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Abstract 

Reefs are biogenic structures that result in three-dimensional accumulations of calcium 

carbonate. Over geological timescales, a positive balance between the production and 

accumulation of calcium carbonate versus erosional and off-reef transport processes maintains 

positive net accretion on reefs. Yet, how ecological processes occurring over decadal timescales 

translate to the accumulation of geological structures is poorly understood, in part due to a lack 

of studies with detailed time-constrained chronologies of reef accretion over decades to 

centuries. Here, we combined ecological surveys of living reefs with palaeoecological 

reconstructions and high-precision radiometric (U-Th) age-dating of fossil reefs represented in 

both reef sediment cores and surficial dead in situ corals, to reconstruct the history of community 

composition and carbonate accumulation across the central and southern Saudi Arabian Red Sea 

throughout the late Holocene. We found that reefs were primarily comprised of thermally 

tolerant massive Porites colonies, creating a consolidated coral framework, with unconsolidated 

branching coral rubble accumulating among massive corals on shallow (5-8 m depth) exposed 

(windward), and gently sloping reef slopes. These unconsolidated reef rubble fields were formed 

primarily from ex situ Acropora and Pocillopora coral fragments, infilled post deposition by 

carbonate sands. Bayesian age-depth models revealed a process of punctuated deposition of post-

mortem coral fragments transported from adjacent reef environments. That a large portion of 

Saudi Arabian Red Sea reef slopes is driven by allochthonous deposition (transportation) has 

important implications for modeling carbonate budgets and reef growth. In addition, a multi-

decadal lag exists between the time of death for branching in situ coral and incorporation into the 

unconsolidated reef rubble. This indicates that recent climate related degradation in the 21
st
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century has not had an immediately negative effect on reef building processes affecting a large 

portion of the reef area in the Saudi Arabian Red Sea. 

 

1. Introduction 

Coral reefs are geomorphic structures formed from three-dimensional accumulations of 

predominantly biogenic calcium carbonate (CaCO3; Riegl and Piller 1999; Kleypas et al. 2001; 

Perry and Hepburn 2007; Perry et al. 2008). In shallow-water tropical and sub-tropical settings, 

vertical reef growth (i.e., accretion) occurs primarily via the accumulation of Scleractinian coral 

skeletons and crustose coralline algae (CCA), with contributions from other calcifying fauna, 

such as Tridacnid clams and foraminifera (Yamano et al. 2000; Neo et al. 2015). This 

accumulation creates the coral reef framework, a large mass of intergrown skeletal organisms 

(Fagerstrom 1987; Perry 2011). The ability of a reef to maintain net positive accretion depends 

on the balance between the accumulation of CaCO3 and biological, chemical, or physical erosion 

(Edinger et al. 2000; 2001; Kidwell 2007; Perry et al. 2008; 2012a; 2013). For inshore coral 

reefs, accretion potential will also depend on the prevailing rates of terrigenous sediment 

accumulation (Perry et al. 2012b). However, our knowledge of how ecological processes 

translate to geological structures is far from complete, in part due to a lack of studies with high-

resolution chronologies of reef growth at decadal timescales (Behairy et al. 1993; Perry 1999; 

Kleypas et al. 2001; Perry et al. 2008; Blanchon et al. 2017, Roff 2020). In modelling reef 

growth, it is commonly assumed that ecological processes translate into geological processes, in 

that in situ production of CaCO3 in modern reef assemblages will extrapolate to linear rates of 

reef accretion over geological time (e.g., Perry et al. 2018; Dove et al. 2020). Yet, formation of 

reefs over thousands of years can be complex, representing a balance between deposition and 
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erosion, where net accumulation of reef edifices depends on environmental conditions, 

antecedent reef topography, coral composition, and modes of carbonate accumulation (Hubbard 

et al. 1990; Blanchon et al. 1997; Braithwaite et al. 2000; Perry 2001; Blanchon et al. 2017). 

 

Carbonate accumulation on living reefs is the sum total of biogenic growth, sediment import and 

cementation, minus biological erosion, mechanical erosion, and carbonate sediment export or 

dissolution (Kleypas et al. 2001; Perry et al. 2008; Perry 2011). Growth for many coral reefs 

results from in situ biological CaCO3 production, most commonly by coral colonies and 

calcareous algae. This locally-derived ‘autochthonous’ carbonate material can form a 

consolidated reef framework that contributes to vertical accretion, and is typical of barrier reefs 

and atolls, especially in the Indo-Pacific (Kleypas et al. 2001; Roff et al. 2015). Yet, 

reconstructions of reef structures from sediment cores indicate that not all reefs develop in this in 

situ manner (e.g., Hubbard 1985, 1990; Blanchon et al. 2000; 2017). For example, in many 

locations, such as the Caribbean, hurricanes play an important role in the composition of reef 

structures. These storms commonly fragment and deposit corals down and up the reef slope, 

creating either a detrital unconsolidated import-dominated ‘allochthonous’ accumulation of coral 

rubble, or in situations where the primary carbonate accumulation is exceeded by the rate of 

carbonate removal, an export-dominated system (Perry 1999; Hubbard et al. 1990; 2001; 

Shannon et al. 2013; Blanchon et al. 2017). Reefs also exist in net-erosional states, in which the 

primary and secondary carbonate accumulation is exceeded by direct biological substrate 

degradation or conversion of framework to sediment that is subsequently exported (i.e., 

bioerosion – dominated; Kleypas et al. 2001; Perry et al. 2008). Carbonate accumulation will 

also leave a temporal signature within the reef framework, in that production-dominated systems 
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 5 

tend to follow linear accumulation histories (Roff et al. 2015; Cramer et al. 2017; 2019); whereas 

systems prone to sedimentary turnover (i.e., import and export-dominated systems) will have 

accumulation histories comprised of pronounced levels of time-averaging or age reversals 

(Hubbard et al. 2001; Perry 1999; Blanchon et al. 2017). In such settings, the reef edifice can be 

formed from multiple strata where the fossils found together within a single stratum were not 

contemporaneous with one another, but instead represent mixed remains of organisms that lived 

at different times (Kowaleski 1996). 

 

Holocene reefs of the Red Sea have formed over the past 6,000-8,000 years in a naturally high-

temperature and high-salinity environment, which experiences low storm severity coupled with 

low hydrodynamic energy (Shepard and Shepard 1991; Behairy et al. 1993; Riegl and Piller 

1999; Bosworth 2015; Berumen et al. 2019). In recent decades, increased frequency and intensity 

of disturbance regimes has resulted in shifts in the composition and function of Red Sea coral 

communities (Riegl et al. 2012; 2013; Bruckner and Dempsey 2015; Anton et al. 2020). In 

particular, increases in thermal stress have resulted in a series of mass bleaching events (1998, 

2010, and 2015) that have led to declines in thermally sensitive branching taxa (e.g., Acropora 

and Pocillopora), those typically considered key reef builders in the Red Sea (e.g., Behairy et al. 

1993; Riegl and Piller 1999; McWilliam et al. 2018). While the northern Red Sea has provided 

continuous habitat for branching coral growth (Monroe et al. 2018; Osman et al. 2018), many 

reefs in the central and southern Red Sea have been subject to a shift from coral to rubble-

dominated habitats (DeVantier et al. 2000; Furby et al. 2013; Khalil et al. 2017; DeCarlo et al. 

2020). Decline in living corals has altered the structure of Red Sea coral reef ecosystems (Riegl 

et al. 2012; 2013; Anton et al. 2020), yet the impact on reef building is largely unknown. If the 
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growth of Red Sea reefs is dependent on in situ production of living branching corals, then the 

loss or short-term transition in the structure and composition of modern assemblages may have 

profound implications for the potential of Red Sea reefs to maintain reef growth during climate 

change related disturbances. 

 

Here we investigate how recent shifts in modern assemblages impact the accumulation potential 

of central and southern Saudi Arabian Red Sea reef slopes in the 21
st
 century. We do so through 

a multifaceted quantitative approach integrating ecological surveys, palaeoecological 

reconstructions, and high-precision radiometric U-Th dating. Specifically, we aimed to 1) 

compare the biological composition of modern life and death assemblages with fossil 

assemblages from the underlying reef surface, 2) characterize rates and modes of carbonate 

accumulation from the underlying reef surface, and 3) infer how recent climate-related shifts in 

coral composition may impact Red Sea reef growth and stability in the 21
st
 century. 

 

2. Methods  

2.1. Regional setting, recent disturbance characterization, and modern coral assemblages 

Sites in the present study were located across four regions spanning six degrees of latitude in the 

Saudi Arabian Red Sea (18 to 24° N; Fig. 1; Table 1). Fieldwork was conducted at Yanbu, Al-

Lith and Farasan Banks in November 2018, and Thuwal in July 2019. All sites were shallow, 

low relief reef slopes terminating in sandy substrate at 10 m depth. Contemporaneous work from 

the same sites highlighted differences in response to recent disturbances among these regions and 

how local scale prevailing environmental conditions resulted in variation in the community 

structure of coral life and death assemblages at the genus level (Table S1). Yanbu, the most 
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northerly site, had the highest relative percentage of both live coral (42  4%) and of living 

Acropora. Comparatively, in the three more southern regions of Thuwal, Al-Lith and Farasan 

Banks, overall benthic community structure was mostly comprised of dead corals (Table S1). 

The southernmost survey site, Farasan Banks, had the lowest relative percentage of live coral (6 

 2%), comprised mostly of massive Porites, with no live Acropora or Pocillopora. Previous 

radiometric dating of in situ dead Acropora and Pocillopora colonies from these four regions 

were shown to be largely confined to the late 20
th

 and early 21
st
 century. Peaks in dated mortality 

in the early 21
st
 century were synchronous with documented bleaching events in 2010 and 2015 

and, at Farasan Banks with an outbreak of crown-of-thorns starfish (COTS) in 2009 (Fig. S1). To 

further investigate how recent shifts in modern assemblages impact the growth potential of 

central and southern Saudi Arabian Red Sea reef slopes, we compared chronologically controlled 

fossil assemblages derived from reef slope sediment cores with our previously dated coral death 

assemblage data. 

 

2.2. Palaeoecological reconstruction of coral reef frameworks 

Modern reef frameworks in the central and southern Saudi Arabian Red Sea are primarily 

comprised of massive Porites colonies, creating a consolidated in situ coral framework (Behairy 

et al. 1993; Riegl and Piller 1999; Riegl et al. 2013; Bruckner and Dempsey 2015), with 

ephemeral communities of other branching, encrusting, and foliose corals growing over the 

consolidated reef surface. Adjacent to the consolidated framework, coral rubble accumulates 

interstitially among the massive and sub-massive corals as depositional lows on shallow exposed 

(windward), and gently sloping reef slopes (Fig. 1). To quantify coral community structure from 

these depositional lows, (termed from here on as unconsolidated reef rubble), we extracted 19 
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 8 

reef sediment cores (10 cm - diameter) using a manual percussion technique (Roff et al. 2013) 

from the four regions (Table 1). We calculated core compaction using core and penetration 

measurements, assuming compaction was linear and consistent along the core as:  

Core compaction =
(inside of core depth − outside of core depth)

(original core length − outside of core depth)
 

 

Sampling details for the life, death and core assemblages can be found within the supplementary 

methods. 

 

Reef sediment cores were first imaged using a multi-slice computed tomography (CT) scanning 

instrument (Lightspeed VCT, General Electric Healthcare, Milwaukee, WI, USA, 625 m slice 

thickness at 400 mA and 120 kV) at St. Vincent’s Hospital in Brisbane, Australia. Following CT 

scans, the cores were sectioned longitudinally, and one-half of each core was archived at 4
o 

C. 

The other half was used for further compositional and geochemical analyses. These core halves 

were logged at 5-10 cm intervals (depending on size of coral fragments) and each interval was 

wet sieved, using four sieve fractions (4 mm, 1 mm, 500 m, 63 m) and dried overnight at 60
o 

C. To determine the contribution of corals to the sub-surface reef rubble and taphonomic 

degradation within each core, all coral material from the 4 mm sieve fractions was grouped 

according to morphological characteristics (e.g., overall morphology, corallite preservation) with 

reference to taxonomic features described in Veron and Pichon (1980) and Veron (2000), and 

when possible, identified to genus level, using the current understanding of coral systematics 

(WoRMS Editorial Board 2021). To characterize the entire composition of each 4 mm sieve 

fraction, the contribution of each genus to the total weight of the identified and unidentifiable 
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 9 

coral constituents within each 5-10 cm sample interval was plotted using the R statistical 

environment (R Core Team 2020).  

 

2.3. Quantifying rates of carbonate accumulation of the unconsolidated reef rubble 

To temporally constrain coral composition of the reef sediment cores and infer modes of 

carbonate accumulation within the unconsolidated reef rubble, 125 coral fragments from the 4 

mm sieve fraction were haphazardly sampled for radiometric (U-Th) age-dating along the cores 

and, where possible, at the base and top of every core. This dating resolution resulted in an 

average of 7 dates per core, although several cores per region were more intensively dated (e.g., 

10-12 dates) to help define potential hiatuses and accumulation patterns. To avoid preservation 

bias, corals that were both taxonomically identifiable and unidentifiable were dated following the 

protocol outlined in Clark et al. (2014). CT-scans and logging revealed loose coral rubble 

unsupported by any sediment matrix within the top 30-50 cm of most cores (Figs. S2, S3). To 

thoroughly gauge the temporal distribution of the top layer of each core (due to potential vertical 

mixing), we applied an intensive dating regime for the top 30-50 cm (uncompacted depth) of 

each core. When aggregated per region, this equated to 11 dates from Yanbu, 23 from Thuwal, 7 

from Al-Lith and 6 from the Farasan Banks. 

 

There was no live branching coral at or above cored sites on the unconsolidated reef slopes. We 

inferred the primary source of branching coral material into these depositional lows would be 

from modern death assemblages on the consolidated framework. Given that the Red Sea has only 

more recently been affected by global disturbances, such as bleaching events (Riegl et al. 2012; 

2013), dating in situ dead corals allowed for the temporal constraint on recent mortality and 
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allowed for us to test how this recent ecological mortality would affect geological processes, 

such as reef growth. Thus, to infer the temporal context of integration between modern corals 

and the adjacent unconsolidated reef rubble, 121 radiometric ages of in situ dead branching 

colonies of Acropora and Pocillopora were compared to ages from cores collected in each 

respective region (Fig. S1). These dead colonies were attached to the consolidated Porites reef 

framework, which occurred at either the same depth or shallower than the reef sediment cores to 

which they were compared (as in Fig. 1) and were within 50-100 m of the core collection sites. 

 

All samples were analyzed on a Nu I multi-collector inductively coupled plasma mass 

spectrometer (MC-ICP-MS) optimized for U-Th age-dating (Zhao et al. 2009; Clark et al. 2012), 

at the Radiogenic Isotope Facility, The University of Queensland. To obtain detrital corrected 

230
Th ages (i.e., to correct for Th contamination), isochrons were constructed from three corals in 

Al-Lith and average values were used to correct for non-radiogenic 
230

Th contributions using the 

two-component equation described in Clark et al. (2014). This correction was applied to all dates 

using Isoplot 3.75 (Ludwig 2012; Vermeesch 2018). All 
230

Th ages are reported with two sigma 

errors (Table S2; Tukey’s bi-weighted means; Hoaglin et al. 1983). Peak distributions of ages 

were fitted to the raw age data using Kernel Density Estimates (KDEs; R Core Team 2020). 

The KDEs work by creating a curve of the distribution. The curve is calculated by measuring the 

distance of all the points in each specific location along the distribution. The bandwidth of 

the kernel changes the shape of the density distribution, and the shaded regions sum to 1. 

 

To visualize sediment accumulation from the recovered cores, we constructed Bayesian age-

depth models on uncompacted core lengths using the rbacon v2.4.1 R package (Blaauw and 
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Christen 2011). Average rates of reef accumulation within cores are presented as mean and 

standard deviation. The age-depth models were produced with 5000 Markov chain Monte Carlo 

(MCMC) iterations. To enter a high probability region (i.e., a place where the states of the MC 

chains are representative of the distribution) a burn-in of 500 was used across three chains. Next, 

we ran randomized models within ‘rbacon’ for several cores (YA2 and FB2), which were both 

intensively dated (i.e., 11-12 dates, respectively) and contained age reversals. Each model was 

anchored with the top date of each core, then a loop selected 5-8 dates at random but in 

chronological order across 200 iterations for core YA2 and 20 iterations for core FB2. The 

resulting accumulation plots allowed us to test whether fewer data points would still preserve the 

general shape of the age/depth distribution and whether our current dating regime was sufficient 

to accurately capture accumulation patterns. Lastly, we compared the ‘rbacon’ defined posterior 

distribution frequencies of the top of each core with the ages from the in situ dead corals from 

each respective region. We then tested for the probability of obtaining a value in the core 

posterior distribution frequencies with the median age of the in situ death assemblage, to 

statistically test for significant differences between the top of a core and its respective death 

assemblage. 

 

Interval accumulation rates (excluding age-reversals) were computed by dividing the 

uncompacted depth intervals per core with the corresponding U-series ages. An age was 

considered a reversal if it temporally occurred before its immediately preceding downcore date. 

This was done to produce accumulation rates in the same manner as the published literature to 

which we compare our data. Bayesian defined accumulation rates also were calculated from the 
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‘rbacon’ defined depth intervals and age estimates, to compare to interval rates and presented as 

Table S3. 

Interval accretion rate = 
downcore depth2−downcore depth1

age2−age1
 

 

3. Results  

3.1. Reef sediment cores and biological composition of unconsolidated reef rubble  

Uncompacted, cores ranged in length from 78 cm (core OG4) to 290 cm (core YA4), averaging 

162 cm (Table 1). Compaction (average  SD = 35  24%; Table 1) and sediment accumulation 

varied among cores and regions, with average accumulation ranging from 0.45 to 71.6 mm/year 

(Table 2). CT scans and core logging revealed that several cores, particularly in Al-Lith, and 

Farasan Banks, contained voids or open spaces (Fig. S2).  Scans also revealed that the cores were 

layered, and while the core material mostly consisted of unconsolidated branching coral rubble 

infilled with carbonate sands, the top 30-50 cm of each core contained loose coral rubble 

unsupported by carbonate sand. 

 

The faunal composition of the unconsolidated portion of the reef slopes from all four regions was 

primarily formed by a detrital accumulation of branching Acropora and Pocillopora corals (Fig. 

2), with other Scleractinia present in lower abundances (Porites, Montipora, Lobophyllia, 

Pavona, Fungia, Dipsastrea, Seriatopora, Fungiidae). Other taxa (Anthozoan and Hydrozoan) 

were also present (Millepora, Tubipora, Stylaster) throughout the sub-surface reef slope 

sediments, although at much lower abundances (Fig. 2). Core sections also contained highly 
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variable amounts of unidentifiable coral, with between 20-90% contribution per core section, as 

well as small contributions of mollusc shells (Fig. 2).  

 

3.2. Chronology of unconsolidated reef rubble 

The 125 U-Th ages obtained from the four regions ranged from (Year AD  2SD) 175  32 to 

1994  1.4 (Table S2). We obtained 39 U-Th
 
ages from five Yanbu cores (YA1-5) spanning the 

period from 1587  4 to 1987  1.1; two different reefs were cored from inshore Thuwal (AS and 

OG), with 21 U-Th
 
ages from five AS cores (Thuwal 1; AS1-5) spanning the period from 1292  

111.6 to 1975  2.6 and 26 U-Th
 
ages from four OG cores (Thuwal 2; OG1-4) spanning the 

period from 175  32 to 1991  6.5; 23 U-Th
 
ages from three Al-Lith cores (AL1-3) spanned the 

period from 1741  7.4 to 1994  1.4; and 16 U-Th
 
ages from two Farasan Banks cores (FB1-2) 

spanned the period from 894  7.8 to 1993  1.8 (Table S2).  

 

Age reversals were present throughout nearly all the reef cores. In Yanbu, one age reversal 

occurred at the top of core YA1, four age reversals throughout core YA2, and three age reversals 

in core YA4 (Figs. 2, S2; Table S2). Six age reversals occurred in the top 30-60 cm of cores 

AS1-4 and six age reversals were recorded throughout the OG cores (Figs. 2, S3; Table S2). At 

Al-Lith, four age reversals occurred in core AL1, and two reversals at the bottom of core AL3. 

Lastly, in the Farasan Banks, one age reversal occurred at the top of FB1, and one age reversal 

occurred in the middle of core FB2 (Figs. 2, S2; Table S2). 

 

Reef accumulation was non-linear throughout most cores (Fig. 3). Randomized accumulation 

models confirmed our current dating regime accurately captured the general accumulation trends 
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within the ex situ depositional environment (Fig. S4). Interval accumulation rates, calculated by 

dividing the U-series ages by the corresponding uncompacted depth interval, varied substantially 

within and among cores and ranged from 0.33 to 72.9 mm/year at Yanbu, 0.4 to 135 mm/year at 

Thuwal 1 (AS cores), 0.06 to 69.9 mm/year at Thuwal 2 (OG cores), 0.99 to 74.8 mm/year at Al-

Lith and 0.06 to 18 mm/year at the Farasan Banks (Table 2). Interval accumulation rates were 

compared to rates derived from the Bayesian models in Table S3 and to published accretion rates 

from other reef provinces in Table S4. 

 

All core ages terminated before the 21
st
 century (Fig. 4; Table S2) and before the peak KDEs 

reported for the age of in situ dead coral dated from the reef slope at the same or shallower water 

depth than the location where the cores were extracted (Fig. S1). Comparisons of the Bayesian 

posterior distribution frequencies resolved that 17 of the 19 cores had a significant temporal lag 

between the age distributions of the modern death assemblages and the top of the cores. Most 

cores had upper dates on the right-hand side of the Bayesian posterior distributions, further 

reinforcing the notion of a temporal lag between the top of the cores and the in situ death 

assemblages, representing a hiatus in the contribution of modern coral assemblages to reef slope 

sediment accumulation (Fig. 5). 

 

4. Discussion 

Holocene reefs in the Red Sea have formed over the past 6,000-8,000 years, resulting in 

expansive reef formation in high-latitude environments (Sheppard and Sheppard 1991; Sheppard 

et al. 1992; Behairy et al. 1993; Riegl and Piller 1999; Bosworth 2015; Berumen et al. 2019). 

However, just over two decades ago coral communities within the Red Sea began to show the 
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clear effects of climate change and anthropogenic disturbances (Riegl et al. 2012; 2013). 

Comparison of coral life and death assemblages and U-Th dating of dead corals in growth 

position along a north to south gradient (Yanbu 24° N, Thuwal 22° N, Al-Lith 19° N, Farasan 

Banks 18° N), in the Saudi Arabian Red Sea confirmed differences in the timing and extent of 

these modern disturbances (thermal stress and COTS outbreaks) across a latitudinal gradient 

(Fig. S1). While northern reefs appear to be more resilient to climate change impacts (e.g., 

between 24 – 30° N; Monroe et al. 2018; Osman et al. 2018), reefs in the central and southern 

Red Sea have undergone shifts in community structure, including a loss of rapidly growing 

branching corals that are typically considered important reef builders (DeVantier et al. 2000; 

Furby et al. 2013; Khalil et al. 2017; DeCarlo et al. 2020; Anton et al. 2020). If reef growth is 

heavily dependent on in situ production of living branching corals, then the loss or short-term 

transition in the structure and composition of modern assemblages may have profound 

implications for the potential of Red Sea reefs to maintain reef growth under rising sea 

temperatures. 

 

4.1. Historical composition and accumulation of central and southern Saudi Arabian Red Sea 

reefs 

Our surveys revealed that massive and sub-massive coral consolidated reef framework accounted 

for between 34.6 to 75.4% (average surface area) of the modern reef surface on the 5 m reef 

slopes across all four regions (Table S1). This is in agreement with previous observations of 

central and southern Saudi Arabian Red Sea reefs, where reef framework is formed primarily 

from in situ growth of both live and dead massive (mainly Porites spp.) and sub-massive (mainly 

genera from the family Merulinidae) corals (as in Behairy et al. 1993; Riegl and Piller 1999; 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 16 

Riegl et al. 2013; Bruckner and Dempsey 2015), with ephemeral communities of other 

branching, encrusting, and foliose corals growing on top of the consolidated reef surface. In 

contrast, assemblages of dead branching corals occurred interstitially among the massive and 

sub-massive corals, accounting for between 24.6 to 65.4% (average surface area) of the modern 

reef surface (Table S1), forming the unconsolidated reef rubble mainly on topographic lows 

within the gently sloping reef slopes. The sub-surface unconsolidated reef matrix within the 

cores, which accumulated throughout the past several hundred years, is formed primarily from 

branching Acropora and Pocillopora coral fragments surrounded by carbonate sands. This 

unconsolidated reef sediment was likely formed by the periodic deposition of detrital corals 

transported from adjacent habitats, and is unlikely the product of in situ branching coral growth, 

for the following reasons: 

(1) CT scans indicate that branching coral fragments were both unconsolidated and layered, 

suggestive of transport rather than preservation in growth position (Figs. S2 and S3). 

(2) U-Th dating indicated the frequent presence of age-reversals within the sedimentary 

body, which we interpret as representing intervals during which large volumes of 

material from multiple ages are re-worked and deposited at once (Fig. 2).  

(3) Coral branch fragments were largely taxonomically unidentifiable throughout all cores, 

with extensive CCA overgrowth on individual coral fragments. This implies that most 

coral branches in our cores remained within the taphonomically active zone for a 

prolonged period post-mortem and prior to becoming fixed within the sub-surface reef 

matrix (Fig. 2 in Pandolfi and Greenstein 1997; Greenstein and Pandolfi 2003).  

(4) Although average rates of reef accumulation were largely similar to accretion rates 

observed on reef flats and slopes in the western Atlantic (Dullo 2005; Hubbard 2014; 
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Cramer et al. 2017; 2019; Toth et al. 2018; 2021), eastern Pacific (Toth et al. 2012; 2015) 

and Indo-Pacific (Kleypas 1996; Smithers et al. 2006; Roff et al. 2015; Johnson et al. 

2017), maximal rates of accumulation were 2-10-fold higher than Indo-Pacific averages. 

In conjunction with the age-reversals, such rapid rates suggest detrital accumulation 

rather than in situ production (Fig. 3; Table 2). 

(5) U-Th ages from the tops of cores indicate cessation of deposition prior to the 21
st
 century 

(Fig. 4). In contrast, dead branching corals in growth position from the upper reef slope 

adjacent to the cores show age distributions substantially younger than the surface of the 

cores suggesting a lag in transport from in situ dead coral to accumulation within 

depositional lows (Fig. 5).  

Collectively, these lines of evidence strongly suggest that a large portion of Red Sea reefs are 

formed by periodic transport and re-working of detrital corals from adjacent habitats (as in 

Kleypas et al. 2001). This reasoning agrees with previous work by Hubbard et al. (1990) and 

Behairy et al. (1993) who argued that assumptions that reef structures are often formed by 

“corals growing on corals” were overly simplistic.  

 

High-precision U-Th dating allows for precise constraint of reef chronologies beyond what was 

previously possible with low resolution radiocarbon dating (e.g., Hubbard et al. 1990; Behairy et 

al. 1993). We used 125 high-precision dates within the sediment cores, allowing for constraint of 

reef growth over centennial timescales and development of detailed chronologies. Adopting a 

Bayesian approach allowed development of flexible non-linear chronologies (Blaauw and 

Christen 2011). The resulting patterns of reef accumulation highlighted a process of “punctuated 

deposition”, in which unconsolidated reef growth occurs through pulses of detrital deposition of 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 18 

fragments. It is worth noting that the depositional environments described here for the Red Sea 

differ to traditional “spur and groove” systems described for western Atlantic and Pacific reefs. 

Whereas spur and groove systems largely form at regular intervals along the reef front as a 

function of tidal influence and high-energy wave exposure (Roger et al. 2013; Duce et al. 2014), 

the Red Sea depositional environments sampled here (Fig. 1) are low-relief and irregularly 

formed, with the region experiencing minimal tidal variation and quiescent hydrodynamics. 

Whilst large seasonal cyclonic conditions are absent in the region (Sheppard and Sheppard 1991; 

Berumen et al. 2019), we infer that these dead corals are fragmented in situ, accumulate in 

topographic lows throughout the reef, then are locally reworked during periodic high-energy 

events as depositional packages that are transported downslope (Braithwaite et al. 2000; Vries et 

al. 2013; Drews 2015; Dechnik et al. 2017). The taphonomic degradation and age reversals 

indicate that punctuated deposition may involve substantial transport of material on decadal to 

centennial timescales. This was particularly apparent from several cores in Yanbu (i.e., YA2, 

YA4, YA5), Thuwal (i.e., AS4, OG1) and Al-Lith (AL2), where instances of rapid reef 

accumulation occurred (e.g., > 30 mm/year) within a relatively small time period, which likely 

represent depositional ex situ accumulation. Similar reef formation from detrital import-

dominated deposition and off-slope transport systems has been observed in the Caribbean 

(Hubbard et al. 1990; Blanchon et al. 1997; Blanchon and Eisenhauer 2000; Blanchon et al. 

2017). 

 

4.2. Implications of punctuated deposition and detrital reef building 

In systems where accretion is largely the result of in situ coral growth, short-term declines in 

coral cover or transitions in species composition could cause a cessation of reef building, 
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impacting the continuity of reef accretion or resulting in net erosion (Roff et al. 2015; Cramer et 

al. 2017; 2019). However, in instances of detrital, import-dominated deposition, including off-

slope transport (e.g., Blanchon and Eisenhauer 2000; Blanchon et al. 2017), degraded coral 

assemblages may temporally lag in their contribution to long term reef accretion and reef growth. 

Large portions of the central and southern reef slopes of the Saudi Arabian Red Sea are 

comprised of unconsolidated branching coral rubble (24.6 to 65.4% of the reef surface). We 

observed a hiatus in the contribution of modern coral assemblages to reef accumulation within 

these rubble fields, which occurred before the 21
st
 century and before the onset of climate-

change related disturbances of these reefs. The 30–40-year lag from the peak distribution of ages 

for the in-growth position dead corals and the tops of the sediment cores suggests a hiatus in the 

transition from live and dead corals attached to adjacent consolidated reef framework to 

unconsolidated rubble fields. This temporal lag between coral mortality and the integration of in 

situ corals within the unconsolidated reef, coupled with our core U-series ages showing that 

accumulation occurred on punctuated time scales, suggests that biological (e.g., coral growth) 

and geological processes (e.g., reef accretion and reef growth) can be decoupled. Thus, modern 

disturbance regimes may not be immediately evident in the reef sediment cores, highlighting the 

need for multi-faceted approaches to understanding variable scales of reef processes, 

disturbance, and recovery regimes against ecological changes. The recent loss of thermally 

sensitive branching corals in the Red Sea may not have impacts upon observed accumulation 

rates (i.e., reef growth) in the unconsolidated reef rubble over short-term (decadal) timescales but 

represents a net loss of future carbonate production potential, which may result in erosional 

dominance on the unconsolidated reef slopes.  
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Despite the recent reported mortality of branching corals, the stability of Red Sea reefs benefits 

from the growth of massive Porites, which are considered to be stress tolerant (Sheppard and 

Sheppard 1991; Behairy et al. 1993; Sheppard et al. 1992; Riegl et al. 2013) and potential 

“winners” under future climate change scenarios (Fabricius et al. 2011, van Woesik et al. 2011). 

Over decadal timeframes, linear extension of massive corals equates to an increase in reef 

accretion, although over longer timeframes (decades to centuries), bioerosion, partial mortality 

and loss of colonies means that net reef accretion may be lower than linear extension rates. 

Outside of years with elevated thermal stress, massive Porites corals from the Red Sea have 

similar linear extension rates as compared to the lower end of our depositional accumulation 

rates estimated from our sediment cores (Al-Rousan and Felis 2013; Watanabe et al. 2019). 

However, stress bands and reductions in extension rates in massive Porites in response to 

thermal-induced stress observed following the 1998, 2010, and 2015 El Niño bleaching events 

(Cantin et al. 2010; D’Olivo et al. 2019; DeCarlo et al. 2020), suggest that the growth potential 

of massive Porites may be compromised under future warming scenarios.  

 

Processes of punctuated deposition and detrital unconsolidated reef building have implications 

for modeling carbonate processes (e.g., Perry 2011; Perry et al. 2012; Roik et al. 2018, Dove et 

al. 2020). Our study illustrates heterogeneous patterns of reef growth within central and southern 

Saudi Arabian Red Sea reef slope habitats. These accumulation processes are largely dependent 

on the underlying dominant ecological community and disturbance history, where detrital 

unconsolidated reef rubble is characterized by punctuated deposition, and massive coral 

consolidated frameworks contribute to reef growth in a more linear fashion. Importantly, 

carbonate budget approaches to determining reef accretion spatially average rates of 
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accretion/accumulation across the reef slope or reef flat. Our study represents an empirical 

demonstration that multiple processes of accretion/accumulation need to be considered when 

linking carbonate production to reef growth. 

 

In summary, our results highlight that reef formation at our Red Sea sites results from not only in 

situ coral production, but also allochthonous deposition (transportation). Reef growth may still 

occur in areas with high degradation of living reef assemblages over the coming decades, 

however, in the longer-term, erosional forces may dominate following the loss of ephemeral 

branching communities. An increase in the frequency and intensity of disturbance events under 

climate change may reduce living coral cover, and the supply of dead coral will also reduce, 

potentially to the point where the availability of allochthonous material will negatively impact 

reef accumulation in reef slope environments. These results are consistent with others that 

question the overemphasis of reef building being comprised of in situ coral skeletons, which 

reflect the ecological veneer (Hubbard et al. 1990; Behairy et al. 1993; Riegl and Piller 1999; 

Kleypas et al. 2001; Perry et al. 2008; Blanchon et al. 2017). Rather, we demonstrate the 

importance of rubble accumulation and supply to reef building processes, affirming that coral 

growth can be decoupled from reef growth (Roff 2020). While different modes of reef formation 

have been known for some time, our study highlights that high-precision U-Th chronologies can 

provide key insight into the structure, formation, and continued functioning of detrital reef 

slopes. As climate change impacts increase in intensity and severity in the 21
st
 century, 

understanding the relationship between coral mass mortality and the persistence of coral reef 

communities will enable management actions that consider both the short and long-term 

processes that maintain coral reefs. 
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Figure 1. Map of the sampled locations and schematic of inferred reef development from the 

Saudi Arabian Red Sea with a) all sites depicted, and b-e) representative photographs of 

individual unconsolidated branching rubble fields sampled from each of the four regions (Photo 

credit: Nicholas M. Hammerman), f) representative planar transect view of the living reef 

structure at Yanbu on the 5 m reef slope, g) reef slope cross section depicting both the 

consolidated massive Porites skeletons with ephemeral branching and massive corals growing on 

top, and the unconsolidated branching rubble forming among and between the larger massive 

coral skeletons. 
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Figure 2. Percent contribution of the unconsolidated constituents per reef sediment core 

(YA=Yanbu; AS= Abu Shosha, Thuwal 1; OG= Ibn Sina Field, Thuwal 2; AL=Al-Lith; FB= 

Farasan Banks). U-series radiometric ages are reported per core as Calendar year (AD) ± 2SD 

error, and age reversals are depicted in red. Dated unidentifiable coral is denoted with an (*). 

Note differences in y-axis scales among cores; these were adjusted to accommodate the longest 

core from each region. “Other corals” is comprised of genera which contributed less than 5% to 

the core composition, and “Shells” includes mollusc and gastropod material. 
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Figure 3. Age-depth plot depicting reef accumulation per sediment reef core. Plots adopting a 

Bayesian approach that allowed for the development of flexible non-linear chronologies were 

created using the Bayesian R-package “rbacon”. Cores were modeled using their uncompacted 

depths. Each chronological age with corresponding age error is depicted as a black dot (Age AD 

± 2SD). Bayesian derived confidence intervals are depicted with black dotted lines and shaded 

regions represent the varied accretion rates.  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 39 

 

  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 40 

 

Figure 4. Relative probability plots of U-series age dates for the four Red Sea regions surveyed, 

showing that all core ages terminated before the 21
st
 century: a) Yanbu, b i) Thuwal AS, b ii) 

Thuwal OG, c) Al-Lith, and d) Farasan Banks. Error bars are  2SD per date. Shaded regions 

represent Kernel Density Estimates (KDEs), shown as a black outline for the combined dates of 

the sediment cores, with a dashed vertical bar representing the most recent core date per region.  
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Figure 5.  Comparisons of the ‘rbacon’ defined distribution of the top of each core (depicted as 

posterior distribution frequencies) with the ages from the in situ dead corals from each respective 

region (depicted as red vertical lines). Probability tests which revealed a significant temporal lag 

between the age distributions of the modern death assemblages and the top of the cores, are 

denoted as an * next to the core name. The upper dates per core are denoted as open circles and 

generally occur on the right-hand side of the Bayesian defined distributions. 
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Table 1. Survey and site selection data for reef sediment cores extracted from four 

regions in the Saudi Arabian Red Sea, including core penetration and compaction 

measurements. Cores were extracted in 2018 at Yanbu, Al-Lith and Farasan 

Banks and in 2019 at two sites in Thuwal. 

Regio

n 

Co

re 

ID 

Reef  

Name 

Date 

Extract

ed 

Latitu

de (N) 

Longit

ude (E) 

Dep

th 

(m) 

Origi

nal 

Core 

length 

(cm) 

Insi

de 

of 

core 

(cm) 

Outsi

de of 

core 

(cm) 

Core 

Leng

th 

Uncompa

cted  

depth 

(cm) 

Compac

ted 

length 

(calculat

ed) 

Compact

ion (%) 

Yanb

u 

YA

1 
Reef 23 

11/11/

18 

24° 

11' 

55.51
" 

37° 39' 

08.54" 
4 300 206 40 92.5 260 94 64% 

 

YA
2 

Reef 23 
12/11/

18 

24° 

11' 
57.59

" 

37° 39' 
08.4" 

7 280 210 100 63.5 180 70 61% 

 

YA

3 
Reef 23 

12/11/

18 

24° 

11' 

59.81
" 

37° 39' 

08.96" 
4.5 300 179 76 

102.

5 
224 121 46% 

 

YA
4 

Reef 23 
11/13/

18 

24° 

11' 
55.51

" 

37° 39' 
08.54" 

4.5 300 246 10.3 54 289.7 54 81% 

  

YA

5 
Reef 23 

11/13/

18 

24° 

11' 

59.81

" 

37° 39' 

08.96" 
4.5 210 117 53 59 157 93 41% 

Thuw

al 

AS

1 
Abu Shosha 7/7/19 

22° 

18' 

19.48

" 

39° 01' 

49.68" 
5.2 108 35 30 60 78 73 6% 

 

AS

2 
Abu Shosha 7/7/19 

22° 

18' 

19.48
" 

39° 01' 

49.68" 
5 106 39 36 75 70 67 4% 

 

AS
3 

Abu Shosha 8/7/19 

22° 

18' 
19.48

" 

39° 02' 
55.39" 

4.5 171 130 73 63 98 41 58% 

 

AS

4 
Abu Shosha 8/7/19 

22° 

18' 

19.48
" 

39° 02' 

55.39" 
4.5 131 100 40 46 91 31 66% 

 

AS
5 

Abu Shosha 
10/7/1

9 

22° 

18' 
18.94

" 

39° 02' 
45.49" 

6.5 144 56 48 69 96 88 8% 

 

OG

1 
Ibn Sina Field  9/7/19 

22° 

20' 

21.52

" 

39° 04' 

6.49" 
7 185 53 52 50 133 132 1% 

 

OG

2 
Ibn Sina Field  9/7/19 

22° 

20' 

21.77
" 

39° 04' 

6.74" 
7.5 228 105 52 120 176 123 30% 

 

OG
3 

Ibn Sina Field  
10/7/1

9 

22° 

20' 
21.77

" 

39° 04' 
6.74" 

8.5 181 85 50 90 131 96 27% 

  

OG

4 
Ibn Sina Field  

11/7/1

9 

22° 

20' 

21.41

" 

39° 04' 

7.25" 
8 104 46 42 33 62 58 6% 
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Al-
Lith 

AL
1 

Shi'b Sulaym 
6/11/1

8 

19° 

51' 
36.52

" 

40° 03' 
03.00" 

6 240 153 63 68 177 87 51% 

 

AL

2 
Shi'b Sulaym 

6/11/1

8 

19° 

51' 

37.32

" 

40° 03' 

00.56" 
7.5 230 156 48 55 182 74 59% 

  

AL

3 
Shi'b Sulaym 

7/11/1

8 

19° 

51' 

35.68
" 

40° 03' 

02.18" 
8 250 130 44 103 206 120 42% 

Faras
an  

FB
1 

Abu Musha 
Shoals 

9/11/1
8 

18° 

43' 
57.12

" 

40° 49' 
09.3" 

4.5 140 65 40 32.5 100 75 25% 

Bank

s 

FB

2 

Abu Musha 

Shoals 

9/11/1

8 

18° 

43' 

58.12

" 

40° 49' 

09.99" 
5 265 87 39 92.5 226 178 21% 
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Table 2. Interval unconsolidated reef rubble accumulation rates derived from the uncompacted 

core depth divided by the corresponding U-series age intervals for each reef sediment core. Note 

for core AS3, there was only one interval rate which was not an age reversal, thus one 

accumulation rate was obtained. 

Core ID Minimum Maximum Average Standard 

 

mm/year mm/year mm/year deviation 

YA1 6.77 21.07 13.2 6.24 

YA2 0.60 51.8 15.05 19.00 

YA3 5.12 14.2 8.69 4.86 

YA4 0.33 72.9 14.9 25.8 

YA5 0.61 34.1 15.09 15.8 

AS1 0.69 30.71 15.7 21.23 

AS2 0.40 0.49 0.45 0.06 

AS3 9.03 NA NA NA 

AS4 7.62 135.6 71.6 90.50 

AS5 0.58 3.21 1.89 1.86 

OG1 0.06 69.9 15.6 30.5 

OG2 0.55 7.01 3.73 3.59 

OG3 0.35 9.33 2.86 3.69 

OG4 1.00 1.88 1.44 0.63 

AL1 3.44 8.65 5.47 2.26 

AL2 5.83 74.9 21.6 29.8 

AL3 0.99 8.79 5.13 3.23 

FB1 1.88 13.09 7.49 7.93 

FB2 0.06 18.02 4.51 6.32 
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Highlights 

1. What is the overall scientific problem and why did you study it? 

We examined the impact of coral mortality on reef growth because climate change causes 

mass coral mortality. 

2. How did you address the problem, and which spheres are included? 

We used palaeoecological reconstructions of Saudi Arabian Red Sea reef slopes. 

3. What was the major method used? 
 
U-Th dating of fossil reefs were used to date changes in coral community composition and 
reef accumulation. 

4. Major finding(s) 

Large portions of the reef slopes (24.6 to 65.4%) were detrital in nature and formed by 

periodic inundation of post-mortem corals. 

5. Take home message 
 
Rapid reef accumulation can still occur in regions where corals have been degraded through 
climate change. 
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