1984) deemed the ideal shallowing-
upward peritidal carbonate sequence to com-
prise four units: “the basinal unit which is
generally thin, records the initial transgression
over pre-existing deposits and so is commonly a
high-energy deposit. The bulk of the sequence
which may be of diverse lithologies consists of
normal marine carbonate. The upper part of the
sequence consists of two units: the intertidal
unit within the normal range of tides; the other
a supratidal unit, deposited in the area covered
only by abnormal, windblown or storm tides”.
Each of these idealized units would be identi-
fied in the fossil record by the occurrence of
lithofacies, with relative water depth-dependent
attributes, stacked vertically in a non-random
order. If bounded by flooding surfaces, the stack
could be termed a ‘parasequence’ and it would
be assumed that the lithofacies were deposited
in lateral continuity to one another such that
Walther’s Law holds true (for example, Fig. 1A);
a property that can be harnessed for three-
dimensional reconstruction of carbonate rock
bodies (Purkis & Vlaswinkel, 2012; Purkis et al.,
2012b). The present study was designed to
ascertain whether idealized metre-scale peritidal
and subtidal sequences are encountered in two
Red Sea focus areas and, if they are, whether the
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Fig. 1. Two conceptual models depicting facies accumulation in the shallow photic zone. The models show how
laterally continuous shore-parallel ‘belts’ are promoted when facies are differentiated by water depth. (A) As
shown in the simplified log, lateral migration of these facies belts should, when Walther’s Law applies, generate
the kinds of idealized successions of carbonate strata as depicted, for example, by James (1984). Meanwhile, the
consequence of facies substitutability with depth generates sedimentological heterogeneity and delivers a complex
facies ‘mosaic’. (B) In this case, lateral migration of the deep subtidal facies does not deliver a log from which
fluctuations in sea-level can be derived. Note that, in both scenarios, the shallow subtidal beach facies and peri-
tidal mudflats are laterally continuous because their deposition is governed by the distinct hydrodynamics that
govern this zero-depth zone. It is for this reason, along with their limited diversity that peritidal and shallow sub-
tidal carbonate lithofacies reliably record sea-level position. Results from this study will evidence scenario (B) to
be more realistic than (A) and caution on the over-interpretation of deep subtidal lithofacies to infer sea-level

position in the geological record.

sequences are truly indicative of shallowing-
upward cycles.

As noted by Rankey (2004), at a scale of shelf
to basin transects, grain-size trends are clearly
related to water depth (bathymetry). Ginsburg
(1956) questioned in Florida Bay, however, the
degree to which grain-size to depth relations
hold in the zone of most vigorous carbonate pro-
duction, which lies between the intertidal and
40 m water depth. Here, in the shallow photic
zone, it is reasonable to assume that depositional
control on facies occurs both from changes in
relative sea-level, an allogenic process, as well
as autogenic processes such as the natural redis-
tribution of energy and sediment that cause the
lateral migration of facies, creating a complex
mosaic. Such uncertainties pose question marks
over the degree to which systematic fining and
coarsening patterns of carbonate facies in the
rock record can be interpreted to represent high-

frequency metre-scale eustatic sea-level fluctua-
tions. Note that this article uses ‘allogenic’ and
‘autogenic’ as synonyms to ‘autocyclic’ and ‘al-
locyclic’. The use of the term ‘genic’ versus ‘cyc-
lic’ is varied across the literature, although the
message is the same.

Wright & Burgess (2005) summarize how the
understanding of where and how carbonate sedi-
ments are produced and accumulate has evolved
from the rather unsophisticated concept of
direct productivity-depth relations (i.e. Fig. 1A),
to an appreciation that carbonate depositional
environments host a continuum of different
types of productive sites over wide water depth
ranges, each perhaps influenced to some degree
by depth, but also by a complex suite of auto-
genic factors (i.e. Fig. 1B). This situation leads
to a facies mosaic consisting of elements that do
not neatly stratify by water depth, but instead
migrate and succeed one another on short scales
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as a consequence of subtle environmental changes
that occur much more rapidly than the gener-
ation of accommodation (Diedrich & Wilkinson,
1999; Wright & Burgess, 2005). Hence, any point
atop a carbonate platform is likely to hold facies
from different environments super-imposed and
mixed, so-called ‘palimpsest’ sediments.

Through a study of the Holocene tidal flats
surrounding north-west Andros Island, Maloof &
Grotzinger (2012) considered the control exerted
by post-glacial sea-level rise on the accumula-
tion of peritidal carbonates versus the influence
of migrating and avulsing tidal channels. Sea-
level oscillation, an allogenic process, was
found to dominate the autogenic (channel migra-
tion). While the work of Maloof & Grotzinger
(2012) is informative, it only covers a small geo-
graphic area (10 km?); and, as reviewed and
modelled by Burgess (2006), alternative scena-
rios probably exist where autogenic processes are
as, or more, important than allogenic processes.
In these situations, the use of lithofacies to iden-
tify shallowing-upward sequences becomes
problematic at best, impossible at worst, and the
application of sequence stratigraphic concepts
for carbonates in the shallow photic zone may
be less reliable than assumed. By expanding the
search below the intertidal into the open marine
zone of maximum carbonate production, this
paper will simultaneously investigate the impor-
tance of an allogenic (water depth) and auto-
genic process (wave height) on the metre-scale
distribution of carbonate facies over an area of
6000 km? in the Red Sea.

By simulating carbonate layers using com-
puter-modelled successions generated by non-
random sea-level changes, Dexter et al. (2009)
explored how a periodic sea-level signal propa-
gates into the thickness distribution of stacked
beds. While it might be expected that the bed
thicknesses deposited under periodic sea-level
fluctuations would be deterministic, Dexter
et al. (2009) instead show this only to be the
case when sea-level fluctuations are of particu-
larly high-magnitude; for all other scenarios, the
distributions: “are difficult to distinguish from
random”. Also using a computer model, Burgess
& Pollitt (2012) similarly show how lithofacies
with thicknesses that are inseparable from ran-
dom can be generated under periodic fluctua-
tions in sea-level. Comparable simulations
conducted by Burgess (2006) and Hill et al.
(2012) delivered the same result. The message
that can be taken from these modelling exercises
is that shallow-water sequences in the rock

record may appear random, even if deposited
under non-random oscillations of sea-level.
Through mathematical treatment of real-world
data, Wilkinson et al. (1996) was unable to
reject randomness as the most plausible expla-
nation for the stacking patterns of lithofacies
that presumably were laid down under periodic
sea-level oscillation, and went as far as to sug-
gest that: “meter-scale cyclicity in many if not
most epicratonic sequences is more apparent
than real”. The results are profound and suggest
that the perceptions of repeated and eustatically
driven platform flooding, as would be suggested
by sequence statigraphic analysis, may be lar-
gely incorrect. Instead, Wilkinson et al. (1996)
postulate that the metre-scale order recognized
in peritidal carbonates is unrelated to changes
in water depth and reflects the random migra-
tion of various sedimentary subenvironments
over specific platform localities during the long-
term accumulation of peritidal carbonate, a
notion supported by Diedrich & Wilkinson
(1999). Under these auspices, the occurrence of
different lithofacies is not diagnostic of palaeo-
water depth. While accepting the variability of
shifting loci of carbonate sedimentation and
deposition, Osleger (1991), by contrast, assert it
to be insufficient to explain the persistent lateral
and vertical rhythmicity of Cambrian subtidal
carbonate cycles that can be correlated from out-
crops separated by tens of kilometres. In Creta-
ceous outcrops, Strasser (1988) similarly
recognized that autogenic processes occur
locally, but deemed them to be overprinted by
drops in sea-level that affected the entire plat-
form. The issue of autogenic versus allogenic
control remains divisive.

Although the link to palaeo-water depth is
fundamental to the interpretation of fossil car-
bonate strata, few studies provide quantitative
data on modern facies and bathymetry. Of the
studies that do, all have been conducted at lim-
ited spatial scales, are biased in number towards
the tropical Atlantic, and yield results varying
between randomness and determinism in the
arrangement of lithofacies with respect to depth.
For instance, Rankey (2004) examined 400 km*
of seabed offshore of the Florida Keys with a
depth range of 1 to 9 m and concluded there to
be a random arrangement of facies with depth.
Similarly, Wilkinson et al. (1999) concluded a
random patterning for 723 000 km* of Florida-
Bahamas facies in space; depth was not consi-
dered, but depositional topography in the study
area is variable. In the Arabian Gulf, Purkis
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et al. (2005) also failed to identify any correla-
tion between facies type and water depth for a
25 km? plot in which facies were mapped for
depths spanning 5 to 7 m. Neither was a correla-
tion between facies and depth returned by
Purkis et al. (2012a) for a study covering
9600 km? in the Red Sea. In this case though,
the facies mapping was fairly coarse because it
was conducted from Landsat which offers pixels
of only 900 m®. In contrast, by considering
2 km? of Florida seabed with water depths rang-
ing from 0 to 3 m, Bosence (2008) employed
embedded Markov chain analysis to identify
that the relation of facies to depth is ordered. It
should be noted that the Markov approach of
Bosence (2008) is quite different from that of
Rankey (2004) and Purkis et al. (2012b), who
employed metrics to estimate the uncertainty in
predicting the abundance of facies elements at
different water depths. In a study from the Paci-
fic covering an area of 65 km* with water depths
spanning 0 to 40 m, Purkis & Vlaswinkel (2012)
show several facies to inhabit narrow and well-
defined depth regimes, sufficient to be consi-
dered non-random, whereas others could not be
constrained so precisely.

Despite methodological differences, the status
quo on the ordering of facies to water depth
hence falls into three camps; a handful of stu-
dies that observe ordering that is indistinguish-
able from random (Rankey, 2004; Purkis ef al.,
2005; Wilkinson et al., 1996, 1999; Purkis et al.,
2012a), two studies that report deterministic
ordering with respect to depth (Bosence, 2008;
Maloof & Grotzinger, 2012) and one study that
shows aspects of both randomness and deter-
minism (Purkis & Vlaswinkel, 2012). Interest-
ingly, the two cases which provide evidence for
depth-indicative facies (Bosence, 2008; Maloof &
Grotzinger, 2012) come from situations where
rates of sediment accumulation have been suffi-
ciently rapid to build carbonate sequences that
reach sea-level and above.

The present study differs from those that have
preceded it by covering a large area (6000 km?)
at high spatial resolution (4 m) over a substan-
tial range in water depth (0 to 40 m). This differ-
ence in scope, combined with new statistical
assessment, should provide fresh insight into a
classic question in carbonate stratigraphy. The
aims of this study were three-fold:

1 To ascertain the degree of facies heteroge-
neity and substitutability that occurs within a
series of small (1 m) depth ranges in the zone of

maximum carbonate production and across a
gradient in hydrodynamic energy.

2 To explore relations between lateral facies
extent, water depth and wave energy.

3 To gain insight from the arrangement of
facies with respect to water depth and energy
regime in the Modern ocean that is useful for
interpreting how lithofacies in the rock record
partition by environment of deposition.

FOCUS AREAS AND SETTING

Cutting NNW to SSE across a Precambrian
shield, the Red Sea is an active rift system cov-
ering 20° of latitude. Rift spreading began in the
late Oligocene and the basin evolved from a ser-
ies of continental lacustrine depressions into the
2200 m deep marine trough of today. The clear
tropical waters of the Red Sea support vigorous
coral reef growth and associated production of
carbonate sediment. Clear waters are also condu-
cive to the examination of the photic sea floor
using satellite remote sensing. Local fault net-
works related to the extensional tectonics of the
rift basin have been shown to influence the
depositional geometry of coral reefs in the Red
Sea (Purkis et al., 2012a), as has salt diapirism,
karst dissolution and the spatially variable input
of siliciclastic detritus onto the coastal shelf
during sea-level lowstands (Purkis et al., 2010;
Rowlands et al., 2014).

The present study considers two focus areas
separated by 320 km on the Saudi Arabian
coastline of the Red Sea (Fig. 2A). As for the rest
of the basin, these areas are characterized by an
almost uninterrupted belt of fringing reefs, as
well as barrier reefs and atolls (Rowlands et al.,
2012). Climate is hyper-arid, although there
have been episodes of palaeo-humidity as recent
as the early Holocene, caused, in the southern
Red Sea, by a northward migration of the Indian
Ocean Monsoon (IOM) and in the north, by wes-
terly winter rainfall originating in the Mediterra-
nean (Arz et al., 2003; Davies, 2006). Quaternary
climate fluctuations have been evoked to explain
fine-scale karst control of the patterning of reefal
ridges for the two focus areas (Purkis ef al.,
2010). Dominant winds blow from the north-
west and are channelled by parallel mountain
ranges that line the east and west margins of the
Red Sea rift valley. The two focus areas consist
of extensive shore-attached lagoons closed on
their seaward margins by fully aggraded barrier
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Fig. 2. Location of the two focus areas, Ras Al-Qasabah and Al Wajh, on the east coast of the Saudi Arabian Red
Sea. QuickBird satellite imagery (DigitalGlobe Inc.) shows extensive coral reefs and associated carbonate sedi-
ments (blue to turquoise) rising out of deep water (black). Emergent sand cays and islands are tan to white. (A)
Facies maps atop grey-scale satellite imagery. (B) Maps compiled by interpretation of satellite imagery guided by
seabed observations (white dots). Note the scale change between focus areas.

reefs. This ‘rimmed shelf’ style of attached car-
bonate platform is assumed to have developed
through large parts of the geological record with
different producers but similar ecological niches
and generally similar facies belts (Tucker, 1990;
Handford & Loucks, 1993; Wright & Burchette,
1996; Pomar, 2001). The area of carbonate depo-
sition for Ras Al-Qasabah covers ca 1000 km?,
which is considerably smaller than that of Al
Wajh (ca 5000 km?).

METHODS

Facies maps

QuickBird multispectral satellite imagery (Digi-
talGlobe Inc., Longmont, CO, USA) was acquired
for both focus areas concurrent to field visits.
QuickBird imagery is composed of pixels with a
4 m side-length. The instrument collects across
three water penetrating spectral bands (blue,
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green and red) and a non-water penetrating
infrared band that can be used to correct for
atmospheric and sea-surface effects (such as sun
glint). Fieldwork was spread over four cam-
paigns conducted between 2006 and 2009
aboard the motor yacht Golden Shadow, a 67 m
logistical support vessel. To aid interpretation of
the satellite imagery, 600 videos of the seabed
(200 Ras Al-Qasabah; 400 Al Wajh), each 30 sec
in duration, were collected with a tethered
‘drop’ video camera interfaced with a differen-
tial GPS system and recorded digitally on a lap-
top computer. The tethered video observations
were supplemented with snorkel and SCUBA
dives, which were used to characterize the sea
floor, including biota, physical and biological
sedimentary structures, sediment type and other
notable features. For each video and dive obser-
vation, the biotic composition of the sea floor
was recorded and assigned to one of four rock-
equivalent Dunham textures; wackestone, grain-
stone, boundstone or rudstone (Dunham, 1962;
Embry & Klovan, 1971). The facies assignments
were made on the basis of visual examination of
the sediment and validated through the collection
of samples at every tenth site. Collected samples
were dried, sieved and inspected using a stereo
binocular microscope. In this way, the reproduc-
ibility of the visual assignment of facies categories
was assessed and the replicate analysis showed
that the visual and quantitative methods differed
in only 3% of cases. The approach was therefore
deemed reliable. A facies map for each focus
area was generated by pairing field observations
constrained by differential GPS, with computer
and manual interpretation of the QuickBird
imagery. The duality that exists between biologi-
cal habitats and depositional facies was recog-
nized (following Rankey, 2004) and it was useful
to cross-validate the evolving facies polygons
against the habitat maps generated by Rowlands
et al. (2012) for the same focus areas. The
culmination of the mapping exercise was a matrix
composed of 4 m x 4 m pixels with facies assign-
ments encoded with integer values (Fig. 2B).

Bathymetry models

Following the ratio-algorithm method of Stumpf
et al. (2003), approximately four million single-
beam depth soundings collected in the field
(1-5 x 10° Ras Al-Qasabah; 2-5 x 10° Al Wajh)
were used as training data. Spectral bathymetry
was extracted from the QuickBird imagery. This
empirical approach for extracting depth from

satellite data capitalizes on the differential
attenuation of blue and green light by water.
Because the green QuickBird band is attenuated
more rapidly by water than the blue, it will
always have lower reflectance values over sub-
merged targets. Accordingly, as the image pixel
values vary with water depth, the ratio between
the blue and green bands will also change. As
the depth increases, although the reflectance of
both bands decreases, the reflectance of the band
with the higher absorption (green) will decrease
proportionally faster than the band with the
lower absorption (blue). Hence, the ratio of the
blue to the green band will increase. A ratio
transform will also compensate implicitly for
variable bottom type because changing seabed
albedo affects both bands similarly, while
changes in water depth affect the high absorption
band more. Since this change in ratio due to depth
is much greater than that caused by changes in
bottom albedo (for example, sand versus coral
reef), different bottom albedos at a constant depth
will still have very similar ratios and therefore do
not yield erroneous bathymetry estimates.

A digital elevation model (DEM), which cap-
tures seabed topography for water depths
between the intertidal and 40 m, was calculated
for each focus area. Complete attenuation of the
QuickBird green channel prevents spectral deri-
vation of depths >30 m. In order to extend the
assessment of bathymetry down to 40 m, the
limit to which facies were mapped, depths in
the 30 to 40 m depth range were interpolated
from a dense network of field-acquired single-
beam soundings supplemented by points digi-
tized from British and Saudi Admiralty charts.
The spectrally derived depths were combined
with those interpolated from soundings and
charts to yield a seamless DEM for each focus
area covering water depths <40 m with a spatial
resolution of 4 m x 4 m (Fig. 3A). Admiralty
charts were used to assess the accuracy of the
DEMs and a root mean squared error of 0-1 m
was returned for depths <30 m. Accuracy of the
30 to 40 m depth range could not be assessed
from Admiralty charts because they were par-
tially used in the construction of the DEMs and
were therefore not independent.

Wave height models

In a general overview, the main features of
shallow-water hydrodynamics are wind waves,
generated by the stress exerted on the ocean
surface by the wind. Because long-period ocean
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Fig. 3. Bathymetry models for the two focus areas, Ras Al-Qasabah and Al Wajh, atop grey-scale satellite imagery.
(A) Water depth retrieved from the imagery via spectral modelling calibrated by field-acquired acoustic depth
soundings. Models of significant wave height, H,,, describe the mean of the 33% highest waves for the period
1999 to 2008 as predicted by the configuration of the coastline, bathymetry and regional meteorological conditions
(see text for details). (B) In the Al Wajh lagoon, the linear green streaks corresponding to wave heights in the
range of 1-0 to 1-5 m are created by the constructive interference of swell entering the lagoon through apertures in

the reef rim.

swell transits from deep to shallower waters,
waves are attenuated by energy dissipation
through seabed friction. Eventually, the proxim-
ity of the seabed will cause the waves to break,
producing a severe increase in the marine turbu-
lence level and generating different types of cur-
rents which may extend beyond the surf zone.
Control by wave exposure on the arrangement of
coral frameworks and non-consolidated sedi-

ments have long been recognized in the modern
ocean (Sheppard, 1982; Graus & Macintyre,
1989; Chollett & Mumby, 2012) and rock record
(Allen, 1979; Sundquist, 1982; Wehrmann et al.,
2005; Immenhauser, 2009).

While in situ wave data were unavailable for
the two focus areas, wave exposure can be
calculated using cartographic indices within
the framework of a Geographic Information
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System (GIS), (Ekebom et al., 2003; Chollett &
Mumby, 2012). The physical model of
Rohweder et al. (2008) was used which, on the
basis of the configuration of the coastline,
bathymetry and regional meteorological condi-
tions, delivers a spatially explicit (pixel-based)
estimate of wave exposure. Wave height refers
to the vertical distance between the highest and
the lowest surface elevation in a wave. The term
‘significant wave height’, Hy,, refers to the mean
of the 33% highest waves (Immenhauser, 2009)
and was calculated for the two focus areas via:

(Uy)?

HmO = HAmO (1)

where g is the acceleration of gravity
(9-82 m sec™ ') and the friction velocity (Uy) was
computed via:

Ur = (Cd)l/z Uscat (2)

where the coefficient of drag of wind against the
sea surface (Cy) is expressed as:

Cd ~ 0-001 x (11 =+ (0035 X Uscat)) (3)

with U, being the adjusted wind speed
(m sec™) for the two focus areas as derived
from QuikSCAT satellite scatterometer data for
the period 1999 to 2008, downloaded on 1
August 2013 from www.ssmi.com/gscat/. Wind
data, originally at 15 km spatial resolution, were
interpolated to 100 m prior to the analyses. The
non-dimensional significant wave height (H",)
was computed according to:

H" o = 0-0413(x™)"/? (4)

where the non-dimensional wind fetch (X2) is
defined as:

XA _ (g X X) (5)
(Up)*

x is the pixel-based wind fetch (m) in 36 compass
directions calculated following Chollett & Mum-
by (2012). In this step, fetch is calculated from a
base map for the Red Sea that captures the posi-
tion of emergent features as well as submerged
areas that reach within 3 m of the sea surface, as
defined by digitized British and Saudi admiralty
charts and manual interpretation of Landsat
imagery. The raster layers of H,,q were up-scaled
to the resolution of the facies and bathymetric
maps for the two focus areas (4 m x 4 m) and
have pixel units of metres (Fig. 3B).

Facies entropy and the Akaike information
criterion

The three data layers (facies type, water depth
and wave height) were assembled in a GIS for
statistical treatment. To identify trends, a stan-
dard is needed against which to judge whether
the tendency for a particular facies to associate
with a water depth or energy regime (or range
in these variables) is greater or less than ran-
dom. To this end, Rankey (2004) employed the
maximum entropy concept whereby divergence
from a state of disorder is statistically assessed.
When considering depth, the end-members to
this approach are perfect determinism - one
water depth, one facies — and randomness,
where the depth arrangement of a number of
facies exhibits a state of maximum disorder
(water depth and facies are independent). The
same principle can be applied to assess how
facies stratify with respect to wave energy. To
explore trends within these data, the Shannon
evenness index was used to examine facies
diversity (substitutability) across the range of
water depths and wave heights recorded for
the two focus areas (Shannon, 1948; Rankey,
2004).

Described here for water depth ranges, but
equally calculated for wave height ranges, the
calculation proceeds as follows. Given a water
depth range in which there exist n possible
facies classes, with proportions p;, ..., p, within
that water depth range, evenness (E) for each
water depth is calculated as:

== (6)

To implement Eq. 6, bathymetry was parti-
tioned into 1 m bins spanning 0 to 40 m. Wave
height, conversely, was split into 30 bins, each
spanning 0-1 m, to cover the range of wave
heights computed for the two focus areas (0 to
3 m). To ensure representative sampling, E was
not computed for depth or wave height bins
containing fewer than 1000 observations. Even-
ness (E) scales from zero to one, with values
near unity showing that a bin of water depth
or wave height is not diverse, but instead dom-
inated by one facies class. In this situation,
there is a more deterministic relation; given a
water depth (or wave height), the facies present
can be predicted with confidence (Rankey,
2004). Under such conditions, by looking at a
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Fig. 4. An example using synthetic data to illustrate
the behaviour of the Shannon evenness index (E) with
varying proportions of four classes over 40 depth bins
(calculated using successive implementation of Eq. 6).
Class 3 accounts for 100% of occupancy at 0 m water
depth; there is therefore no diversity in occupancy
and the relation between depth and class occurrence
is completely deterministic. The situation is the same
for Class 1 at 40 m depth. At 20 m depth, however,
there is 25% occupancy for each of the four classes
which represents the maximum possible level of
diversity between the four classes and therefore mini-
mum intensity of determinism (E = 0%).

map of facies, a map of depth could be
inferred, or vice versa. Evenness (E) equals zero
for the situation where a depth or wave height
bin is occupied by an equal proportion of all
four facies classes (wackestone, grainstone, rud-
stone and boundstone) — the case of maximum
entropy, and E equals one for which the know-
ledge of water depth (or wave height) carries
the least predictive power for facies class (see
four class example with synthetic data, Fig. 4).

Between zero and one, E is proportional to the
percentage that uncertainty has been reduced
from the maximum. For example, as described
by Rankey (2004): “for a given water depth, a
value of E=0-20 means that the observed
uncertainty in class occurrence has been
reduced 20% relative to the maximum possible
entropy and, conversely, that there is a 20%
deterministic or predictable component, as con-
strained by water depth”. The relative contribu-
tion of the facies classes to each water depth and
wave height bin was computed in order to
develop stacked area graphs. Trends in E with
respect to water depth and wave height were
evaluated through scatter plots (Figs 5 and 6).
Size-frequency relations for facies bodies and the
connection between patch size, water depth and
wave height were examined using log-log cumu-
lative distribution plots (Figs 7 and 8).

The next tier of the analysis employs an infor-
mation-theoretical approach based on the Akaike
information criterion (AIC), a measure of the rel-
ative goodness of fit of a statistical model (Ak-
aike, 1973). Like Shannon evenness, the AIC is
grounded in the concept of information entropy,
which offers a relative measure of the informa-
tion gained as explanatory variables are added to
a predictive model. The approach also allows
multiple candidate models to be compared
simultaneously. The AIC is therefore suitable to
simultaneously investigate the descriptive power
of multiple models that combine water depth
and wave energy to forecast sediment character.

The AIC is employed to rank the ability of
four competing candidate models (Table 1) to
predict facies category. Each model represents a
competing hypothesis for factors controlling
facies occurrence. Since the response variable,
facies, is a discrete classification, a logistical
model (Eq. 7) is used to describe the presence or
absence of each facies category at each pixel in
the facies map as a function of water depth (wd)
and/or significant wave height (H,,,), via:

1

10git71 (—X) = HTP(—){)

(7)

where x is an explanatory variable (for example,
wd, H,o or a combination of the two). For each
model, the AIC weight, w;, is calculated to quan-
tify the evidence supporting each model as the
best of the four proposed (Burnham & Anderson,
2002). The models were ranked on the basis of
w;, which scales 0 to 100%, to identify the com-
bination of explanatory variables that provides
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Fig. 5. Ras Al-Qasabah. (A) Plots the abundance of facies patches (%) for each water depth (top) and Shannon
evenness (E) characteristics of facies as related to water depth (bottom). (B) Plots the abundance of facies patches
(%) for each significant wave height (top) and E characteristics of facies as related to wave height (bottom).

the most reliable prediction of facies category.
The model with the highest w; is considered the
best fit. The comparison was performed using
the R statistical program (R Development Core
Team, 2008).

All four candidate models include a term to
account for the fact that the lateral distribution
of facies is spatially autocorrelated. Spatial auto-
correlation occurs when an observation at one
location either positively or negatively affects
the observation at another point (Legendre,
1993). For instance, adjacent pixels in the facies
map have a higher probability of being classified
as a common facies category than those sepa-
rated more widely (Purkis & Vlaswinkel, 2012).
This phenomenon must be accounted for to

reduce bias within the results. Standard proce-
dure (e.g. Augustin et al., 1996) was followed
and a correlogram was developed for each facies
category, which plots distance between a pair of
pixel coordinates (x-axis) against correlation (y-
axis). An exponential model is fitted to the corre-
logram and used to provide a spatial autocorrela-
tion value, sac, for each observation, which is
included in the four candidate models (Table 1).

Since the two focus areas provide millions of
postings for facies, water depth and wave height
(Ras Al-Qasabah 5-2 million, Al Wajh 30 mil-
lion), computation of spatial autocorrelation
for every observation was impractically time-
consuming. Therefore, an iterative strategy of
sub-setting the data was adopted whereby
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Fig. 6. Al Wajh. (A) Plots the abundance of facies patches (%) for each water depth (top) and Shannon evenness
(E) characteristics of facies as related to water depth (bottom). (B) Plots the abundance of facies patches (%) for
each significant wave height (top) and E characteristics of facies as related to wave height (bottom).

10 000 observations were extracted randomly
from the full dataset and the model comparison
conducted. This process was repeated 100 times
for each focus area.

Is the occurrence of a facies diagnostic of a
range of depositional water depths?

While the facies entropy and AIC calculations
describe how facies textures are controlled by
depth and waves, it is not permissible to recast
the results to inform how diagnostic the occur-
rence of a particular facies is for a given water
depth (or range in depths), as would be
useful for the interpretation of lithofacies in a
stratigraphic sequence. To access this informa-

tion, cumulative probability curves for each
facies were calculated for binned depth values
using the following routine. Firstly, an equal
number of points (100 000) were randomly
selected from the GIS maps of Ras Al-Qasabah
and Al Wajh to yield 200 000 coincident mea-
surements of facies texture and water depth.
Secondly, the number of occurrences for each
facies was tallied for eight depth bins, each 5 m
wide, spanning the range of 0 to 40 m. Thirdly,
the occurrence tallies were assembled into a
cumulative probability function for each facies.
Fourthly, the three-step procedure was repeated
1000 times and the results were averaged and
graphed (Fig. 9A). A hypothetical case study
was then developed to illustrate how lithofacies
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Fig. 7. Cumulative distribution functions for the rock-equivalent Dunham textures mapped in Ras Al-Qasabah (A)
and Al Wajh (B): x-axis — log facies body area, y-axis — log probability of encounter P(X > x). Straight-line trend
throughout each population indicates power-law relations, upheld by the statistical test of Clauset et al. (2009).
Median water depth for each facies body is indicated by marker size and colour. No systematic relation between

depth and body area is evident.

in a subtidal carbonate sequence might be inter-
preted in the light of the calculated Red Sea
facies-depth distributions (Fig. 9B). The purpose
of this hypothetical exercise was to illustrate
potential pitfalls in hindcasting palaeo-water
depth from the physical rock record.

RESULTS

Spatial patterns in geomorphology,
sedimentology and hydrodynamics of the
focus areas

The lateral relations between geomorphology,
facies, bathymetry and wave height can be

explored in the satellite imagery and its deriva-
tives. Water depth maps show only small por-
tions of each focus area to be fully aggraded to
sea-level (2% of Ras Al-Qasabah is built to the
low-tide datum; 20% of Al Wajh). If transferred
to the rock record in their current configuration,
both systems would be dominated in area by
subtidal carbonate strata with only rare occur-
rences of peritidal strata topped with exposure
surfaces.

For both focus areas, facies tend to be more
continuous along strike and more apt to change
along dip. The fact that gradients in both water
depth and wave energy are broadly dip-orien-
tated is undoubtedly relevant to this patterning
(a premise explored numerically by Purkis &
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Table 1. Definition of the four competing models considered using the Akaike information criterion (AIC).

Model name Model

Water depth only Pr(Y; = 1) = logit (B, + B, - sac + B4 - wd)

Wave height only Pr(Y; = 1) = logit ' (B, + B, - sac + By, - Hmo)

Water depth + wave height Pr(Y; = 1) = logit " (By + Bs - sac + Byg - wd + By, - Hmo)
Random Pr(Y; = 1) = logit (B, + B, - sac)

sac = spatial autocorrelation value; wd = water depth (m); Hy,, = significant wave height (m) and lit ™" (x) is the
logistic function of x.

Vlaswinkel, 2012). Al Wajh possesses a cant wave height show this rimmed platform to
well-developed reef crest, at or near low-tide sea- be dominated by low-energy conditions because
level, bordering the shelf margin. Maps of signifi- open-ocean swells rapidly lose energy crossing
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Fig. 9. (A) Plots the cumulative probability (y-axis) that each facies occurs within a given depth bin or deeper (x-
axis) as derived from the facies and depth maps for Ras Al-Qasabah and Al Wajh. Depth bins are 5 m wide and
span the range of 0 to 40 m. (B) Highlights the implication of the facies-depth trends identified in (A) for inter-
preting two hypothetical subtidal parasequences. Taking an 80% level of confidence [bounded by the horizontal
broken lines in (A)], two possibilities are presented for the position of sea-level through deposition of the two
parasequences. Firstly, that at the base of the parasequence, the occurrence of wackestone indicates water depths
greater than 10 m, which shallow to less than 20 m for the deposition of the beds of grainstone, rudstone and
boundstone. Secondly, and equally probable, both parasequences could have been deposited under a water depth
of 10 to 15 m and a static sea-level (all facies occur within this depth range). Using the Red Sea data as an ana-
logue, with an 80% level of confidence, it cannot be unequivocally stated that the hypothetical subtidal sequences

are upward shallowing.

the protective reef rim. A grainstone apron is best
developed shoreward of the rim and fine-grained
(wackestone) sediments accumulate within the
large restricted subtidal lagoon. Although Ras Al-
Qasabah also holds a fully aggraded reef rim,
unlike Al Wajh, it is offset from the shelf-edge
and serves to segregate locally the depositional
system along strike into two halves. Abundant
patch reefs (primary boundstone) occupy the sec-
tor seaward of the rim and grow to near sea-level,
delivering a complex arrangement of geomor-
phology and wave regime. Topography is a pri-
mary driver of facies change in this area. As for
Al Wajh, the sector shoreward of the rim takes
the form of a >20 m deep lagoon infilled with
fine-grained sediments. In Ras Al-Qasabah, as in

Al Wajh, it can be assumed that offbank sediment
transport is considerably reduced by the plat-
form-edge reef barrier.

For both focus areas, some broad trends are
immediately obvious between the GIS data lay-
ers. For instance, areas mapped as boundstone
predominantly correspond to water depths <5 m
and display the highest significant wave height,
although there are exceptions. Lagoon floors of
both focus areas are wackestone-dominated, of
deep water depth and, by virtue of the shelter
provided by the reefal rims that separate the
lagoons from the open ocean, are of low sig-
nificant wave height. Further trends and pat-
terns in the data are revealed through statistical
examination.
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Facies entropy varies with water depth and
wave height

Following Rankey (2004), these data can be
examined in terms of facies diversity as a func-
tion of water depth and significant wave height.
Clear stratification exists between facies occur-
rence and water depth for Ras Al-Qasabah
(Fig. 5A); grainstone and boundstone are indica-
tive of water depths <56 m and wackestone domi-
nates the sea floor at depths >20 m. Relations
between E and depth reveal a more subtle trend,
however. While the deterministic component is
high in shallow and deep water, it is low at inter-
mediate depths. For instance, for depths in the
range of 0 to 5 m, uncertainty in facies character
is reduced by 80% relative to the situation of
maximum entropy (when all facies have an equal
probability of occurrence). The same, or higher,
levels of predictability exist for water
depths >25 m. By contrast, for depths in the
range of 5 to 25 m, the deterministic component
is <560% (as low as 10% at 12 m water depth). In
other words, with knowledge of depth in the 5 to
25 m range, facies can only be predicted 50%
better than the situation of maximum entropy. At
12 m, facies can only be predicted 10% better
than the equiprobable situation. Following the
reasoning of Rankey (2004), facies deposited at
intermediate water depths are not significantly
differentiated or limited, while those deposited
in shallow and deep water are differentiated.
This situation is mimicked in Al Wajh where
facies diversity is high at intermediate water
depths, but decreases in the shallow and the
deep (Fig. 6A). The degree of determinism in the
depth range of 0 to 5 m for Al Wajh (40%) is half
that of Al-Qasabah, however. This difference in
predictability occurs because of the prevalence of
rudstone in the shallow debris apron of Al Wajh
that lies shoreward of the reef rim, along with
extensive deposits of grainstone and boundstone.

For Ras Al-Qasabah and Al Wajh, facies diver-
sity with H.,, follows a different pattern than
observed for water depth. At both sites, facies
do not behave conservatively with respect to
hydrodynamic energy and the situation of maxi-
mum entropy is approached for all significant
wave heights. The deterministic component is
in the realm of 30% for H,,o spanning 0 to 3 m
and, therefore, with knowledge of wave height,
there is a slim chance that the correct facies
could be predicted (Figs 5B and 6B).

It is important to note that the fluctuation of E
is dependent on the number of facies defined

and therefore direct comparisons between stud-
ies employing the same metric, but a different
number of mapped facies, can be misleading.
More defined facies are likely to deliver less
deterministic relations because, if the sediments
are divided into more categories (for example,
by further partitioning grainstone on the basis of
the relative abundances of constituent particles),
it is more likely that, for example, in the 0 to
5 m depth range, there will be numerous facies
represented. Also note, however, that in this
study and that of Rankey (2004), a small number
of facies categories (four to five) are adopted.
This number reflects the current ability of multi-
spectral satellite remote sensing to discriminate
between submerged sediment types.

Akaike information criterion model ranking

While Shannon evenness provides insight into
trends of facies diversity across the range of
water depths and wave heights recorded for the
two focus areas, it is impossible with this index
to assess simultaneously the combined effect of
the two variables. Therefore, the AIC was
employed to examine whether the combined
effects of depth and wave height better predict
facies occurrence.

For Ras Al-Qasabah, in every iteration of the
model comparison and for three of the four
facies categories (wackestone, grainstone and
boundstone), the model that incorporates water
depth plus wave height is ranked highest based
on AIC. The fourth category, rudstone, is best
predicted by the water depth plus wave height
model in 85 of the 100 iterations and by wave
height only for the remaining 15 iterations. For
this facies, wave height is the variable common
to the selected models, suggesting that waves
are the dominant factor dictating the placement
of rudstone in Ras Al-Qasabah. This said, rud-
stone is comparatively rare in the focus area
(occupying only 30 km? of the 900 km? or 3% of
the seabed mapped). Therefore, the model com-
parison contains greater uncertainty than the
comparisons for the other three, more prevalent,
facies categories. The results for Al Wajh are
more straightforward. Here, in every iteration of
the model comparison and for all four facies cat-
egories, the model that incorporates water depth
plus wave height was ranked highest based on
AIC weight (and w; = 100% in all instances).
These results support a single hypothesis for
both focus areas; a combination of water depth
and wave height is a better predictor of facies
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category than either of the two variables consi-
dered individually.

Lateral facies extent is unrelated to water
depth and wave height

Trends that might exist between the lateral con-
tinuity of sedimentary bodies and water depth
can be investigated through a comparative
analysis of the facies and bathymetry maps. If
trends exist, they might offer useful insight into
the horizontal extent of lithofacies in the rock
record, information that is notoriously hard to
gather because the lateral dimension of buried
carbonate systems tends to be vastly undersam-
pled with respect to the vertical dimension in
outcrop and core.

For the two focus areas and for each of the
four facies categories (wackestone, grainstone,
boundstone and rudstone), each facies polygon
was selected in turn and its area and median
water depth extracted. Cumulative distribution
functions, colour-coded by water depth, were
then generated to simultaneously explore the
size-frequency distribution of the facies bodies
and size to depth relations (Fig. 7). The relation
between facies extent and significant wave
height was explored in the same way, but with
median Hy,, extracted per facies polygon instead
of water depth (Fig. 8). For Ras Al-Qasabah and
Al Wajh, neither was a systematic relation
observed between water depth and lateral facies
extent across the four facies categories, nor
between wave height and extent. Interpreted in
the context of the rock record, these results
imply that lithofacies do not have a tendency to
become laterally more continuous when depo-
sited in deep or tranquil settings, over the range
of depths and wave heights examined by this
study. However, power laws characterize the
size-frequency distributions of facies bodies
mapped in both focus areas, as indicated by
near-linear trends and by the test of Clauset
et al. (2009).

DISCUSSION

Shallow-water carbonate facies do not
precisely record water depth

The sequence stratigraphic concept for carbo-
nates relies on the following assumptions.
Firstly, that carbonate facies are controlled by
water depth of deposition and, secondly, that a

water depth history can be inferred from ancient
strata because of this. Thirdly, that apparent
trends in water depth derived from such an
interpretation are indicative of sea-level changes
and therefore allogenic forcing of carbonate
accumulation and, fourthly, that this allows
identification of cyclicity in carbonate strata on
the scale of a metre to a few metres. Indeed, this
concept is partially supported by the data
assembled in the Red Sea; the broad trend for
both focus areas when comparing facies in 5 m
water depth with those in 40 m water depth is a
transition in dominance from grainstone and
boundstone to wackestone, with increasing
depth. These results suggest that for large excur-
sions of sea-level, such as witnessed during ice-
house settings, it might be anticipated that the
depositional consequences will be recorded as a
transition from wackestone to grainstone and
boundstone. By contrast, lower amplitude sea-
level fluctuations may remain undetectable
based on facies.

When facies entropy with depth is considered
statistically, however, the trend is more compli-
cated. For instance, while the Shannon index
reports facies substitutability to be low at shallow
and deep water depths, it is high in the 5 to 25 m
depth range, to the point that facies type can only
be predicted 50% better than the situation of
maximum entropy; from the perspective of the
rock record, poor odds that a particular facies
could be used to infer deposition in this depth
range. By expanding the analysis to include the
lateral distribution of wave height across the two
focus areas, variations in hydrodynamic energy,
arguably an autogenic process, are shown also
to hold statistical power for the prediction of
facies type, albeit less power than for depth.
These results suggest the depositional texture
of the studied sediments to be simultaneously
controlled by an allogenic and an autogenic
process in water depths shallower than 40 m.

Hindcasting palaeo-water depth from the
physical rock record can be challenging for
photic zone carbonates

The blend of influence from extra-platform and
intra-platform processes was explored by creat-
ing four competing candidate models that were
tested for their ability to describe the presence
or absence of the four facies categories at each
pixel in the two facies maps, as a function of
water depth and/or significant wave height. The
AIC was used to rank the ability of each model
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to predict facies category, and it was unani-
mously found that the model that simulta-
neously considered depth and wave height
carried the most predictive power for all facies.
The AIC results add further weight to the dual
relevance of both allogenic and autogenic pro-
cesses in explaining the complex patchy lateral
facies mosaics evident atop modern carbonate
platforms (Riegl & Piller, 1999; Purdy & Gisch-
ler, 2003; Purkis et al., 2005; Andréfouét et al.,
2009; Rankey et al., 2009; Reijmer et al., 2009;
Purkis & Vlaswinkel, 2012; Gischler et al.,
2013), as well as ancient carbonate platforms
(Strasser, 1991; Grotsch & Mercadier, 1999;
Strasser et al., 1999; Weber et al., 2003; Fournier
et al., 2005; Kenter et al., 2006; Verwer et al.,
2009).

For someone who spends time in coral reef
environments, the finding that facies character
in modern platform-top carbonates is controlled
dually by water depth and hydrodynamics
might not come as much of a surprise. The real
relevance of the study lies instead in the inter-
pretation of subtidal lithofacies in the sedimen-
tary record, where the complex interactions of
the biological and physical components of a
depositional system are erased by fossilization.
Despite the loss of these cues, it remains neces-
sary to solve patterns of water depth from
lithofacies textures in order to reconstruct plat-
form geometry and cyclicity and to place a car-
bonate system into a sequence stratigraphic
framework. By constructing a test which places
facies as the predictive variable for depth, it is
possible to examine the confidence with which
palaeo-water depth can be inferred from exami-
nation of ancient strata. On the basis of the
cumulative probability distributions calculated
for the two focus areas (Fig. 9A), with 80% con-
fidence, it can be said that an occurrence of wa-
ckestone in the facies map coincides with a
water depth of 10 m or greater. Conversely,
grainstone and boundstone can be assumed to
have been deposited in water depths of 15 m or
shallower, with the same level of confidence.
Rudstone appears in water depths shallower
than 25 m in 80% of its occurrence. Using the
Red Sea data as an analogue, it cannot be
unequivocally stated that the hypothetical sub-
tidal sequences are upward shallowing with an
80% confidence interval (Fig. 9B). Only with
70% confidence can it be postured that wacke-
stone was deposited in deeper water than the
grainstone, boundstone and rudstone. Casting
these results in terms of a hypothetical subtidal

carbonate sequence, which is a common motif
in the geological record for carbonate platform
tops (Markello & Read, 1982; Aigner, 1985;
Calvet & Tucker, 1988; Osleger, 1991), it is pos-
sible to emphasize how the mapped facies are
not significantly differentiated or limited by
water depth. The implication of the exercise is
that a geologist faced with a metre-scale stack of
subtidal lithofacies which coarsen upwards,
cannot confidently infer shallowing. Under such
auspices, identification of subtidal metre-scale
carbonate cycles in the rock record poses chal-
lenges and appropriate caution should be
applied during interpretation. Inferring sea-level
fluctuations from peritidal facies remains a safer
proposition because of the existence of clear
sequence boundaries (subtidal facies sub-aeri-
ally exposed) and/or intertidal and supratidal
facies, all of which are unequivocal indicators
of a relative change in water depth. On the
basis of the work of Wilkinson et al. (1996) and
Diedrich & Wilkinson (1999), however, there
remains scope for the misinterpretation of peri-
tidal sequences.

Deviation from simple depth-controlled facies
deposition has been suggested by many (Osleger,
1991; Strasser, 1991; Wilkinson et al., 1996;
Rankey, 2004; Purkis et al,, 2005; Wright &
Burgess, 2005), but this article adds to the dis-
cussion in two ways. Firstly, this study offers
numeric insight into the degree to which the
elements of a facies mosaic are depth-depen-
dent. Secondly, the observations from the study
are derived at high resolution (metre-scale) and
over a much larger area of seabed than has been
examined previously (6000 km?), while retain-
ing rigorous ground-control on both facies distri-
bution and bathymetry. While the Red Sea data
are informative, further testing in alternative
modern settings is encouraged and it is hoped
that this article will stimulate others to conduct
work in the same vein.

This is not to say that this study is without
weakness and bias. For instance, the employed
rock-equivalent Dunham textures are insensitive
to the full range of sedimentological parameters
that can be used to tie facies to specific water
depths. The class ‘grainstone’, for example,
might be split into multiple subcategories on
the basis of bedforms, sedimentary structures
and the relative abundances of constituent parti-
cles (e.g. Ginsburg, 1956), as well as taphonomi-
cal, biological or chemical observations
(Immenhauser, 2009). Similarly, ‘boundstone’
could be further partitioned by the growth form
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or species compliment of corals. However, as
previously noted, a more detailed sediment
classification is likely to increase the level of
facies substitutability with depth. It is also pru-
dent to note that the two Red Sea focus areas,
Ras Al-Qasabah in particular, are topographi-
cally more complex than many isolated plat-
forms and rimmed shelves, although the
findings of this study are in line with those
from carbonate depositional environments with
more modest bathymetric variation (e.g. Wilkin-
son & Drummond, 2004). Finally, if results from
this study are to be considered as relevant to
interpreting lithofacies arrangements in the rock
record, it must of course be recognized that
observations from the modern oceans are not a
priori applicable to fossil ones. This said, while
aspects of the biology of carbonate producers
have changed through geological time, the phys-
ics of the carbonate system has not.

Lateral facies extents are unrelated to water
depth

Beyond describing how facies type is dependent
on water depth and wave energy, this study also
presents findings on the lateral continuity of
facies bodies with regard to these variables. The
concept of ‘environments of deposition’ (EODs)
is a useful way to group cross-platform associa-
tions of lithofacies deposited in similar water
depths and hydrodynamic settings (Ginsburg,
1956). The concept is commonly applied
because EODs can typically be recognized in
cores, outcrops and aerial images alike. System-
atic relations that might exist between lateral
continuity of facies belts within an EOD would
be exciting because they could be used to pre-
dict facies extent in outcrops and cores, where
one or both of the lateral directions is unsam-
pled, as investigated using Markov chains by
Purkis et al. (2012b). Plots of lateral facies extent
versus median depth and significant wave
height for each facies body do not show strong
trends (Figs 7 and 8), suggesting no tendency for
facies bodies to be systematically larger or smal-
ler in areas of deep water or backwater hydrody-
namics. Combining this observation with the
high entropy of facies across the depth and
hydrodynamic gradients recorded in the focus
areas (Fig. 3), the premise of ‘low-energy’ and
‘high-energy’ facies also becomes somewhat
arbitrary. This observation suggests that the kind
of depositional models typically wused to
describe, synthesize and predict carbonate facies

heterogeneity in shallow-water systems might be
over simplistic.

The lack of relation between the lateral conti-
nuity of facies belts, depth and wave height can
possibly be explained by the fact that the majo-
rity of the two mapped depositional systems: (i)
have not built to sea-level, and particularly large
areas of under-filled accommodation exist (sub-
tidal deposits dominate over peritidal); and (ii)
lie above storm weather wave base. Because the
diversity of low-energy and zero-depth facies is
low, lateral continuity of lithofacies is typically
highest when relative water depth increases dur-
ing flooding of the platform top, establishing
low-energy subtidal conditions across the whole
platform and when the accommodation has
filled with tidal flat facies (e.g. Verwer et al.,
2009). Although tidal flat sediments are typi-
cally incised by channels, they do not fragment
into a complex facies mosaic (Rankey, 2002;
Maloof & Grotzinger, 2012). Given the large
extent and zero water depth of the tidal flat, a
relation between depth and facies type can be
anticipated on platforms with filled, or nearly
filled, accommodation, although the range in
water depths will be narrow. From the strati-
graphic perspective, however, even if the top of
an upward shallowing cycle is homogeneous,
this study suggests that the subtidal strata
within the cycle will not be. Therefore, even
during catch-up followed by keep-up accumula-
tion, for example in a low accommodation
greenhouse platform (e.g. Strasser, 1988; Jenkyns
& Wilson, 1999; Spengler & Read, 2010), there is
little reason to assume that the historic situation
would be radically different from this modern
example.

Facies extents are described by scaling laws

For each facies type in the two focus areas, the
existence of a power law reports that the fre-
quency of occurrence of a body is directly
related to its areal extent by an invariant scale
factor (the slope of the distributions in Figs 7
and 8). Power-law behaviour facilitates predic-
tion across scale because an exponential
decrease in probability of encounter for each
facies body is coupled to an exponential
decrease in unit area. For instance, knowledge
of the number of wackestone bodies in Ras
Al-Qasabah with areas >1 km?* would allow the
number of bodies in that seascape with an area
of 100 m? to be estimated, and so on. Such
‘scale invariance’ is helpful for sedimentologists
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and stratigraphers working with ancient strata in
outcrop, core, or even seismic because the
occurrence of small facies bodies, which are typ-
ically challenging to detect, can be indirectly
inferred from the frequency of large ones (Purkis
et al., 2007; Purkis et al., 2012a; Harris et al.,
2011).

Wave and tide influence on the arrangement
of photic zone carbonates

The term ‘fair weather wave base’ refers to the
depth beneath the waves at which sufficient
water motion exists to agitate the sea floor by
everyday wave action. ‘Storm wave base’ refers
to the depths beneath storm-driven waves and
can be much deeper. The position of the fair
weather and storm wave bases might be relevant
to the heterogeneity of a subtidal facies mosaic
because, conceptually, the process of wave
sweeping and redistribution of soft sea floor sed-
iment can promote lateral complexity (e.g. Seg-
uret et al., 2001; Flemming, 2005; Eberli, 2013).
However, as recognized by Immenhauser (2009)
and Peters & Loss (2012), and as evident in the
wave height models, the spectrum of wave pat-
terns is intriguingly complex across the varied
depositional topography that typically develops
atop carbonate platforms and, therefore, there is
no such thing as an average fair weather or
storm weather wave base that can be applied
platform-wide, although storm events probably
remain relevant (e.g. Cordier efal, 2012;
Madden et al., 2013). According to the calcula-
tions of Clifton & Dingler (1984), the 3 m Hyyo
calculated for the exposed ocean-facing reef rims
of Ras Al-Qasabah and Al Wajh is sufficient to
impart orbital velocities of 1-0 m sec™' down
to water depths of ca 15 m. Behind the reef rim,
where H,, is the range of 1 m, this level of
water movement remains at depths of ca 5 m. It
should be noted that H,,, describes the mean of
the 33% highest waves and so wave sweeping
during rare storm events is likely to extend con-
siderably deeper. On the basis of these values,
ca 90% of the mapped sea floor of Ras Al-Qasa-
bah and ca 80% of Al Wajh are within the range
of regular wave agitation. These calculations can
be considered conservative, because both focus
areas display deep lagoons which are seawardly
rimmed by an aggraded reef barrier. In Ras
Al-Qasabah and Al Wajh, the rim is punctuated
by a small number of channels through which
water is exchanged on the changing tide. This
restriction to flow can be anticipated to create

complex bottom currents that further serve to
transport sediment, in turn promoting complex
lateral facies patterns, as partly revealed in the
models of Burgess & Wright (2003) and Hill
et al. (2009). Following the nomenclature of
Lagoe (1988), the 40 m depth limit of the pre-
sent study corresponds to the lower boundary of
the inner neritic zone. Deeper seabeds, such as
those in the outer neritic zone extending from
40 m to 150 m water depth, experience little if
any influence from surface waves and currents
and therefore can be predicted to host less com-
plex facies mosaics than witnessed in the inner
neritic zone. As for the case of tidal flats, outer
neritic seabeds may well display relations
between the size of facies bodies and water
depth and, as recognized by Rankey (2004),
when depth variations of hundreds of metres are
considered, that: “at a scale of shelf-to-basin
transects, facies and habitats clearly are related
to water depth”.

While the long-term winnowing effects of
tides can be a systematic and large force in
steering facies organization (Immenhauser,
2009), spring and neap tidal ranges are only
0-5 m and 0-05 m, respectively, in the northern
Red Sea (Sheppard et al., 1992; Sultan et al.,
1995). In such a microtidal regime, sediment
redistribution by swell is likely to dominate that
occurring due to tides (Cordier et al., 2012), and
strong tidal currents are unlikely to develop
beyond those restricted to the narrow reef passes
that connect the lagoons of both Ras Al-Qasabah
and Al Wajh to the open ocean (as captured in
the wave height model for Al Wajh, Fig. 3B) and
these are of limited scale as compared to the
extent of the overall depositional system.

The strongest relation between seabed charac-
ter and hydrodynamic exposure exists for reef
builders who, as recognized by Darwin (1842),
despite the continuous damage from breaking
waves, grow best on their ocean-facing side and
grow rapidly even though they are bathed in
low-nutrient waters of the subtropics. Quantita-
tive field observations and laboratory experi-
ments on reef-building corals offer two
important insights: (i) corals grow faster in
strong currents (Sebens et al.,, 1998; Schutter
et al., 2010) and are more resistant against
bleaching and other crises in high-current set-
tings (Nakamura & van Woesik, 2001); and (ii)
growth is impeded by sediment that settles on
the coral surface (Rogers, 1990) with fine
organic-rich sediment appearing to be more
damaging than sand (Weber et al., 2006). Both
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factors clearly favour the wave-exposed edge
position over the protected centre position in
reefs on carbonate platforms (Schlager & Purkis,
2013) and explain why the prevalence of
boundstone should be anticipated to increase
with increasing wave energy, as is the case for
the two focus areas (Figs 5 and 6). Although
lacking the direct biotic link to water move-
ment, the lateral variability of sediment types
that arise from differences in rates of grain pro-
duction and redistribution across hydrodynamic
gradients are well-understood (e.g. Piller & Per-
vesler, 1989; Rankey & Reeder, 2011; Gischler
et al., 2013). For this reason, it is to be expected
that wave height offers some control on the lat-
eral placement of wackestone, grainstone and
rudstone, as mapped in the two focus areas,
and the statistical association with this parame-
ter is logical.

Comparison of the facies maps with bathymet-
ric models reveal that grain and mud-dominated
textures appear with approximately equal fre-
quency between water depths of 5 m and 25 m,
a range that straddles the zone of maximum car-
bonate productivity (<10 m; Schlager, 1981).
While the remote sensing data only offer a
planimetric view at a snapshot in time, it is rea-
sonable to assume that a degree of facies hetero-
geneity similar to the lateral will be preserved
in the vertical stack of subtidal carbonate beds
that accumulate through time. Because this
analyses suggests that the intrinsic process of
wave sweeping and redistribution of sediment
may exercise as strong a control on facies char-
acter as water depth, the results support Wilkin-
son et al. (1996) and the forward model-based
conclusions of Burgess & Wright (2003) and Bur-
gess (2006), and caution the use of variations in
depositional texture of lithofacies from the phy-
sical rock record to hindcast high-frequency sea-
level cycles.

Is the allogenic-autogenic distinction useful?

Just as for the blind belief that subtidal facies in
carbonate cycles can be precisely tied to water
depths, attempting to pin sediment accumula-
tion in the geological record to either allogenic
or autogenic control is probably an oversimplifi-
cation. Both processes yield interrelated and
interacting parameters. For instance, allogenic
changes in the position of sea-level not only
alter water depth but also effect a host of other
physical factors relevant to sedimentation in the
photic zone, of which some would arguably be

classified as autogenic, including current pat-
terns, water quality, the position on the platform
where waves break, gradients of hydrodynamic
exposure, temperature, chemistry, nutrients and
so on. Changes to these physical factors promote
different ecological niches that, in turn, serve to
alter the biological workers of the carbonate fac-
tory and the types and quantities of grains that
they produce — an autogenic effect. Therefore, as
interpreted by Strasser (1988) in Cretaceous out-
crops and modelled by Burgess & Wright (2003),
at any point in time, a platform can consist of a
spatially highly complex mosaic of carbonate
factories, each controlled by local autogenic pro-
cesses that can be overprinted by allogenic
changes in sea-level affecting the whole plat-
form. That is, allogenic controls evoke a host of
autogenic processes and, therefore, seeking to
disentangle their influences is unlikely to yield
a satisfactory understanding of platform-top stra-
tigraphy, begging the question as to how useful
these designations are. While the present study
shows a high degree of facies substitutability
with water depth, it should not be taken to evi-
dence a lack of allogenic control on the system.
Indeed, in the context of the models proposed
by Wright & Burgess (2005), such facies hetero-
geneity should be expected in both the modern
and fossil record alike.

CONCLUSIONS

The satellite facies and bathymetry maps high-
light the lateral heterogeneity of sediment accu-
mulation across the two focus areas and their
varied depositional topography. Statistical inter-
rogation reveals the competing extra-platform
and intra-platform controls that combine to
deliver this complex lateral facies patterning.
On the basis of Akaike information criterion
(AIC) analysis, this study does not show facies
type to be decoupled from water depth and
hydrodynamics, but it does suggest that facies
type cannot be confidently inferred from either
parameter in isolation. By considering curves of
cumulative probability for the occurrence of
each facies across binned water depths, the
degree to which palaeo-water depths might be
predicted from ancient strata is examined. If
the four facies mapped in this study were
stacked in outcrop in such a way as to be inter-
preted as coarsening upwards, by standard
interpretation, the sequence would be deemed
to have been deposited under a regime of pro-
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gressively shallowing water depth. Lacking a
cap of peritidal facies, this bedding pattern con-
tains the building blocks of a subtidal carbonate
cycle. However, contrasting this hypothetical
stacking pattern with the statistical distribution
of facies by water depth yields little evidence
that the stack shallows upwards. While there
are no precise parallels between this modern
study and the rock record, the comparison
between the two is interesting and this hypo-
thetical example highlights the pitfalls of
assuming that a sea-level history can be
inferred from ancient strata because subtidal
carbonate facies neatly partition by water depth
of deposition. The mapped facies occur in
broad and overlapping depth ranges and, under
such auspices, difficulties can be anticipated in
the unequivocal identification of high-frequency
subtidal carbonate cycles. The lateral extents of
the considered facies are unrelated to water
depth and wave height, but the plan-view size
of facies bodies is related to their frequency of
occurrence by a power law. The implication of
the latter property being that small facies
bodies, which are typically challenging to
detect in fossil settings, can be indirectly
inferred from the frequency of large ones. Such
results broaden the perspective of the types of
information that can be reliably extracted from
the rock record of carbonates deposited in the
shallow photic zone.
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