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ABSTRACT

Autogenic spatial self-organization can produce coherent patterns of ordered

cyclical strata through interaction of system components, independent of ini-

tial conditions and without external forcing. Previous numerical modelling

work that partially explored self-organized cyclicity in carbonate strata is

expanded, refined and tested using a different numerical model formulation of

an existing carbonate forward model ‘CarboCAT’. Results show that cross-

platform sediment transport creates a series of self-organized prograding

islands and shorelines that generate upward-shallowing autocycles, defined by

strong statistical evidence for ordered facies successions. A subtidal factory in

front of each shoreline supplies sediment that drives shoreline progradation

and these subtidal supply-zone widths are also self-organized to an optimal

characteristic width due to island progradation, such that an accommodation

creation/sediment supply ratio of around one maintains self-organized shore-

line progradation. The resulting island progradation rate determines autocycle

thickness, which is very different from the accommodation control assumed in

most sequence stratigraphic and cyclostratigraphic interpretations. This self-

organization process is comparable to the reaction–diffusion model first sug-

gested by Alan Turing. The simplest possible combination of processes that

leads to self-organization are water-depth-dependent production, straight long-

distance cross-platform transport and uniform subsidence. Additional more

complex processes can produce self-organization, but also more diverse island

morphologies, less ordered autocyclic strata and more variable lateral facies

continuity. Exploration of the model parameter space shows that self-

organization occurs for only a limited range of accommodation creation/sedi-

ment supply ratios. The modelling is calibrated and checked for realism against

shoreline progradation rates measured on the Peros Banhos carbonate platform,

British Indian Ocean Territory, and a Holocene Abu Dhabi shoreline, suggesting

that this is a realistic and perhaps ubiquitous process in geological history.

Given the fundamental nature of processes modelled here, and the match with

observed processes in modern depositional systems, it seems possible that simi-

lar autogenic, self-organizing processes have operated on many carbonate plat-

forms and are an important component in the stratigraphic record.
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record, spatial self-organization.
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INTRODUCTION

Carbonate strata are frequently interpreted to be
cyclical on a scale of a metre to a few metres
(Read et al., 1986; Goldhammer et al., 1987,
1990; Enos, 1991; Osleger & Read, 1991; Christ
et al., 2012), although the evidence for such
interpretation is often too weak to robustly sup-
port this interpretation (Drummond & Wilkin-
son, 1993; Wilkinson et al., 1997; Burgess,
2016). The cyclicity is most often assumed to be
forced by external factors, such as eustasy or tec-
tonic pulses (Goldhammer et al., 1987, 1990;
Chen et al., 2001; Bosence et al., 2009), but also
sometimes ascribed to autocyclic processes
(Goldhammer et al., 1993; Lehrmann & Gold-
hammer, 1999; Burgess, 2001). Ginsburg (1971)
suggested that metre-scale peritidal parase-
quences can be generated by long-term uniform
subsidence, landward movement of carbonate
muds, progradation of a shoreline over the subti-
dal mud factory, followed by progressively
reduced production and sediment supply and
transgressive flooding, all based on observation
from Florida Bay lagoon and tidal flats of the
Bahamas. These cycles are referred to as ‘autocy-
cles’ due to their autogenic origin alone with an
absence of any external forcing. A slightly more
complex tidal flat island model is proposed by
Pratt & James (1986) that involves complex shoal
and tidal flat island migration through time,
which can produce a shallowing-upward parase-
quence in any given vertical section at the plat-
form interior. In their model, tidal flat islands
evolved with changing regional hydrographic
conditions and the distribution of sediment
types around these islands varied spatially and
temporally, due to localized responses to local
sediment supply on the evolving seafloor. Both
of these models require some spatial feedbacks
in the depositional system for the processes to
operate in a predictable way, and therefore sug-
gest the possibility of a self-organizing process
driving formation of autocycles.
Spatial self-organization is a process in which

a coherent pattern emerges through interaction
of system components. Self-organization pro-
cesses are pervasive and widely documented
across many natural systems (Rietkerk & Koppel,
2008; Hajek et al., 2010; Paola, 2016), with con-
ceptual origins in classic ‘chemical reaction–dif-
fusion’ theory (Turing, 1952). In this reaction–
diffusion process, local feedbacks occur between
reaction components, but spatial information is
also transmitted over a longer distance via

diffusion as individual particles migrate across a
volume. Levin & Segel (1985) extended this the-
ory to understand ecological diversity and
heterogeneity, in which reaction is generalized
to local interaction, and diffusion is replaced by
more general longer distance transport mecha-
nisms. Self-organization in these cases can
explain the striking spatial patterns observed at
various levels in biological systems that are spa-
tially complex and heterogeneous yet have a
degree of regularity or coherency. Emergence
and maintenance of these spatial patterns from
an initial uniform or disordered state, all by
undirected local interaction of system compo-
nents and global redistribution, is generally
referred to as ‘spatial self-organization’.
Pattern formation is one of the most promi-

nent characteristics of spatial self-organization,
and this process can be spontaneous if sufficient
energy is available in the system. Self-organized
patterns are often easily identifiable, persistent
and predictable across a range of scales (Purkis
et al., 2016b). In ecological systems, these coher-
ent patterns are banded, striped or labyrinthine,
and usually lead to resource optimization
increasing overall productivity and diversity of
the system (von Hardenberg et al., 2001; Thar &
Kühl, 2005). Interactions are local phenomena,
but spatially self-organizing systems also typi-
cally feature system-wide redistribution of mate-
rial that creates order and pattern as the system
approaches a state of dynamic equilibrium. This
equilibrium state is maintained by both scale-
dependent positive and negative spatial feed-
backs (Levin & Segel, 1985; Budd et al., 2016)
with development of some robust structures to
weaken or even negate perturbation effects from
external environmental changes (Liu et al.,
2013). A wide range of examples of spatial self-
organization in modern sedimentary systems
have been recognized and discussed, including
formation of bedforms (Fedele et al., 2016), evo-
lution of channels and fans in fluvial-deltaic
systems (Paola et al., 2009; Kim et al., 2014;
Paola, 2016), morphodynamics of aeolian dune
field (Kocurek & Ewing, 2016) and ecological
succession (Olszewski, 2016). In carbonate depo-
sitional systems, spatial self-organization seems
likely to have an important role in controlling
the spatial structure and expression of the whole
system, by generating different patterns across a
wide range of scales, supported by studies of
hot spring microbial carbonates (Petroff et al.,
2010), modern bivalve beds (Rietkerk & Koppel,
2008), and formation of patterned coral reefs
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and tidal channel systems (Fagherazzi, 2008;
Purkis et al., 2016b).
Despite the abundance of contemporary exam-

ples, the potential influence of spatial self-
organization on ancient strata from carbonate
depositional systems is still generally poorly
understood and poorly documented compared to
interpretations of allocyclic forcing, with a few
notable exceptions. Previous numerical mod-
elling by Drummond & Dugan (1999) attributes
negative exponential bed thickness-frequency
distribution and log-log linear forms of area-
frequency distribution in strata to aspects of self-
organization. Quantitative analysis of north-west
Andros Island suggests that subfacies area, dis-
tance and lateral facies transitions are highly
ordered, probably due to self-organization (Ran-
key, 2002). Forward modelling of peritidal car-
bonate systems suggests that the ‘Ginsburg-type’
shoreline progradation process is self-organizing,
producing coherent planform patterns and cyclic
vertical sections (Burgess et al., 2001; Burgess &
Wright, 2003). Better understanding and docu-
mentation of spatial self-organization for produc-
ing autogenic stratal order and cyclicity is
particularly important given that these attributes
of strata are so often interpreted, often with insuf-
ficient evidence, to be due to other more allogenic
processes.
The aim of this paper is to demonstrate,

explore more fully and discuss how carbonate
autocycles can be understood as a product of
self-organizing processes of sediment production
and sediment transport on carbonate platform
tops, building on previous work that suggested
this as a possibility (Burgess et al., 2001; Bur-
gess, 2006) but did not explore in detail how the
self-organizing processes worked, or the full
implications for development of cyclical strata.
Better understanding of the likely links between
spatial self-organization and autogenic dynamics
could significantly enhance interpretation and
prediction of the record of Earth history in car-
bonate strata, as well as helping in predictions
for the likely response of modern carbonate plat-
forms to current rapid climate change.

MODEL FORMULATION

Model description

‘CarboCAT’ is a reduced-complexity numerical
forward model designed to explore the evolution
of carbonate platforms and the strata they

produce. The model is documented in detail in
Burgess (2013) and Masiero et al. (2020). This
current study uses a new version of CarboCAT
modified to include elements from Burgess et al.
(2001) and Burgess & Wright (2003), to explore
and understand how cross-platform sediment
transport can produce self-organized autocyclic
carbonate strata. All of the model runs presented
here have a 1 kyr duration time step, so the cal-
culation of sediment transport for each time step
is a simplified representation of long-term cross-
platform unidirectional sediment transport due
to the time-averaged effects of waves and cur-
rents. Sediment transport follows either a
straight line in an onshore direction from
entrainment in the seaward subtidal area to
deposition in the landward intertidal area (for
example, model Case 2 and Case 3), or a more
complex onshore route, influenced by variations
in platform top bathymetry following simple
rules of refraction of transport direction in shal-
low water (model Cases 4 to 9).
Modified CarboCAT uses a simple orthogonal

regular model grid consisting of 100 data points
in the dip direction and 30 data points along the
strike. Model grid point spacing is 200 m, so the
total grid represents a 20 × 6 km surface. Each
time step represents one thousand years, and a
total of 2000 time steps in all model runs shown
here gives a total elapsed model time (EMT) of 2
Myr. Elevation and water depth values are
stored at every grid point in the model and cal-
culated then updated each time step by subsi-
dence, in situ production of particular facies,
and sediment transport. Tidal currents are not
modelled explicitly, but a tidal range of 1 m is
assumed in the classification of peritidal strata,
such that strata deposited with water depth of
<1 m are classified as intertidal, and strata
deposited above sea-level are supratidal.
A uniform subsidence rate is applied across

the entire model grid. Each cell can either con-
tain a single in situ carbonate facies or be empty,
and the spatial distribution of facies and empty
cells is determined by cellular automata rules,
simulating facies dynamics in response to eco-
logical stress (Burgess, 2013). Autotrophic organ-
isms require light for photosynthesis, so
modelled carbonate production rate decreases
with increasing water depth as an approxima-
tion of decreasing light penetration into deep
water (Bosscher & Schlager, 1992), and modified
by a scaling factor R (Masiero et al., 2020). The
value of R is calculated from the cellular
automaton, producing a symmetrical profile
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showing increased production due to resource
optimization and colonization, followed by a
linear decrease due to competition of space and
nutrients (Fig. 1A). In situ carbonate production
is cut off in water depth less than 1 m to repre-
sent reduced carbonate production in the inter-
tidal zone where subaerial exposure is frequent.
Sediment transport rate is determined by the

fraction of in situ production available for trans-
port, which is a constant for each facies, and a
representation of water flux over the grid cell.
As in previous models (Burgess et al., 2001),
onshore prevailing winds and currents are
assumed to produce a time-averaged net onshore
advective sediment flux. Magnitude of this sedi-
ment flux is assumed to be proportional to wave
amplitude and wavelength, and to current veloc-
ity. Flowing water entrains sediment if the sum
of slope shear stress and shear stress induced by
flowing water is greater than a user-specified
threshold, using equation (20) from Warrlich
et al. (2002). This threshold is a function of
grain size, so a higher value represents coarse-
grained sediment, and a lower value represents
fine-grained sediment.
If sediment is removed and entrained, it can

be transported either in a straight line towards
the landward edge of the model grid, or along a
more complex landward route modified locally
due to interactions with topography in shallow
water, calculated cell-by-cell using Snell’s Law
(Martinez & Harbaugh, 1989). For each cell on
the model grid, current velocity (vel) can be cal-
culated from input wavelength (λ) and water
depth (wd) such that.

vel i, jð Þ ¼
ffiffiffiffiffiffiffiffi
λ∗g
2π

r
∗ tanh

2π

λ
∗wd i, jð Þ

� �
(1)

Transport direction (θwave) between cell (x, y)
and the next more landward cell (x, y + 1) is
calculated by averaging the two relative trans-
port directions in adjacent cells (θB and θC ) and
scaling by a parameter that determines the
degree of water depth and topographic influence
on the flow direction (F) (Fig. 1B):

θB ¼ αþ arctan vel x � 1, yð Þ � vel x, yð Þð Þ
F

(2)

θC ¼ αþ arctan vel x, yð Þ � vel x þ 1, yð Þð Þ
F

(3)

θwave ¼ θB þ θC
2

(4)

Therefore, a low value of F means the transport
is very sensitive to topography and will diverge
markedly from an onshore direction when influ-
enced by changes in water depth, such that
flows tend to converge towards areas of shallow
water depth and deposit sediments (Fig. 1B),
leading to deposition of the sediment over a
wider section of the landward shoreline. In con-
trast, when F is high, sensitivity to topography
is much lower, and deviations from landward
transport are much smaller. This new formula-
tion of CarboCAT also contains a stochastic ele-
ment that allows, in rare cases, transport into
and deposition in cells where water depth is
less than zero. By defining a probability

Fig. 1. (A) Production rate modifier (R) rationale in CarboCAT. R is equal to one (maximum carbonate production)
in model cells with the optimum number of same-facies neighbours (noptimum). R decreases linearly from one to
zero where the number of same-facies cells is equal to minS or maxS and the resulting carbonate production is
zero, from Masiero et al., (2020). (B) Rationale of topography-controlled sediment transport, red arrow indicates
flow pathway, flows will converge towards shallow water depth area following Snell’s law. (C) Probability distri-
bution of depositional water depth, majority of the depositional events are still within the intertidal zone, with
occasional depositional events on supratidal by large storm events.
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distribution of this happening, the probability of
supratidal deposition is low, and most of the
transported sediment is still deposited in the
intertidal zone (Fig. 1C), so the stochastic
supratidal depositional events are analogous to
large storm events that might occur within the
duration of a single time step. The supratidal
deposition is important to amalgamate layers
and increase lateral facies continuity (Olivito &
Souza, 2020).
As well as longer distance onshore sediment

transport, short-distance downslope sediment
transport off local topographic highs into sur-
rounding depressions is also modelled. Local
transport is calculated using a diffusion law,
smoothing the topography at rates dependent on
local slope and a diffusion coefficient. It is cal-
culated using a simple implicit Crank-Nicholson
finite-difference solution (Crank, 1975).

Model cases: Input parameters and modelled
processes

To understand the role of self-organization in
this model behaviour, this study first demon-
strates a non-self-organized case which generates
a carbonate platform without autocycles. Model
elements are then progressively added to run
eight additional models (Table 1), to understand

how each element contributes to the emergence
of self-organization and autocycle formation.
Input parameters are based on reasonable, con-
strained values used in previous studies of peri-
tidal carbonate systems (Kenyon & Turcotte,
1985; Enos, 1991; Bosscher & Schlager, 1992;
Burgess & Wright, 2003). Initial model topogra-
phy is always low-angle ramp, with a zero-flux
subaerial barrier on the landward edge of the
model grid. Transport fraction is set to 0.5,
which means up to half of the in situ production
is available for transport in the flat-top platform
setting. The diffusion coefficient of 20 000 m2

per year is consistent with other estimates for
shallow water diffusional transport (Kaufman
et al., 1991; Williams et al., 2011).

RESULTS

Case 1: Progradational platform, disorganized
shorelines, no autocycles

Case 1 shows a typical evolution of carbonate
platform from a ramp to a flat-topped platform
but without formation of prograding coherent
islands and autocycles. Production occurs across
the whole model grid initially, but later in the
model run is restricted to the platform top as

Table 1. Input parameters and statistic metric of total nine model runs.

Case 1 2 3 4 5 6 7 8 9

Subsidence 50

Production

rate

200 70 200

Cellular

automata

On Off On

Transport Downslope Straight

Onshore
Straight

Onshore
Wave

refraction

F = 1

Wave

refraction

F = 5

Wave

refraction

F = 25

Wave

refraction

F = 5

Wave

refraction

F = 5

Wave

refraction

F = 5

Diffusion Off Off Off Off Off Off K = 20 000 K = 100 000 K = 500 000

Spatial

entropy

0.075846 0.1370 0.064895 0.067156 0.08168 0.09254 0.19136 0.19346 0.2154

Stratigraphic

completeness

0.2965 0.5012 0.2157 0.2611 0.2655 0.2651 0.3991 0.4451 0.5542

Spatial entropy indicates the lateral heterogeneity and stratigraphic completeness is the proportion of elapsed
model time recorded by strata accumulation; but neither of them here can clearly distinguish the disordered Case
1 from the semi-ordered Case 9 and the remaining seven ordered cases.
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water depths off the platform increase. Sedi-
ments are transported downslope locally where
the surface gradient exceeds a transport thresh-
old. The platform interior is an irregular mosaic
of subtidal and intertidal deposition due to local
variations in production rate and downslope
sediment transport (Case 1; Fig. 2). There is no
onshore sediment flux to create and prograde
shorelines and islands, and in the absence of
any external forcing also, the platform interior
strata are disordered and lack spatial patterns
(Fig. 3).

Cases 2 and 3: Minimum processes required
to generate shoreline progradation and
autocycles

In model Case 2 and Case 3, sediment is trans-
ported landward in a straight line until deposi-
tion occurs in front of the subaerial barrier.
Initially this occurs at the model grid boundary
and generates a supratidal shoreline and inter-
tidal bank along the proximal edge of the model
grid (Fig. 4). Continued transport accretes sedi-
ments on the windward side of this shoreline,
which then progrades when the accommodation–
supply ratio (A/S) is less than one along the front
of the island. The leeward side of the island is
sediment starved, subsides back into subtidal

zone and floods, so the shoreline becomes a
detached, prograding island barrier (Fig. 4) (see
also descriptions in Burgess et al., 2001), rather
than an attached shoreline as in Ginsburg’s
model (Ginsburg, 1971). Prograding islands in
Case 2 are slightly sinuous and approximately
equally-spaced, separated by wide subtidal zones
that supply sediment to be transported and
accreted onto the shoreline. The widths of sub-
tidal sediment-production zones in Case 3 are
more variable, because of the spatially-variable
production rates in the model (Fig. 2; Table 1).
As the island migrates seaward, a new subtidal
zone develops landward which feeds sediment
further landward. Once it is wide enough to pro-
duce sufficient sediment, this creates another
prograding shoreline, and the process repeats to
generate multiple cycles in strata (Fig. 4). The
first cycle emerges in less than 0.1 Myr, and
island migration across the platform top gener-
ates more than 20 cycles of shallowing-upward
strata in vertical section in a time span of 2 Myr
(Fig. 3). This is similar to the process of shoreline
and island progradation first proposed by Gins-
burg (1971) and later explored in numerical mod-
els (Goldhammer et al., 1993; Burgess et al., 2001;
Burgess & Wright, 2003).
Because the platform top operates in keep-up

mode, water depth in the subtidal zone is

Fig. 2. Map view of platform tops at 2 Myr elapsed model time for all model cases. Case 1 has downslope sedi-
ment transport, and it does not have any onshore sediment flux for island progradation. Instead, it shows a wide
low-relief tidal flat without any identifiable patterns. Case 2 has simplest model formulation and islands prograde
and self-organize into sinuous belts with equal subtidal zones spacing between islands. Islands slightly break up
in Case 3 due to spatially-complex production in the subtidal zone. Cases 4 to 6 all show coherent patterns, but
with variations in island morphology, lateral continuity and spatial distribution. Implementing diffusional trans-
port in Case 7 can increase the island area and reduce island irregularity compared to Case 5. But as diffusion
coefficient becomes very high in Case 9, islands are eliminated and cannot act as effective barriers to sediment
transport, the self-organizing interactions between production, transport and subsidence are disrupted, so the
islands and subtidal zones are arranged without any coherency.
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generally shallow, in the order of 1 to 2 m. This
means magnitude of sediment supply to the
windward shoreline of each island is determined
by the width of the adjacent more distal subtidal
factory. If sediment supply to the shoreline is
greater than the rate of accommodation creation
at the shoreline (A/S < 1), shoreline progradation
occurs. Increased sediment transport rate at par-
ticular subsidence and production rates will
decrease the subtidal area width, and the subti-
dal area width in turn determines the thickness
of the autocycles produced by the progradation
process (Burgess et al., 2001). These observations
of model behaviour are very important, for two
reasons. Firstly, the relationship between width
of the subtidal zone, sediment supply to the
shoreline and shoreline progradation, is an exam-
ple of a spatial feedback where, for any given
rates of sediment production and sediment trans-
port, subtidal zone width determines the shore-
line progradation rate and shoreline progradation
rate in turn determines the subtidal zone width.
Secondly, it means that autocycle thickness in
these cases is controlled by the A/S ratio at each
prograding island shoreline, and there is no
requirement for external forcing to produce
ordered, cyclical strata. This does not exclude
the possibility of external forcing to produce

similar cycles in outcrops but suggests an equally
plausible autogenic explanation, or perhaps a
mix of both processes. Case 2 and Case 3 demon-
strate that subsidence, in situ depth-dependent
sediment production, and landward cross-
platform sediment transport perpendicular to the
shoreline, with spatial feedbacks operating
between these processes, are the simplest combi-
nation of numerical model components that can
generate autocycles.

Cases 4 to 6: Effects of transport direction
controlled by topography

When comparing the platform top map view of
Case 4 with Case 3 (Fig. 2), increased sensitivity
of sediment transport direction to topography
clearly increases lateral island continuity, which
suppresses the spatial variability of production
in subtidal zone. Low values of the flow-
topography relationship parameter F (for exam-
ple, Case 4; Fig. 2) makes sediment transport
more sensitive to water depth variation on the
transport pathway, which may then diverge
markedly from the prevailing wind direction. A
consequence of this divergence is that any given
volume of sediment will be redistributed to a
wider portion of shoreline; hence each shoreline

Fig. 3. Cross-section of all model cases at x = 3 km. Platform margin position, platform interior lateral facies con-
tinuity and relative proportion of each facies vary between models due to different input parameters and model
processes (Table 1) but all the models except Case 1 and Case 9 show strong apparently cyclical layering in the
platform interior arising from progradation of islands due to onshore sediment transport. The cyclic facies
arrangement in vertical sections are results of their varying degree of order and pattern in planform the islands
show as in Fig. 2. Note that the distal end of the model is too deep for in situ production after about 1 Myr, so
platform margins retreat due to insufficient sediment flux in Case 2 to Case 9. Only the downslope transported-
dominated Case 1 can maintain progradation without this issue. Red lines represent timelines at every 0.4 Myr.
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point will tend to receive less sediment on aver-
age so the difference between adjacent cells will
be reduced. This helps to reduce variations of
progradation rates along strike, prevents island
break-up, and generates more regular and
rounded island shapes with well-defined edges
(Case 4; Fig. 2).
Increasing the flow-topography relationship

parameter F has the opposite effect. The spatial
variations of production in the subtidal zone
leads to differential lateral accretion rates on the
windward side of islands which consequently
prograde at different rates and eventually break
up (Case 6; Fig. 2). Since the fundamental
subsidence, production and transport rates are
unchanged in Cases 4 to 6, the subtidal zone
width and island width are similar in these three
cases (Fig. 5B). Comparing Case 2 with Cases 3 to
5, the more complex sediment transport pathways
in later cases cause different topographic
expressions and morphodynamics, which pro-
duce more complex three-dimensional connectiv-
ity with reduction of lateral facies continuity
(Fig. 3).

Cases 7 to 9: Effect of local downslope
diffusional transport

Diffusional transport in this model is a short-
distance smoothing process, relative to the
longer-distance advective cross-platform trans-
port. Local diffusional transport tends to redis-
tribute supratidal and intertidal sediment to
adjacent subtidal lows. Comparing platform-top
maps in Case 5 and Case 7 (Fig. 2), which are
identical except for operation of diffusion in
Case 7, shows that diffusional transport creates
more rounded island morphology by suppress-
ing the effects of lateral differential progradation
demonstrated in Case 4. It can also coalesce sep-
arated islands and increase lateral facies conti-
nuities in cross-section by filling the subtidal
zone in between (Fig. 3). These effects are also
present in Case 8 with a higher diffusion coeffi-
cient K.
However, in Case 9, when K is further

increased, diffusion can decrease the influence
of island topography as effective ‘barriers’ to
sediment transport. Without intertidal and

Fig. 4. Three-dimensional block diagram of model Case 2 at 0.2 Myr, which shows the self-organizing interactions
between uniform subsidence, in situ production and onshore sediment transport. Islands are arranged in linear
belts with very wide subtidal zones in between to supply sufficient sediments to the adjacent island by long-
distance cross-platform transport, which produce island progradation as A/S ratio <1. Island progradation is plan-
form leads to shallowing-upward autocyclic parasequences.
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supratidal island topographic barriers, the lee-
ward side of islands can still receive sediments
and does not subside back into the subtidal
zone as in Cases 2 to 8. Consequently, in Case
9, islands expand laterally and amalgamate into
an extensive low-relief intertidal flat, and
subtidal factories become too narrow to produce
and supply much sediment (Figs 2 and 5B). In
this case, cross-platform sediment transport
and island progradation are almost com-
pletely inhibited, and little self-organized pat-
tern emerges (Fig. 3).

COMPARISON WITH TURING’S SELF-
ORGANIZATION MODEL

It is suggested here that emergence of a pat-
terned distribution of island and subtidal factory
topography on the platform top in this model
(Fig. 2), without any external forcing, is evi-
dence of spatial self-organization. This self-
organization is analogous to the classic ‘reac-
tion–diffusion’ model of morphogenesis, first
described by Turing (1952). In Turing’s model,
local feedbacks occur between reaction

components, but spatial information is also
transmitted over a longer distance via diffusion.
Stable patterns or structures can develop due to
the interaction between activator and inhibitor if
the diffusion of inhibitor is faster than activator.
So the activator will only spread locally because
it cannot be produced and spread over longer
distance (Turing, 1952). The net feedback is
scale-dependent, such that positive feedback
dominates at short scale, and negative feedback
dominates at large scale.
In comparison with Turing’s model, in this

modified CarboCAT model, processes that main-
tain the influence of island topography as ‘barri-
ers’ to shelter the leeward side, and reduce
variations in island progradation rate along strike,
such as topography-controlled sediment transport
(Case 4), and local downslope diffusional trans-
port (Case 7) are somewhat analogue to the ‘acti-
vator’ in the Turing model. By contrast, processes
such as subsidence and very high-rate downslope
sediment transport (Case 9) are ‘inhibitors’,
because they tend to submerge or smooth island
topography and therefore have system-wide nega-
tive effects on sediment production and transport
to drive continuous progradation.

Fig. 5. (A) Time evolution of mean subtidal factory width for Cases 1, 2 and 3, showing different widths at
dynamic equilibrium state, as seen in previous platform top maps and cross-sections. Attainment and mainte-
nance of this state suggest that as shorelines and islands prograde, they organize to form a dynamic equilibrium
planform island spacing characteristic for the particular subsidence, production and transport rate on the platform
top. (B) Cross-plot of mean subtidal width against island width for all nine model cases. Error bars represent cal-
culated standard deviation at 2 Myr. Case 2 has highest mean subtidal zone width and lowest standard deviation
(see also Fig. 4). Note that Cases 2 to 8 show coherent patterns on platform top, and cyclic strata in vertical sec-
tion, and all have subtidal widths >1 km, suggesting that a subtidal width >1 km indicates is associated with
presence of self-organization.
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This comparison suggests that the modified
CarboCAT model is recreating some key ele-
ments of the original Turing activator–inhibitor
model and producing self-organized spatial pat-
terns for somewhat similar reasons. However, in
this model, processes and interactions seem to
be more complex. For example, variable
topographically-influenced sediment transport
and diffusional transport, in Cases 4 to 9, have
an important control on sediment redistribution
and lead to very different island morphological
development and stratigraphic expression depend-
ing on how they interact with other processes. It
is also important to consider that the duration of
a carbonate depositional system is several orders
of magnitude higher than Turing’s chemical
experiments, and therefore more spatial and
temporal variation of transport rate are likely to
occur, also making this model more complex
than the Turing model.

QUANTITATIVE EVIDENCE OF SPATIAL
SELF-ORGANIZATION

Results from the nine model cases demonstrate
how subsidence, sediment production and
cross-platform sediment transport can produce
emergent planform island and subtidal factory
patterned morphologies. Cases 2 through to 8
show through visual examination elements of
pattern that could be considered evidence for
self-organization. However, quantitative evi-
dence is required to properly demonstrate that
self-organization is definitely present. The cur-
rent study combines two different statistical
methods to quantify the degree of order, and to
measure the presence and evolution of self-
organization in both planform (Fig. 2) and verti-
cal succession (Fig. 3) patterns of strata.

Analysis of subtidal sediment factory width

Autocycle thickness and shoreline progradation
rate in modelled cases are controlled by the A/S
ratio and subtidal zone width at each prograding
island shoreline. This A/S ratio requirement for
progradation is a form of local feedback that is
integral to the emergence of pattern in the model
because, as shorelines and islands prograde,
they organize to form a dynamic equilibrium
planform island spacing characteristic for the
particular subsidence, production and transport
rate on the platform top (Fig. 5A). Attainment of
dynamic equilibrium, with formation of distinct

subtidal factories between intertidal and suprati-
dal islands, leads to a form of resource optimiza-
tion in the system, such that each subtidal
carbonate factory can produce just enough sedi-
ment for island progradation. This can also be
viewed as an emergent property internal to the
system, the emergence and subsequent mainte-
nance of this property is evidence of spatial self-
organization occurring in the modelled system
(Plotnick, 2016). In this model, Cases 2 to 8 all
have mean subtidal factory width greater than
1 km, as subtidal factories become sufficiently
unrestricted to produce and transport sediment
to support a dynamic equilibrium state of island
progradation, while subtidal widths in Case 1
and Case 9 are narrower and do not develop
organized prograding islands (Fig. 5B). Based on
this and supported by comparison of the appear-
ance of island patterns in planform, it is sug-
gested that model Cases 2 to 8 are potentially
self-organized, while model Case 1 and Case 9
are not.

Analysis of facies and thickness order and
cyclicity in vertical successions

In the absence of external forcing, presence of
order and cyclicity in modelled vertical succes-
sions of strata requires an autocyclic process to
form. The current model results show strong evi-
dence for self-organization producing patterns in
the planform arrangement of subtidal, intertidal
and supratidal zones. Most interestingly, lateral
migration of these planform patterns should, fol-
lowing Walther’s Law, produce similarly
ordered, autocyclic patterns in the vertical
arrangement of subtidal, intertidal and suprati-
dal facies. To test for these patterns, quantitative
analysis of vertical sections can demonstrate
which model cases show ordered strata, and
which do not. If quantitative evidence indicates
ordered vertical strata in model cases where spa-
tial self-organization is present, and an absence
of detectable order in the non-self-organized
model cases, this suggests that, in this modelled
system at least, there is a causal link between
planform spatial self-organization and cyclical
strata in vertical section.
For each of the nine model cases lithofacies

and lithofacies unit thickness are analyzed from
a vertical stratigraphic section taken from the
centre of the model grid (y = 10 km, x = 3 km)
using a facies transition probability and runs
analysis method from Burgess (2016). A Markov
metric m is calculated from a facies transition
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probability matrix to characterize the vertical
facies succession as a single value. This m value
is then compared with m values calculated from
disordered synthetic sections, generated by ran-
domly shuffling the lithological units in the sec-
tion. This is repeated 5000 times in a Monte
Carlo process to generate a probability density
function of m values. By comparing the calcu-
lated m value calculated from a modelled verti-
cal section with the probability density functions
arising from the randomly shuffled strata, a
probability value pm can be obtained and indi-
cates the degree of order in the facies succes-
sion, with values close to zero indicating that
the observed modelled succession was very
unlikely to occur by chance (Burgess, 2016).
A similar approach is adopted for lithofacies

unit thickness. A run is defined by Davis (2002)
as an uninterrupted occurrence of a particular
state within a series, for example a set of consis-
tently thinning-upward units. The calculated
runs order metric r quantifies the number and
length of runs in a succession and allows a simi-
lar Monte Carlo approach to compare the r value
from the observed section with a probability dis-
tribution function of equivalent but randomly
shuffled units. Values of pr close to zero indicate
an ordered arrangement of lithofacies unit thick-
ness that is unlikely to occur by chance.
Results of facies order analysis are consistent

with planform statistics showing presence or
absence of evidence for order in each model
case (Table 2). Case 1 has pm and pr values close
to 1.0 indicating disordered strata in the vertical

section, consistent with the narrow planform
subtidal zones and a lack of planform spatial
self-organization. In model Cases 2 to 8, pm val-
ues are all <0.1, suggesting ordered and cyclical
lithofacies successions generated by organized
planform facies patterns. In contrast, the vertical
section from Case 9 also has a pm value of 0.54,
providing no evidence of vertical lithofacies
order, consistent with the lack of spatial order
in planform.
Analyzing facies unit thicknesses, only Case 2

shows strong evidence for ordered thickness
trends with pr = 0 (Table 2). Cases 3, 4, 6 and 7
all have pr values between 0.1 and 0.25, indicat-
ing only weak evidence of thickness trends.
Rapid accretion on the windward side of islands
usually deposits thick intertidal and supratidal
sediments, while production in subtidal areas is
usually more intermittent and produces thinner
units. So, a typical asymmetrical shallowing-
upward vertical succession has an upward
thickening trend. The ordered thickness trend in
Case 2 arises from a uniform island progradation
rate, but in all other cases, accumulation rates
are too spatially variable to generate cyclical
thickening or thinning trends.
In summary, quantitative evidence indicates

that ordered vertical strata occur in model cases
where planform spatial self-organization is pre-
sent, and not in the non-self-organized cases.
This suggests that migration of planform spatial
self-organized patterns in this model commonly
produces a cyclical arrangement of facies in ver-
tical section, and, in the simplest case but not

Table 2. Lithofacies and thickness ordering analysis for ten selected vertical sections in the centre of the model
grid, including an additional vertical section for Case 9.

Case 1 2 3 4 5 6 7 8 9

Point location Y = 10 km
X = 3 km

Y = 16 km
X = 3 km

Total units 84 128 182 236 234 246 324 333 533 778

Total facies 5 7 7 7 7 7 7 5 4 5

Mean thickness 1.285 0.885 0.623 0.505 0.507 0.511 0.348 0.293 0.159 0.132

pm 0.965 0.002 0.082 0.000 0.000 0.000 0.000 0.000 1.000 0.542

pr 0.944 0.000 0.223 0.148 0.804 0.125 0.150 1.000 1.000 0.741

The Pm values are very consistent with platform top maps and cross-section, Cases 2 to 8 are all highly ordered with
pm values close to 0, while Case 1 and Case 9 show no evidence of order with much higher pm values. The pr value is
more sensitive to the disorder, so only Case 2 still shows strong evidence of an ordered thickness trend, Cases 3, 4, 6
and 7 show weak evidence for thickness ordering other cases with high F or K values have no such evidence.
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the others, ordered trends in the layer thick-
nesses.

When might spatial self-organization occur
on carbonate platforms?

In model Cases 2 to 8, a mean subtidal zone
width >1 km is sufficient to create self-
organized dynamic equilibrium patterns of
supratidal island formation and progradation.
There is also strong evidence for ordered, cycli-
cal facies arrangement in the strata that results
from the self-organized island progradation; evi-
dence for cyclicity is then by extension, in this
case at least, evidence for self-organization.
However, these model cases are only a small
sample of the range of carbonate production and
sediment transport rate values that could realis-
tically occur on a carbonate platform top, so it is
important to determine where self-organization
occurs in a broader range of the whole model
parameter space.
A total of 400model runs were executed and ana-

lyzed to map the occurrence of self-organization in
a broad parameter space with production rates from
0 to 400 m/Myr, and sediment transport fractions
from 0.0 to 1.0. Aside from different production
and transport rates, all of the model runs were for-
mulated in the sameway as Case 7.
Parameter space plots show that mean subtidal

zone width and the Markov order pm vary quite
smoothly across the parameter space in response
to varying sediment production and transport

rates (Fig. 6A and B). Evidence from these two
indicators shows where self-organization occurs
in models in the parameter space (Fig. 6C). With
the given subsidence rate and initial topography,
onshore sediment flux is limited to a certain range
to satisfy the A/S ratio requirement. Models with
subtidal zone widths >1 km and strong statistical
evidence for ordered, cyclical strata occur when
the production rate is between 100 and 250 m/
Myr, and transport fraction is between 0.25 and
1.0, with a broader range of production rates pro-
ducing self-organized strata when the transport
fraction is higher. This distribution of self-
organization within the parameter space is consis-
tent with explanations above of how self-
organization occurs; when the subtidal zone is
wide enough to supply sufficient sediment to the
landward shoreline to ensure an A/S ratio of
approximately one, self-organized island progra-
dation and cycle formation occur. In other areas of
the parameter space (blue in Fig. 6C) either island
progradation is too disorganized to create cycles,
or no island progradation occurs. This threshold
subtidal factory width of 1 km in the model is the
minimum width required to produce sediment
and drive shoreline progradation against subsi-
dence, and it can be viewed as a criticality beha-
viour in a self-organized system, which is
essentially a specific form of divergence with sud-
den shifts across a threshold (Fagherazzi, 2008;
Plotnick, 2016; Purkis et al., 2016b). Importantly,
this plot suggests that for any carbonate platform
top system with cross-platform sediment

Fig. 6. (A) Parameter space plot of input production rate and transport fraction for 400 model runs, colour coded
according to the mean subtidal zone width Ws. (B) The same parameter space, but colour coded with the vertical
facies order metric, pm. (C) With the same parameter space colour coded to show a logical combination of evidence
for self-organization from (A) and (B) such that blue indicates model runs in which Ws < 1 km and pm > 0.05, yel-
low is either Ws > 1 km or pm < 0.05, but not both, so weak evidence for self-organization, and red is Ws > 1 km and
pm < 0.05 so strong evidence for self-organization. From this, it is clear that self-organized models, with strongly
developed autocycles, are restricted in this case to a specific range of A/S ratios, given the constant rate of subsi-
dence in this model, consistent with explanations above of how self-organization occurs in the model.
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transport, and without high-amplitude high-
frequency external eustatic forcing, if production
and transport rates both fall within a certain range,
coherent patterns of island morphologies and
ordered cyclic strata are likely to occur due to the
self-organizing interactions between subsidence,
production, transport and topography.

COMPARISON WITH MODERN AND
ANCIENT CARBONATE SYSTEMS

Shoreline progradation in modern carbonate
systems

Carbonate sequence stratigraphic models have
tended to focus on accommodation as the domi-
nant control on long-term deposition and stacking
patterns (Goldhammer et al., 1987, 1990; Chen
et al., 2001; Bosence et al., 2009). Here however

the focus is on a more complex combination of pro-
cesses controlling stacking patterns, the most
important being sediment transport onto a shoreline
driving shoreline progradation, as first suggested by
Ginsburg (1971). These modelling results suggest
that if sediment is transported from a subtidal zone
onto a shoreline and can drive shoreline prograda-
tion, there is potential for the self-organizing pro-
cess modelled here to occur, even if in more varied
and complex forms than these simple models show.
For this reason, it is important to demonstrate that
basic aspects of shoreline progradation at similar
rates does occur on modern carbonate platforms, to
establish that this numerical model is realistic at
least in terms of the basic underlying process driv-
ing the more complex behaviour.
Model results are compared to observations

from a modern carbonate atoll, Peros Banhos,
located in the British Indian Ocean Territory,
where good data exist showing platform top

Fig. 7. (A) Location and coastline maps for the islands of Peros Benhos, in the British Indian Ocean Territory. (B)
Shoreline progradation (red) of ocean-facing coastline of Grande Bois Mangue, the colour bar represents migration
distance (m) from 1979 to 2015. (C) Highest shoreline progradation occurs on the ocean-facing coastline of Ile Dia-
mant, which has an average progradation rate of 1000 m/kyr, local rate can be up to 7220 m/kyr due to rapid
infilling of embayment. (D) Shoreline progradation (red) of ocean-facing coastline of Grande Mapou, which is
more uniform compared to Ile Diamant. Courtesy of Mingyue Wu and Sam Purkis.
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shoreline evolution through time. Shoreline
migration rates were measured for a suite of
atoll islands from satellite images from 1979 and
2015. In general, ocean-facing coastlines expand
and prograde, while the lagoon-facing coastlines
retreat [Fig. 7; also see fig. 4 in Wu et al.
(2021a)]. Calculated rates demonstrate that the
ocean-facing coast has an average expansion or
progradation rate of 180 m/kyr and an average
retreat rate of 340 m/kyr, assuming that these
short-term rates will be maintained over geologi-
cal timescales. The lagoon-facing coast has an
average progradation rate of 160 m/kyr, and an
average retreating rate of 150 m/kyr (Wu et al.,
2021a). The highest rate of shoreline change
occurs on the island ‘Ile Diamant’, which has an
average progradation rate of 1000 m/kyr, and
locally up to 7220 m/kyr due to rapid filling of a
low energy embayment that is subsequently sta-
bilized by terrestrial vegetation (Fig. 7C). This
distribution of progradation rates is spatially
complex compared to the current model, reflect-
ing more complex platform-top sediment trans-
port routes controlled by topography, waves and
currents. Shoreline expansion and retreat are
rapid, but also balanced, so the total island area
is maintained and stable with −0.004% average
areal change (Wu et al., 2021a).
On the nearby Diego Garcia platform, the largest

atoll island in the Chagos, shorelines prograde at
an average rate of 210 m/kyr (Purkis et al., 2016a)
suggesting that rates observed on Peros Banhos
are not unusual. Similarly, progradation rates of a
shoreline in Abu Dhabi, on the low-angle carbon-
ate ramp in the southern shore of the Persian Gulf,
derived from radiocarbon dating yield a range
between 340 to 1030 m/kyr (Lokier & Steuber,
2008). The south-west Andros Island tidal flats
also share some similar characteristics with the
initial conditions, sedimentary processes and
products that are modelled in this study.
Carbonate-producing subtidal zones are <1 m
deep at low tide, and there is no appreciable
bathymetric gradient. Continued landward trans-
port of carbonate muds has developed a spatially
complex patchwork pattern of subtidal, intertidal
and supratidal sediment penetrated by a few
broad tidal channels (Rankey & Berkeley, 2012).
The south-west-facing shoreline has prograded at
an even higher rate between 5 to 20 km/kyr since
the Holocene transgression (Handford & Loucks,
1993), and preserved shoreline relicts suggest that
progradation occurred in a series of pulses rather
than continuous accretion at the shoreface (Gebe-
lein, 1974; Rankey & Berkeley, 2012).

Florida Bay is another good modern example,
characterized by a series of shallow subtidal
lagoons, intertidal mud banks and supratidal
islands (Enos & Perkins, 1979). The central bay,
in particular, contains about 150 sinuous mud
banks with islands that preferentially nucleate
on the windward bank edges, stabilized by man-
grove trees (Enos, 1989). These islands are
dynamic and can migrate due to erosion, lateral
accretion and merging of islands, but their areas
in planform and volumes remain constant (Enos,
1989), indicating a possible state of dynamic
equilibrium.
In comparison to the various observations

above, the average shoreline progradation rate in
the current model is 110 m/kyr. So the modelled
progradation rates seem reasonable based on
these data from Wu et al. (2021a), with the
important caveat that there is some uncertainty
in this rate match because this model has a total
elapsed time of 2 Myr, much longer than inter-
val of observation on modern platform tops.
Nevertheless, these observation data from a
modern carbonate system validate the prograda-
tion rates modelled here, suggesting that shore-
line progradation creating upward-shallowing
autocycles is possible on several modern carbon-
ate platforms, and therefore likely to be ubiqui-
tous in the stratigraphic record.
This raises the question: if shoreline and island

progradation does happen, why do we not more
commonly see well-developed patterns of pro-
grading islands separated by subtidal areas, as
the model predicts, on modern carbonate plat-
forms? The reason is most likely that modern car-
bonate platform tops have been recently re-
flooded during the rapid Holocene glacio-eustatic
sea-level rise, with rates of approximately 1 mm/
year over the past 5 to 6 kyr (Miller et al., 2005).
Shoreline progradation is unlikely to keep up
with such rapid rates of relative sea-level rise,
and well-developed progradational island sys-
tems will take time to reform after such rapid
flooding. For example, the seaward margin of
north-west Andros tidal flats in Great Bahama
Bank shows no progradation but aggraded and
locally retrograded (Shinn et al., 1969; Hardie,
1977; Rankey & Morgan, 2002), in response to a
10 cm rise of sea-level from 1943 to 2018 (Wu
et al., 2021b). However, such high-frequency and
high-amplitude eustatic oscillations are relatively
rare in geological history, representing <25% of
Phanerozoic time (e.g. Scotese et al., 2021).
Therefore, it seems plausible that ancient carbon-
ate platforms, formed in warmer climate intervals
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with smaller terrestrial ice sheets, probably fea-
tured extensive progradational islands, shoreli-
nes and autocycles of the type modelled here. If
so, self-organized upward-shallowing autocycles
are likely to be common in the stratigraphic
record. A useful next step could be to apply this
kind of modelling analysis to explore the history
and potential future evolution of the Florida Bay
islands and the south-west Andros coastline sys-
tem, to understand what kind of vertical succes-
sion of strata is likely to be produced in the long-
term in those two systems.

Significance for outcrop and subsurface
interpretation

If carbonate platform strata were only controlled
by relative sea-level oscillations, they should be
synchronous and laterally persistent across the
entire platform (Goodwin & Anderson, 1985;
Read & Goldhammer, 1988), or even between
basins (Osleger & Read, 1991). Yet many
peritidal carbonate strata deposited in a green-
house setting are characterized by complex cycle
patterns with rapid lateral facies change and
pronounced lateral thickness variation (Pratt &
James, 1986; Bosence et al., 2009; Pratt, 2010;
Christ et al., 2012; Sena & John, 2013; Yang
et al., 2014; Samankassou & Enos, 2019) that
preclude a simple allogenic forcing model and
point to the possibility of more complex auto-
genic processes.
Pratt & James (1986) documented rapid lateral

facies changes and limited correlation between
two vertical peritidal sections of the Lower
Ordovician St George Group in western New-
foundland, located 2 km apart. Subaerial expo-
sure associated facies rarely occur or only occur
locally, and the commonest members are alter-
nating subtidal−intertidal beds that lack clear
evidence of water depth trend to support an
allogenic model. The entire St George Group
records a long-term systematic change in facies
proportion, only the intervening Catoche Forma-
tion is subtidal-dominated, and the other two
units both exhibit extensive peritidal strata
(Pratt & James, 1986). Given the lack of strong
evidence for allogenic forcing and based on the
modelling results, the change in facies propor-
tion of these three stratigraphic units can also be
explained by difference in the A/S ratio. If the
A/S ratio is high either due to insufficient sedi-
ment supply or rapid subsidence, islands are
only sparsely developed on the platform top, so
strata are dominated by subtidal facies. In

contrast, when sedimentation outpaces subsi-
dence, supratidal islands and intertidal banks
are laterally amalgamated so peritidal cycles can
be recorded more completely.
Similar complexity is also observed in the Tri-

assic Dachstein platform (Samankassou & Enos,
2019). Beds are laterally discontinuous even at a
scale of 2 km, the overall mean bed thickness
variation is 49% due to lateral pinch-out and
erosion-associated facies amalgamation. Accord-
ing to their interpretations, such complex stratal
stacking patterns are products of spatially vari-
able sediment production and transport, similar
to what is modelled here. They also highlight
erosion as an important process that can add
some additional complexities to this autogenic
island progradation process and the resultant
stratal stacking patterns, by removing cycles or
parts of cycles, and resulting in non-Waltherian
facies contacts. For example, tidal channels can
cut through islands and weaken the influence of
island topography as ‘barriers’ by accumulating
muds in its lee (Maloof & Grotzinger, 2012; Wu
et al., 2021b). Storm event associated erosion or
deposition can significantly modify island mor-
phology in a very short time (Wanless, 1979),
adding lateral variability to shoreline expression
and morphology (Rankey & Morgan, 2002). If
these erosional surfaces are not properly
detected and located, interpreting water depth
trends and cycles can lead to problematic facies
correlation, as highlighted in some previous
models (Burgess & Wright, 2003).
Many ancient examples share similarities with

this modelling in the interpreted dynamic beha-
viours of tidal flat islands as they migrate later-
ally and accrete vertically to deposit metre-scale
peritidal cycles. Since they all contain a signifi-
cant portion of strata that lack definitive evi-
dence of relative sea-level fluctuations (for
example, abnormal subaerial exposure, abrupt
platform margin facies downstepping), it is per-
haps necessary to move to a more balanced
approach in which autogenic processes have
equal weight in interpretations alongside allo-
genic processes.

DISCUSSION

Spatial self-organization is a process in physical,
chemical and biological systems in which spa-
tially complex patterns can arise from local
interactions of individual system components in
a system with emergent properties and threshold
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behaviours to produce patterns that are not
forced by any external input to the system (Plot-
nick, 2016). Self-organization processes are per-
vasive and widely documented across many
natural systems (Rietkerk & Koppel, 2008; Hajek
et al., 2010; Paola, 2016). Yet, as Purkis et al.
(2016b) points out: “at the moment, spatial self-
organization in carbonate systems is an intrigu-
ing hypothesis more than an established fact”.
Some examples of self-organization in modern

carbonate depositional systems are documented,
but what is often unclear is how the self-
organization is preserved as strata in the geologi-
cal record. Rankey & Reeder (2011) showed a
potentially self-organized, autogenic example
from a Holocene oolitic shoal system in the
Bahamas, in which ordered geomorphological
patterns emerge from spatial interaction and
feedback between topography, hydrodynamics,
sediment production and transport across multi-
ple scales, from individual bedforms, to geomor-
phic bar forms and the entire shoal complexes,
with clear links between two successive scales.
Each ooid shoal is unique in detail, strongly
coupled with those formative processes and con-
strained by the larger-scale boundary conditions
(Rankey & Reeder, 2011). This is similar and
comparable to the platform-top island spatial
distribution that emerges in this model as a
dynamic equilibrium pattern conditioned by the
regional subsidence rate and sediment flux. Each
island has a different morphology controlled by
the corresponding A/S ratio at each prograding
island shoreline, ultimately determined by the
complex spatial feedbacks between topography,
sediment production and transport. van de Vij-
sel et al. (2019) integrated field and laboratory
study from the Schelde estuary, Netherlands,
and showed that present day microbial mats can
self-organize and develop regular metre-scale
mat-covered ridges and bare runnels on inter-
tidal flats, due to scale-dependent interactions
between biofilm stabilization, runnel erosion,
sediment transport and hydrodynamics. These
modern organo-sedimentary deposits are strik-
ingly similar to microbialite strata found in the
geological record, in their internal laminations,
biological functions and morphological patterns,
suggesting that the existence and possible signif-
icance of self-organization in carbonate strata
can be traced back to the Proterozoic.
An important aspect of the numerical forward

modelling is that it demonstrates how a self-
organized geomorphic pattern can be preserved
as a pattern in the vertical accumulation of

strata. Prograding self-organized islands create
cyclical strata with strong statistical evidence,
showing how a transient geomorphic pattern
can be translated into a deep-time stratigraphic
pattern. Preservation of self-organized geomor-
phic patterns as stratigraphic patterns is particu-
larly important to understand in carbonate
stratigraphy because when cyclicity is observed
in carbonate strata it is most often interpreted as
a consequence of forcing by a dominant external
control, most often relative sea-level oscillations
that control accommodation (Goldhammer et al.,
1987, 1990; Chen et al., 2001). Part of the reason
for this assumed dominance of external sea-level
forcing to create cyclicity is the assumption that
autogenic processes add noise to strata, not a
signal, and if they do create a signal, the signal
is often assumed to be on a local scale and of
short duration (Lehrmann & Goldhammer,
1999). The results from this model challenge
this simple assumption, showing that autogenic
island and shoreline progradation, as observed
to happen on modern carbonate platforms, can
also create vertically-ordered strata with strong
cyclicity with a time span of 105 to 106 years,
and either laterally discontinuous or laterally
continuous over scales of 103 to 104 metres,
depending on the actual interaction between
system components in the system. Both cyclicity
and lateral continuity of facies are determined
not simply by the level of autocyclicity, but are
sensitive to planform progradation rate, which is
in turn sensitive to the spatial variability of sedi-
ment production and transport.
However, many ancient carbonate successions

in outcrop do not develop the strong cyclicity
developed in these model results. Instead, many
carbonate platform strata, when observed care-
fully in outcrop and especially when analyzed
using robust quantitative methods, are more com-
plex and noisier (Wilkinson et al., 1999; Bosence
et al., 2009; Burgess, 2016). The complexity and
noise may arise from processes such as tidal chan-
nel migration, storm erosion, slope instability,
tsunami backwash and various biological activi-
ties, that are not modelled here, but can make
strata effectively indistinguishable from random
successions (Wanless, 1981; Cloyd et al., 1990;
Peper & Cloetingh, 1995; Bosence et al., 2009;
Samankassou & Enos, 2019; Pratt & Rule, 2021).
Nevertheless, whenever strong evidence for
ordered strata with only weak or no evidence for
relative sea-level forcing [for example, abnormal
subaerial exposure of subtidal strata, see Lehr-
mann & Goldhammer (1999)], autogenic cyclicity
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due to self-organization should always be consid-
ered as a possible explanation.
Finally, further work is definitely required, to

help understand exactly how such self-
organization works on carbonate platforms that
are also forced by external controls such as rela-
tive sea-level and climate oscillations, as well as
influenced by short term ‘noisy’ events and
intrinsic complexity of multiple interacting pro-
cesses. Quantitative analysis of spatial patterns
and gap size can provide useful insights to char-
acterize facies distribution and the fractal nature
of patch size (Plotnick et al., 1993; Rankey, 2002).
As ever, the best approach to this is a careful mix
of experimental numerical modelling, combined
with and constrained by analysis of and compar-
ison with modern and ancient carbonate systems,
all focused on addressing the complexity
observed in this study, rather than assuming a
false simplicity that probably exists only in
sequence stratigraphic conceptual models.

CONCLUSION

Results from this modelling study suggest sev-
eral significant conclusions:

1 Shallowing-upward carbonate peritidal auto-
cycles can form due to self-organizing inter-
actions between carbonate sediment production,
sediment transport and accommodation creation,
without any allogenic forcing. The simplest pos-
sible model formulation producing self-
organization includes only water-depth-
dependent production, simple cross-platform
sediment transport and uniform subsidence.
2 Subtidal zone width determines the sedi-

ment production and supply to the adjacent
island, which in turn determines the island
progradation rate and the resulting autocycle
thickness. As shorelines and islands prograde,
they arrange themselves to form a predictable
pattern of planform island spacing such that
subtidal zone width is just enough to drive
progradation with an accommodation creation/
sediment supply (A/S) ratio of around one,
which is indicative of the degree of spatial self-
organization. This happens in model Cases 2 to
8, but not in the other two models because they
have either insufficient onshore sediment flux or
high rates of local sediment transport.
3 Mapping of self-organization in the model

parameter space shows that self-organization
can and only occur for a limited range of

production and transport rates, where the result-
ing subtidal width is above a critical value, sug-
gests that self-organization is a specific form of
autogenic process.
4 Comparison of the modelled shoreline progra-
dation rate with similar progradation measured
from time-lapse satellite imagery on modern car-
bonate platforms suggests that this process of auto-
cycle formation is realistic, occurs at similar rates
to those modelled here, and so maybe commonly
recorded in ancient carbonate platform strata.
However, other processes, for example relatively
rare high-amplitude high-frequency glacioeustatic
oscillations might overprint it, as is likely the case
for Pleistocene and Holocene platforms. As ever,
quantitative analysis and multiple hypotheses in
interpretations of ancient strata are key.
5 Cyclothems created by this self-organizing
island progradation process could be laterally
continuous from the landward shoreline to plat-
form margin, so autogenic processes under some
suitable conditions offer a plausible mechanism
to create extensive ordered, correlative carbonate
platform strata. However, most situations where
autogenic processes dominate are likely to create
rather more disordered, discontinuous strata due
to the complexity of carbonate platform-top pro-
cesses. A more balanced approach for evaluating
allogenic and autogenic processes should be
applied when interpreting ancient strata, fully
considering both allogenic and autogenic pro-
cesses.
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