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Abstract 12 

InterƟdal  coralline  red  algal  build-ups  (Lithophyllum  byssoides  rims  or  ridges)  are  considered 13 

precise sea level markers and mostly used for Holocene sea level history. Several well-preserved 14 

patches  of  relict  red  algal  ridges  crop  out  along  the  north-west  Sardinian  coast  (Mediterranean 15 

Sea, Italy) and have great potenƟal in reconstrucƟng the  late Pleistocene sea level history of the 16 

western Mediterranean. The aim of this paper is to determine the sedimentary characterisƟcs of 17 

the  relict  Lithophyllum  byssoides  build-ups  cropping  out  along  the  Sardinian  NW  coast  and  to 18 

demonstrate  how  these  can  be  used  as  past  sea-level  indicators.  To  establish  a  chronological 19 

framework for these deposits, luminescence daƟng (both quartz OSL and K-feldspar pIRIR 290) has 20 

been applied and allows for the Lithophyllum byssoides ridge formaƟon to be assigned to Marine 21 

Isotopic Stage (MIS) 5e (132-112 ka). The studied relict ridges confirmed that MIS 5e sea-level was 22 
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at least at 4 m above present, well matching the widely accepted last interglacial global sea-level 23 

curves.  Hence,  fossil  Lithophyllum  byssoides  ridges can  be  used as straƟgraphic and chronologic 24 

indicators  of  late  Pleistocene  sea-level.  Moreover,  the  study  has  underlined  that  Lithophyllum 25 

byssoides may grow: (1) in sheltered places along high cliffy coasts forming bench-like structures, 26 

and (2) in high-energy environments on wave cut plaƞorms around fallen blocks or potholes, first 27 

as isolated mounds and then merging to form reef-like structures. 28 

 29 

Keywords: Algal ridge; OSL, pIRIR, last interglacial, MIS 5e, sea-level marker. 30 

 31 

 32 

1. IntroducƟon 33 

 34 

Quaternary  global  sea-level  fluctuaƟons  and  past  warm  periods  are  widely  studied  in  order  to 35 

provide constraints on possible future climate and sea-level variaƟons (Hearty et al., 2007; Cronin, 36 

2012; Muhs et al., 2015; Lamothe, 2016; Rovere et al., 2016; Pascucci et al., 2018). Tropical coral 37 

reef  successions  play  a  crucial  role  in  modelling  Pleistocene  RelaƟve  Sea-level  (RSL)  variaƟons 38 

because they provide relaƟvely good esƟmates of palaeo-water depth and can be precisely dated 39 

with  Uranium/Thorium  (U/Th)  and  radiocarbon  ( 14C)  methods  (e.g.,  Woodroffe  and  Webster, 40 

2014; Camoin and Webster, 2015). ConƟnuous coral elevaƟon data have generated well-41 

constrained  sea-level  reconstrucƟons.  However,  coral  reefs  are  geographically  restricted  to  the 42 

intertropical  zone.  As  such,  there  is  the  need  to  find  alternaƟve  sea-level  markers  that  are  as 43 

precise as coral to establish RSL curves at laƟtudes where no coral markers are available. Coastal 44 

cave  speleothems  (Dorale  et  al.,  2010;  Mauz  et  al.,  2015;  Polyak  et  al.,  2018),  Ɵdal  notches 45 

(FerranƟ et al., 2006; Antonioli et al., 2004, 2015; Andreucci et al., 2006) and beachrocks (Rovere 46 
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et al., 2016) are the typical markers chosen to develop Quaternary relaƟve sea-level curves in the 47 

mid-laƟtudes.  However,  these  markers  cannot  always  be  precisely  dated.  One  further  set  of 48 

possible  highly  sensiƟve  sea-level  markers  are  interƟdal  rhodophyte  (red  algae)  Lithophyllum 49 

byssoides bioconstrucƟons (Adey, 1986; SƟros and Pirazzoli, 2008; Morhange and Marriner, 2015; 50 

Vacchi et al 2016). Such structures, beƩer known as TroƩoir (sensu Pérès and Picard, 1964), occur 51 

extensively  along  the  western  Mediterranean  coasts  (Bosence,  1976,  1983a,  b,  1985;  Laborel, 52 

1987; Bellan-SanƟni et al., 1994; Laborel and Laborel-Deguen, 1994; Laborel et al., 1994; Nalin et 53 

al., 2006; Basso et al., 2007; Faivre et al., 2013; Rovere et al., 2016). The lower elevaƟonal limit of 54 

such  bioconstrucƟons  is  defined  as  biological  mean  sea-level  (i.e.,  the  sharp  transiƟon between 55 

the  midliƩoral  and  the  infraliƩoral  zone)  (Bosence,  1976).  This  corresponds  to  Mean  Sea-level 56 

(MSL)  with  reasonable  accuracy  of  ±0.2  m  (or  ±0.1  m;  Adey,  1986;  Shennan  et  al.,  2015)  for 57 

microƟdal  environments  such  as  the  Mediterranean  Sea  (Vacchi  et  al.,  2016).  However,  use  of 58 

such precise sea-level markers has been so far limited solely to the Holocene interval (Faivre et al., 59 

2013; Woodroffe and Webster 2014, Camoin and Webster, 2015; Muhs et al., 2015). This is mostly 60 

due to the inherent difficulty in daƟng these deposits beyond the age limit of 50 ka for 61 

radiocarbon (Morhange and Marriner, 2015).  62 

All  along  the  NW  coast  of  Sardinia,  central  Mediterranean  Sea,  several  outcrops  of  encrusƟng 63 

carbonate algae interpreted as patches of relict Quaternary Lithophyllum ridges are present. They 64 

are tentaƟvely ascribed to Marine Isotopic Stage (MIS) 5e (132-112 ka; Lisiecki and Raymo, 2005; 65 

Railsback et al., 2015) based on their straƟgraphic posiƟon (Sechi et al., 2013, 2018) and 66 

preliminary luminescence ages (Pascucci et al., 2014). 67 

Over the past 20 years, luminescence daƟng has proved to be a powerful technique in establishing 68 

absolute  chronologies  for  siliciclasƟc-rich  successions  developed  during  the  last  ~200  ka  in  a 69 

variety  of  deposiƟonal  environments  (shallow  and  deep  marine,  coastal,  desert,  fluvial,  alluvial, 70 
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periglacial, etc.; Murray and Funder, 2003; Jacobs et al., 2008; Mauz et al., 2009; Andreucci et al., 71 

2010a, 2012, 2014, 2017; Perez-AlberƟ et al., 2011; Rhodes, 2011; Pascucci et al., 2014; Stevens et 72 

al., 2014a, b; Zucca et al., 2014; Bateman, 2015; Carnicelli et al., 2015; Lamothe, 2016). Moreover, 73 

the development of new luminescence daƟng protocols (such as pIRIR – post Infra-Red SƟmulated 74 

Luminescence)  performed  on  K-feldspar  mineral  have  extended  the  age  range  of  the  daƟng 75 

technique to potenƟally 300 ka (e.g., Thomsen et al., 2008; Buylaert et al., 2009, 2011, 2012; Thiel 76 

et  al.,  2011,  2012;  Murray  et  al.,  2014;  Bateman,  2015;  Carr  et  al.,  2018;  Stevens  et  al.,  2018). 77 

Luminescence  techniques  have  also  provided  good  results  in  daƟng  sedimentary  bodies  rich  in 78 

carbonate  clasts  or  cement  (>70%  of  weight;  Nathan  and  Mauz,  2008;  Andreucci  et  al.,  2009, 79 

2010b; Fornós et al., 2009; Thiel et al., 2010; Stevens et al., 2014b). However, the luminescence 80 

daƟng of Lithophyllum ridges has only been tentaƟvely explored by Pascucci et al. (2014). 81 

The aim of this paper is to determine the deposiƟonal Ɵme of formaƟon of these relict 82 

Lithophyllum byssoides bioconstrucƟons cropping out along the Sardinian  NW coast and  to 83 

confirm  how these  carbonate  deposits can  be used as Pleistocene  sea-level  indicators. Absolute 84 

daƟng will be performed using the luminescence-daƟng approach. Combined with the paper aims, 85 

the  sedimentary  characterisƟcs,  palaeo-depth  and  growth  forms  of  the  studied  late  Quaternary 86 

algal ridges are defined. 87 

 88 

2. Site seƫng 89 

2.1. Coastal and climate seƫng  90 

The  Mediterranean  Sea  is  microƟdal  with  an  average  Ɵdal  range  of  35  cm  (Longhitano,  2010). 91 

Sardinia is the second largest island in the west Mediterranean Sea (Fig. 1A). The present-day NW 92 

coast  of  the  island  (from  Alghero  to  Bosa,  Fig.  1B,  C)  is  characterized  by  high  steep  cliffs  oŌen 93 

bounding small embayments where sandy or gravelly pocket beaches occur. The base of cliffs may 94 
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host Ɵdal-notches and incipient interƟdal  Lithophyllum byssoides bioconstrucƟons or large wave 95 

cut  plaƞorms  on  which  rock  falls  are  reworked  and  form  incipient  bouldery-cobbly  beaches. 96 

Extensive  seagrass  meadows  occur  from  -4  up  to  -35  m  depth  below  mean  sea-level.  Pocket 97 

beaches  are  nourished  by  inland-derived  coarse  materials  supplied  by  a  complex  system  of 98 

ephemeral  streams  (mainly  acƟve  in  winter)  and  by  storm  waves  that  carry  bioclasts  from  the 99 

seagrass meadows to the shore (composiƟonal mixing, sensu Chiarella et al., 2017). Waves have 100 

an average height of about 3 m, to a maximum of 9 m during major storms. The island has a typical 101 

Mediterranean  climate  characterized  by  temperate  rainy  autumn  and  spring,  a  not  very  humid 102 

winter and a hot dry summer, with a sea-surface temperature between 12 and 25°C. The NW-W 103 

blowing wind (Mistral) dominates along the west coast and triggers a longshore current flowing in 104 

the  same  broad direcƟon  (Donda  et  al., 2008;  APAT,  2010;  Manca  et  al.,  2013;  Vicinanza  et  al., 105 

2013). 106 

 107 

2.2. Geological seƫng and Quaternary straƟgraphy 108 

Sardinia represents a segment of the south-European plate that was displaced with an 109 

anƟclockwise  rotaƟon  to  the  present  posiƟon  aŌer  the  opening  of  the  Liguro-Provençal  basin 110 

during the Oligocene-early Miocene (Carmignani et al., 1995, 2016; Doglioni et al., 1999; Casula et 111 

al., 2001) (Fig. 1A). The island was affected by intense tectonic and volcanic acƟvity that ended in 112 

the  late  Pleistocene  (ca.  140  ka)  and  presently  it  is  considered  stable  and  affected  only  by  a 113 

general subsidence of about 0.01-0.02 mm/y (FerranƟ et al., 2006) or quasi stable (Casini et al., in 114 

press). The pre-Quaternary bedrock along the study areas shows great lithological variability with 115 

the  tectonic  juxtaposiƟon  of  Mesozoic  sedimentary  rocks,  mainly  quartz-rich  sandstones  and 116 

conglomerates,  and  limestones/dolostones.  Oligo-Miocene  volcanics  are  widespread  and  Plio-117 

Pleistocene basalts are also found in places (Fig. 1C).  118 
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The  Quaternary  straƟgraphy  is  the  result  of  sea-level  fluctuaƟons  controlled  by  Milankovitch 119 

cycles  (Lobo  and  Ridente,  2014).  The  Middle  Pleistocene-Holocene  sedimentary  sequence  of 120 

Sardinia has been recently subdivided by Pascucci et al. (2014, and references therein) into eight 121 

major unconformity bounded units (U0 to U7), mainly represented by repeƟƟon of shallow marine 122 

deposits (Transgressive - Highstand Systems Tracts), alluvial systems (Falling Stage Systems Tracts) 123 

and coastal dunes (Lowstand Systems Tracts) spanning in Ɵme from about 300 ka (Marine Isotopic 124 

Stage, MIS 8) to Present (MIS 1). 125 

In the study area, the late Quaternary straƟgraphy could be summarized as follows: the lowermost 126 

outcropping  deposits  are  composed  of  high  angle  cross-laminated  medium-grained  sandstones 127 

interpreted as lowstand coastal dunes (Unit 2 - U2) and aƩributed to MIS 6 (190-133 ka). These 128 

are followed by 1-2 m thick coarse grained conglomerates normally overlain by an up to 1 m-thick 129 

highly  fossiliferous  red  algal  (mostly  Lithophyllum  spp)  bindstone  associated  with  serpulide  and 130 

barnacle communiƟes in life posiƟon. Conglomerates are interpreted as transgressive lags (sensu 131 

Massari and Parea, 1988) and the fossiliferous bindstone as relict algal ridge (sensu Mediterranean 132 

Lithophyllum byssoides troƩoir) deposited during transgressive and the following early highstand 133 

system tracts. Based on straƟgraphic correlaƟon and limited luminescence daƟng, the 134 

conglomerates  and algal  ridge  have  been assigned to MIS  5e (132-112  ka) and therefore to  the 135 

lower part of Unit 3 (Unit 3a - U3a) (Pascucci et al., 2014; Sechi et al., 2018). 136 

The  upper  part  of  Unit  3  (Unit  3b  –  U3b)  is  generally  represented  by  well-developed  low  angle 137 

foresets of medium to coarse grained sandstone layers (or by mixed sandstones and 138 

conglomerates layers), interpreted as prograding and downstepping pocket beach systems 139 

developed  during  the  late  highstand  system  tract.  This  upper  unit  has  been  assigned  to  MIS  5c 140 

stage (~100 ka) based on straƟgraphic posiƟon and luminescence daƟng (Andreucci et al., 2010a; 141 

Sechi et al., 2013; Pascucci et al., 2014). 142 
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An  erosive  unconformity  associated  with  a  subaerial  exposure  interpreted  as  equivalent  of  an 143 

incised valley normally marks the beginning of the following falling stage. Red to brownish massive 144 

silty deposits interpreted as colluvia and incipient palaeosols, locally covering the erosive surface, 145 

are considered equivalent to an incised valley fill. They are assigned to MIS 4 (Unit 4 - U4, 75-65 146 

ka)  age  (Pascucci  et  al.,  2014;  2019).  The  following  lowstand  deposits  are  represented  by  high-147 

angle trough-cross bedded medium to coarse-grained sandstones. They are interpreted as coastal 148 

aeolian dunes (Unit 5-U5) developed during the last glacial period when sea-level was up to 120 m 149 

lower than present (ca. 65 to 12 ka, MIS 3-2). 150 

Here,  five  locaƟons  have  been  selected  for  analysis  because  relict  Lithophyllum  ridges  are  well 151 

exposed (Fig. 2): 152 

(1)  El  Trò  bay  is  a  sand  and  gravel  cliff-bounded  pocket  beach  that  is  open  westward  and 153 

apparently protected by the strongest storms. The cliffs are composed of Triassic limestones and 154 

late Quaternary sandstones (Figs. 2A, 3). 155 

(2)  Punta  Padre  Bellu  cove  is  a  small  cliff-bounded  embayment  facing  west  and  protected  by 156 

strong northerly wind and storms, characterized by dispersed fallen blocks on the shore plaƞorm. 157 

The cliffs are composed of Oligo-Miocene volcanic rocks and late Quaternary sandstones (Figs. 2B, 158 

4). 159 

(3)  BuranƟno  bay  is  characterized  by  two  small  sandy  cliff-bounded  pocket  beaches  opened 160 

westward  and  protected  by  SW  strongest  storms,  fed  by  ephemeral  streams.  The  cliffs  are 161 

composed of Oligo-Miocene volcanic rocks and late Quaternary sandstones (Figs. 2C, 5A, 5B). 162 

(4)  S’Abba  Drucche  bay  consists  of  a  small  embayment  opened  westward  and  bounded  by  two 163 

Oligo-Miocene  volcanic  promontories.  The  embayment  is  characterized  by  a  wide wave cut 164 

plaƞorm on which several fallen boulders rest. The central part of the bay is dominated by a large 165 

strand plain and gravel beach fed by a local ephemeral stream (Figs. 2D, 5C, 5D). 166 
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(5)  Porto  Alabe  coast  is  characterized  by  a  high  Oligo-Miocene  volcanic  rock  cliff  on  which  late 167 

Pleistocene  aeolian  sands  were  deposited.  At  the  base  of  the  sandstone  cliffs,  a  large  wave  cut 168 

plaƞorm dominated by currently forming potholes occurs. This coast is one of the most exposed 169 

to northwesterly wind and storms (Figs. 2E, 6). 170 

 171 

3. Methods 172 

In order to determine the sedimentary characterisƟcs, paleo-depth of formaƟon and the 173 

deposiƟonal Ɵme of these relict Lithophyllum build-ups, a mulƟdisciplinary approach was used. 174 

A detailed sedimentological and straƟgraphical analysis of the sedimentary sequence cropping out 175 

in the selected locaƟons was performed and 20 secƟons were logged. Palaeontological analysis on 176 

the algal bindstones was carried out. Twenty thin secƟons for microscope analysis were prepared 177 

for red algal idenƟficaƟon and to recognize the siliciclasƟc component trapped in the algal crusts. 178 

At the study sites, selected algal ridges (five) and clasƟc sedimentary deposits cropping out below 179 

and above the ridges, were sampled (14 total samples), dated (or re-dated) using both quartz OSL 180 

and k-feldspar pIRIR290 luminescence methods. DaƟng has allowed us to define the algal bindstone 181 

age (Table 1). 182 

Lithophyllum byssoides bindstones were sampled for luminescence daƟng in the most favourable 183 

condiƟons,  mostly  depending  on  the  thickness  and  visible  presence  of  clasƟc  grains.  Because 184 

Lithophyllum byssoides is considered a precise sea-level marker (Rovere et al., 2016; Vacchi et al., 185 

2016), to obtain informaƟon on the mean past sea-level elevaƟon, the ridges were field measured 186 

following the scheme proposed by Shennan et al. (2015) and Rovere et al. (2016). Measures were 187 

acquired  using  both  rulers  and  opƟcal  level  with  a  millimetric  verƟcal  precision  (error  of  about 188 

10%;  Pascucci  et  al.,  2019).  The  elevaƟon  of  sea  level  indicator  (algal  ridge)  was  measured 189 

considering as field elevaƟon the highest outcropping part of the algal ridge. Field elevaƟon was 190 
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corrected with the Ɵde elevaƟon of the sampling Ɵme/day based on the data available for Porto 191 

Torres gauge (the north Sardinia gauge; hƩps://mareografico.it). 192 

For the calculaƟon of relaƟve index points, necessary to define the paleo sea-level, the Mean Sea-193 

level (MSL), as the arithmeƟc mean of hourly heights observed, and the Highest Astronomical Tide 194 

(HAT)  recorded  in  north  Sardinia  during  year  2018  (source  hƩps://mareografico.it/)  have  been 195 

used. 196 

Measuring has allowed us to create a suite of palaeo relaƟve sea-level index points (Rovere et al., 197 

2016; Vacchi et al., 2016) (Table 2). 198 

Note  that  luminescence  age  uncertainƟes  are  normally  at  the  one  standard  deviaƟon  level. 199 

Perhaps  the  main  limiƟng  factor  in  the  applicaƟon  of  luminescence  daƟng  to  algal  ridges  and 200 

understanding sea-level histories is that, in comparison with other chronometric techniques, the 201 

errors is much higher, typically in the range 5–10% of the derived age (Bateman, 2015). Therefore, 202 

at the moment, luminescence ages are not so precise and cannot be used for very high resoluƟon 203 

straƟgraphy (millennia scale) and the derived ages (including error) are only indicaƟve of 204 

interstadial/stadial substages, such as the enƟre MIS 5e. 205 

 206 

 207 

3.1 Luminescence daƟng  208 

3.1.1 Sample collecƟon and preparaƟon 209 

Thirteen samples from the studied secƟons were collected for luminescence daƟng. Samples BUR 210 

(Cala  BuranƟno,  Alghero) from  the  algal  ridge  and SD2 from  S’Abba  Drucche  (Bosa)  fossil sandy 211 

beach system were collected in the same place as samples Bur* and SD2*, dated by Pascucci et al. 212 

(2014). These have been re-analysed to verify and confirm the K-feldspar derived pIRIR290 213 

chronology and to obtain reliable quartz OSL ages. 214 
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Samples  of  sandstone  and  algal  bindstones  for  luminescence  daƟng  were  collected  as  blocks 215 

(50x50x50  cm)  and  treated  at  the  University  of  Sassari  Luminescence  DaƟng  laboratory  under 216 

subdued  red  light.  For  luminescence  analysis,  pure  quartz  and  K-feldspar  grains  ranging  in  size 217 

from  90-250  µm  were  obtained aŌer  treaƟng  the  collected  blocks using  rouƟne  laboratory 218 

protocols (Aitken, 1985; Stokes, 1992; Mauz et al., 2002). This wide grain size range was chosen 219 

because  of  low  sand  contents  in  the  algal  bindstones  (Andreucci  et  al.,  2010a;  Pascucci  et  al., 220 

2014). Luminescence samples, data, and ages are listed in Table 1. 221 

 222 

3.1.2 Luminescence measurements 223 

Luminescence analyses were performed at the Nordic Laboratory for Luminescence DaƟng (DTU 224 

Risø  campus,  Denmark),  the  Luminescence  DaƟng  Laboratory  of  the  Department  of  Geography, 225 

Royal Holloway (UK) and the Luminescence DaƟng Laboratory of the Department of Architecture, 226 

Design and Planning, University of Sassari (Italy). Quartz and K-feldspar grains were mounted on 227 

stainless-steel discs as small size mulƟ grain aliquots (~2 mm in diameter) (Duller, 2008). 228 

Measurements were made using automated Risø TL/OSL readers (DA-20 and DA-15; BøƩer-Jensen 229 

et al., 2010) with calibrated 90Sr/90Y beta sources (~0.15 Gy/s and ~0.08 Gy/s). A PhotomulƟplier 230 

(PMT)  was  employed  to  detect  K-feldspar  and  quartz  luminescence  signals.  Quartz  grains  were 231 

sƟmulated using an array of blue LEDs emiƫng at 470 nm and the luminescence signal detected 232 

through  a  UV  filter  window  (Hoya  U-340  glass  filter;  280-380  nm).  Infrared  LEDs  were  used  for 233 

sƟmulaƟon of K-feldspar grains and the luminescence signal was detected in the blue-violet region 234 

through a SchoƩ BG39/Corning 7-59 filter combinaƟon (350-415 nm). 235 

IR depleƟon raƟo tests (Duller, 2003) were conducted on each quartz sample to check for residual 236 

feldspar contaminaƟon. Almost all of the samples showed IR depleƟon raƟos less  ±10% of unity, 237 

with  the  excepƟon  of  sample  BUR  that  showed  IR  raƟos  ≥10%  below  unity.  Quartz  equivalent 238 
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doses  for  most  samples  were  measured  using  the  Single  Aliquot  RegeneraƟve  (SAR)  protocol 239 

(Murray  and  Wintle,  2000,  2003)  (Table  S1)  but  for  BUR  sample  the  Double-SAR  protocol  was 240 

applied.  This  procedure  consists  of  an  extra  IRSL  step  at  125  °C  for  100  s  before  the  OSL 241 

sƟmulaƟon  to  remove  possible  K-feldspar  or  other  IR-responsive  components  (Banerjee  et  al., 242 

2001) (Table S1). Furthermore, the OSL IR depleƟon raƟo was monitored during standard 243 

equivalent  dose  (De)  determinaƟon  for  all  samples  and  these  checks  showed  no  failed  aliquots 244 

(i.e., with IR raƟos <0.9). 245 

The OSL signal during SAR and Double-SAR protocols was sƟmulated at 125 °C for 60 s and the net 246 

signal was calculated using early background subtracƟon to maximize the contribuƟon of the fast 247 

component (Cunningham and Wallinga, 2010). The first 0.8 s and the following 2 s of signal were 248 

chosen for signal and background integraƟons respecƟvely. The SAR test dose was kept lower than 249 

the 30% of the natural value for all samples (Wintle and Murray, 2006). 250 

K-feldspar grains were analysed using the post-Infrared Infrared sƟmulaƟon at high temperature 251 

protocol (pIRIR290) (Buylaert et al., 2009, 2011, 2012; Thiel et al., 2011) (Table S1). The net signal 252 

was calculated by the integraƟon of the iniƟal 2 s and the last 30 s (background) of the signal. The 253 

pIRIR290 test dose was always kept around 50% of the natural value for all samples (Yi et al., 2016). 254 

Standard  luminescence  tests  for  quartz  and  K-feldspar  grains  were  undertaken  on  two  samples 255 

(BUR and SD2) from BuranƟno and S’Abba Drucche sites considered to be representaƟve of the 256 

two wider study areas of Alghero and Bosa (Fig. 2B, D; see supplementary material for 257 

experimental details). RepresentaƟve samples BUR and SD2 respecƟvely collected from the algal 258 

bindstone  of  Cala  BuranƟno  (BUR,  Alghero,  Fig.  3B)  and  from  the  S’Abba  Drucche  (Bosa)  beach 259 

deposits pass all the luminescence tests (Pre-heath plateau; Dose recovery test, first IR plateau) 260 

and therefore were considered highly reliable for daƟng using this protocol. 261 
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Moreover the recycling (repeƟƟon of a SAR cycle) and recuperaƟon (zero given dose  SAR cycle) 262 

tests  were  monitored  as  internal  checks  during  each  aliquot  analysis  for  all  samples.  Results  of 263 

luminescence  tests  and  the  reproducibility  of  the  protocols  (SAR,  Double-SAR  and  pIRIR290)  are 264 

discussed in the supplementary material. 265 

RepresentaƟve  quartz  SAR,  Double-SAR  OSL  and  pIRIR290  dose  response  curves  are  shown  in 266 

Figures S1 and S2 (see supplementary material). The dose response curves for both quartz and K-267 

feldspar aliquots were fiƩed using a single saturaƟng exponenƟal funcƟon. At least 18 aliquots for 268 

each  sample  were  measured.  Aliquots  were  rejected  based  on  standard  criteria  (recycling  raƟo 269 

exceeding 10% of unity; recuperaƟon < 5%) and signal saturaƟon levels (2xDo < De). The final De 270 

value  of  all  samples  was  calculated  using  the  weighted  mean  of  all  the  accepted  aliquots  (see 271 

supplementary material for more details). 272 

 273 

3.1.3 Dosimetry 274 

The outer part of each sampled block (≥ 5 cm) was removed and used to determine the field and 275 

saturaƟon water contents and the natural radioacƟvity (Dose rate; Dr). The radionuclide 276 

concentraƟons were measured on a laboratory high-resoluƟon gamma spectrometer following the 277 

procedures described in Murray et al. (1987) and converted into dry gamma and beta dose rates 278 

based  on  conversion  factors  published  by  Guèrin  et  al.  (2011).  The  studied  sedimentary  bodies 279 

have typically ≥80% of HCl dissolvable material. This is because red algae are encrusƟng organisms 280 

producing  carbonate  crusts,  trapping  shells  and  siliciclasƟc  grains  during  their  life  and  the  new 281 

generaƟon of algae directly stand over the dead ones resulƟng in a "rock-like" deposit already at 282 

the Ɵme of deposiƟon (Bosence, 1985; Adley, 1986). The limited post-burial cementaƟon of the 283 

pore  spaces  suggests  minor  dissoluƟon/re-precipitaƟon  events.  Thus,  it  is  assumed  that  the 284 
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present-day radionuclide concentraƟons have remained essenƟally unchanged throughout the site 285 

lifeƟme. 286 

Measurements  of  present-day  moisture  content  span  from  3.8  to  9.5%  of  sample  weight.  The 287 

moisture, since the Ɵme of deposiƟon, is assumed to be between present-day and saturated for 288 

each sample and an arbitrary uncertainty of 3% is taken into account. Final total dose rates (Dr) 289 

were corrected for moisture content and cosmic ray contribuƟon (PrescoƩ and HuƩon, 1994). For 290 

K-feldspar  the  dose  rate  contribuƟon  from  internal  beta  decay  of 40K  was  taken  into  account, 291 

assuming a K content of 12.5 ± 0.5% (Huntley and Baril, 1997). The concentraƟon acƟvity of the 292 

principal radionuclides and calculated dose rates are listed in Table S2.  293 

 294 

4. Results 295 

4.1 Algal ridge facies descripƟon and interpretaƟon 296 

The studied algal ridges rest directly over the bedrock or basal conglomerate lag and form bodies 297 

ranging from 20 cm up to 2 m in thickness (average 50 cm). The morphology of the deposits varies 298 

from isolated or fused mounds developed around boulders, to incipient forms (i.e., clast binding or 299 

micro atoll-like forms), to extensive tabular ridge-like structures (Figs. 3-6). In the field, the algal 300 

framework shows a highly fossiliferous character with dispersed marine shells and well-rounded 301 

pebble to boulder-sized clasts (Fig. 5B). All these clasts are amalgamated and binded by algae, to 302 

form a cloudy/lumpy mixed carbonate-siliciclasƟc structure (bindstone) (Fig. 7A). Occasionally, this 303 

structure  could  be  more  gravel  dominated  showing  an  alternaƟon  of  conglomerate  strata  and 304 

poorly  developed  algal-rich  layers  (incipient  forms)  or  small  carbonate  coaƟngs  around  clasts. 305 

Algal  bindstones  vary  in  colour  from  white  to  yellow-brownish  and  show  at  their  tops,  in  some 306 

cases, evidence of oxidaƟon, small caviƟes, or karst features filled by sand (Fig. 7A). The external 307 

and  internal  growth  form  of  red  algae  is  in  general  very  dense  with  laminar  overgrowths  of 308 
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different layers due to the conƟnued overlapping of new algal crusts on the dead ones (Fig. 7B). 309 

The associated marine fossil faunal assemblage is consƟtuted by species strictly linked to a shallow 310 

liƩoral  environment  and  comprises  Barnacles  spp.,  Serpulides  spp.,  Acanthocardia  tuberculata, 311 

Patella ferruginea, Glycymeris glycemeris, Conus testudinarius and Thais haemastoma (Fig. 7C, D). 312 

Algal  crusts,  at  the  contact  with  the  bedrock  (inner  zone),  follow  an  uneven  surface,  showing 313 

preferenƟal  horizontal  expansion,  whereas  laminar  overgrowth  appears  less  orientated  with  a 314 

chaoƟc growing direcƟon in the outer zone. Overgrowths are arranged in bundles and generally 315 

enclose the bioclasƟc and siliciclasƟc sediments (Fig. 7E, F). Analysis of  the growth form, thallus 316 

and conceptacle characterisƟcs (Fig. 7G), clearly indicate the dominant algal rocky builder is the 317 

Lithophyllum byssoides coralline red algae (Laborel, 1961, 1987; Pérès and Picard, 1964; Laborel et 318 

al.,  1994;  Laborel  and  Laborel-Deguen,  1994;  Cossu  and  Gazale,  1997;  Woelkerling  et  al.,  1993; 319 

Flugel,  2010;  Bracchi  et  al.,  2014;  Guiry  and  Guiry,  2015).  Bioclasts  are  mostly  dominated  by 320 

fragments of red algae, shells, barnacles, serpulids, bryozoans, echinoid spines and sponge 321 

spicules. Algal nodules (rhodoids) ranging in size from few mm to 5 cm are also observed (Fig. 7A). 322 

The  siliciclasƟc  material  is  mainly  characterized  by  well-rounded  to  sub-rounded  quartz,  alkali 323 

feldspars, rock fragments and opaque heavy minerals (extremely abundant in volcanic domains). 324 

This sandy component fills all the available spaces, forming lumpy structures, gradually  bounded 325 

and enveloped by the new generaƟon of laminar algal thalli (Fig. 7E-G). 326 

 327 

4.2 StraƟgraphy and luminescence ages 328 

4.2.1 El Trò bay (Alghero) 329 

At El Trò site, the late Pleistocene succession rests unconformably on Mesozoic carbonates and is 330 

characterized by sandy and/or conglomeraƟc deposits. The north side of the cove is dominated by 331 

trough-  to  low-angle  cross-bedded  sandstone  alternated  with  poorly  imbricated  conglomeraƟc 332 
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layer interpreted as upper shoreface deposits. The upper shoreface is dated at 127 ± 11 ka (OSL) 333 

and 131 ± 8 ka (pIRIR 290) and therefore assigned to MIS 5e (unit U3a of Pascucci et al., 2014; Log # 334 

of Fig. 3A). Unconformable well straƟfied, planar to low-angle sandstones grading to highly root-335 

bioturbated  sandy  bodies  rest  on  unit  U3a  and  are  interpreted  as  foreshore  and  backshore 336 

deposits of a prograding beach system. These deposits are dated to 94 ± 6 ka (OSL) and 100 ± 6 ka 337 

(pIRIR290) and associated with the MIS 5c (unit U3b of Pascucci et al., 2014; Table 1). 338 

The  succession  on  the  south  side  of  the  cove  is  characterized  by  poorly  developed,  slightly 339 

imbricated,  seaward  dipping,  clast-supported  cobble-pebble  conglomerates  with  broken  marine 340 

shells and coarse-medium grained sandstones (Figs. 2A, 3). The conglomerate is encrusted by a < 341 

50 cm-thick  Lithophyllum  byssoides  bindstone, which shows more gravelly character  and poorer 342 

maturity when compared to the bindstones observed in other areas. It occurs along the bay at an 343 

elevaƟon above present sea-level varying from +1.00 to +3.75 m (Fig. 3). This sedimentary body is 344 

interpreted  as  a  gravel  beach/transgressive  lag  associated  with  a  poorly  developed  incipient  L. 345 

byssoides  algal  ridge.  The  succession  is  capped  by  well-straƟfied,  planar  laminated  medium  to 346 

coarse-grained  sandstone  beds  interpreted  as  the  foreshore  and  backshore  part  of  high  energy 347 

mixed sand and gravel prograding beach system (Fig. 3). 348 

The new samples for luminescence in the El Trò area are CV2 and CV4 (Fig. 3; Table 1). Sample 349 

CV2, collected in the algal ridge, yields an OSL age of 121 ± 13 ka, and a pIRIR 290 age of 127 ± 14 ka, 350 

in good agreement with each other (Table 1). Thus, the bioconstrucƟon is assigned to MIS 5e (U3a) 351 

(Fig. 3). Sample CV4, collected in the uppermost sandstones, yields a quartz-OSL minimum age of 352 

76 ka and a pIRIR290 age of 103 ± 7 ka, and therefore is assigned to MIS 5c (U3b) (Fig. 3A). 353 

 354 

4.2.2 Punta Padre Bellu cove (Alghero) 355 
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The algal ridge rests unconformable on the Oligocene volcanic bedrock and shows the maximum 356 

observed thickness (about 2.5  m) (Fig. 5)  with a  maximum  elevaƟon  of 4  m  above present  sea-357 

level. This ridge is overlain by a ca. 50 cm thick poorly laminated coarse-grained sandstone rich in 358 

granules and marine shell fragments, interpreted as the backshore part of a pocket sandy beach 359 

system  (Fig.  4D,  E).  The  sedimentary  succession  conƟnues  with  a  2  m-thick  palaeosol/colluvium 360 

capped by several metres of aeolian deposits, spanning from MIS 4 to MIS 3/2 (Unit 4) (Andreucci 361 

et al., 2010b). 362 

Sample PPB1 has been collected on the algal ridge. Quartz grains, despite passing all the 363 

luminescence tests, yield a final OSL age (206 ± 18 ka) much older compared with the pIRIR 290 age 364 

(135  ±  8  ka;  Table  1).  However,  the  laƩer  is  considered  more  reliable  because  it  is  in  good 365 

agreement  with  the  general  straƟgraphical  and chronological  framework  of  the  area,  as  well  as 366 

with the adjacent ages presented here. Considering the highstand nature of the deposits and the 367 

derived ages, the algal ridge and is assigned to MIS 5e. 368 

Sample PPB3, taken from the overlaying backshore deposits, yields OSL and pIRIR 290 ages of 116 ± 369 

12 ka and 118 ± 11 ka, respecƟvely. This deposit likely formed during the final phase of the MIS 5e 370 

highstand (U3a; Fig. 4B; Table 1).  371 

 372 

4.2.3 BuranƟno Bay (Alghero) 373 

At BuranƟno bay, the late Pleistocene succession rests on Oligocene volcanic rocks. It starts with 374 

well sorted, high angle laminated parallel or trough cross-bedded coarse grained sandstones OSL 375 

dated (quartz) to 150 ± 10 ka and is therefore assigned to MIS 6 (Unit 2, Fig. 5A). These sandstones 376 

are overlain  by boulder and cobble conglomerate strata, on which up to 1 m-thick highly 377 

fossiliferous  red  algal  bindstones  lie  (Fig.  5A,  B).  Red  algae  carbonates  have  been  luminescence 378 

dated to 113 ± 7 ka (quartz) and 114 ± 8 ka (k-feldspar) and therefore assigned to MIS 5e (Pascucci 379 
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et al., 2014). Carbonates are overlain by coarse-grained sandstones organized in dm-thick strata 380 

with sub-horizontal or low-angle cross straƟficaƟon gently dipping seaward, indicaƟng a 381 

prograding sandy beach system. The sandstones have been OSL dated to 97 ± 6 ka and 98 ± 8 ka, 382 

thus belonging to MIS 5c (Fig. 5A). 383 

The new collected sample in the algal ridge (BUR) yields an OSL age of 140 ± 9 ka and pIRIR 290 age 384 

of 119 ± 6 ka (Fig. 5A). The OSL age differs from previous studies (Bur*), while pIRIR290 is in good 385 

agreement (Table 1; Fig. 5) and as such the algal ridge deposits are confirmed as MIS 5e. 386 

 387 

4.2.4 S’Abba Drucche bay (Bosa) 388 

At S’Abba Drucche bay, the late Pleistocene succession starts with massive basal conglomerates 389 

(50  cm  thick)  ranging  in  size  from  large  pebbles  to  mega  boulders  reflecƟng  the  local  volcanic 390 

bedrock. They are locally encrusted and overlapped by thick (up to 1 m) carbonate deposits made 391 

of  vermeƟdes,  barnacles  and  red  calcareous  algae  (Lithophyllum  spp)  with  dispersed  abundant 392 

pebbles,  granules,  medium  to coarse sand and  gastropods (Conus  cfr.  testudinarius,  Arca  noae), 393 

bivalves,  and  molluscs  (Patella  ferruginea,  Cardita  senegalensis,  Glycymeris  glycymeris,  Ostrea 394 

spp). These carbonates have a mound shaped geometry, drape disconƟnuously the 395 

conglomerates, and occur at the maximum high above present sea-level of +3.5 m. They have a k-396 

feldspar luminescence age of 125 ± 8 ka and are thus assigned to MIS 5e (Fig. 5C, D). 397 

Coarse grained trough-cross bedded sandstones with dispersed pebbles and several marine shell 398 

fragments gradually passing upwards to medium to coarse grained, and seaward dipping 399 

sandstones  up  to  2.5  m  thick  lie  on top  of MIS  5e  strata.  The  succession  ends  with  0.5  m  thick 400 

medium to coarse grained, massive sandstones with root bioturbaƟon increasing towards the top. 401 

Faint  traces  of  trough-cross  or  high  angle  laminaƟon  are  occasionally  observable  (Fig.  5C).  This 402 

succession  is  interpreted  as  a  well-developed  high-energy  prograding  sand  and  gravel  beach 403 
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system  where  both  the  submerged  (shoreface)  and  emerged  (foreshore  and  backshore/dune) 404 

parts are preserved (Pascucci et al., 2009). The foreshore is luminescence dated to 96 ± 8 ka (k-405 

feldspar) and is therefore assigned to MIS 5c (Fig. 5C). 406 

A new sample was collected in the laminated sandstone SD2 and yields an OSL age of 93 ± 7 ka 407 

and pIRIR290 age of 99 ± 6 ka, confirming the aƩribuƟon of the unit to MIS 5c (Fig. 5D; Table 1). 408 

 409 

4.2.5 Porto Alabe cove (Bosa) 410 

The  late  Pleistocene  straƟgraphic  succession  starts  with  a  high  angle  cross-bedded,  very  coarse 411 

grained,  sandstone  body  interpreted  as  aeolian  coastal  dunes  (Fig.  6A).  The  overlying  marine 412 

succession is exposed only in a small cove. This consists of cobbly-pebbly coarse-grained 413 

sandstone rich in volcanic granules and fragments of shells (Fig. 6B). At the centre of the cove, the 414 

basal  conglomerate  gradually  passes  upward  from  a  low  angle  cross-straƟfied  seaward  dipping 415 

coarse-grained  sandstone  to  an  incipient  and mature  algal  bindstone  (Fig.  6B,  C).  The  transiƟon 416 

between  sandstones  to  carbonate  is  characterized  by  the  alternaƟon  of  algal  crusts  and  cross-417 

laminated sandstone layers rich in algal rhodoliths and volcanic granules. OŌen the algal bindstone 418 

directly  rests  on  the  dune  system  (Fig.  6A).  The  ridge  is  locally  covered  by  a  thin  (50  cm-thick) 419 

coarse-grained sandstone layer characterized by small volcanic granules (Fig. 6A, B). The marine 420 

succession  reaches  a  maximum  elevaƟon  of  3.5  m  above  present  sea-level  and  the  maximum 421 

thickness of the algal ridge is 50 cm. ClasƟc deposits are interpreted as a prograding beach system 422 

and the topmost sandstone as backshore deposits. The marine succession is capped by 50 cm to 2 423 

m of thick lens-like layers composed of brownish siltstone with scaƩered sub-angular granules and 424 

pebbles  of  volcanic  origin,  alternaƟng  with  up  to  6  m  thick  strongly  bioturbated  coarse-grained 425 

high  angle  cross-straƟfied  sandstones  (Fig.  6A,  C).  This  most  likely  represents  mulƟple  colluvial 426 

deposits alternaƟng with coastal dune deposits. 427 
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At Porto Alabe, all the quartz samples have luminescence signals close to or completely saturated. 428 

The  chronological  framework  has  therefore  been  established  only  based  on  the  pIRIR290  ages 429 

(Table 1; see supplementary material for more details). 430 

The lowermost aeolian deposits (PA1) are dated at 176 ± 16 ka and assigned to MIS 6 (Fig. 6A, C).  431 

The marine succession is dated from boƩom to top as 139 ± 13 ka (beach system, PA2), 134 ± 13 432 

ka  (algal  ridge,  PA3) and 137  ±  10  ka  (backshore, PA4). Thus,  it corresponds  to unit U3a  and  to 433 

highstand deposits of MIS 5e (Fig. 6). 434 

Sample PA5 collected at the base of the upper dunes is dated to 91 ± 10 ka (Fig. 6A, C). The coastal 435 

dune/colluvial system is, therefore, assigned to the falling stage of late MIS 5 and most probably 436 

also to part of the following MIS 4 glacial phase. 437 

 438 

 439 

5. Discussion 440 

5.1 Lithophyllum byssoides algal ridges as sea-level markers of MIS 5e 441 

The studied algal ridges, based on the luminescence daƟng performed here and iniƟal results by 442 

Andreucci et al. (2010a), Pascucci et al. (2014) and Sechi et al. (2018), were developed during the 443 

last interglacial stage; that is, during the MIS 5e highstand (Fig. 8; Table 1). It is widely accepted 444 

that MIS 5e started at 132 ka, based on the midpoint of the benthic δ 18O record transiƟon from 445 

MIS 6 to MIS 5e (Shackleton et al., 2002),  and ended between 112 ± 1 ka based on the benthic 446 

δ18O  transiƟon  from  about  +4.1‰  to  about  +3.7‰  or  pollen  data  (cooling  event  marked  by  a 447 

disƟnct change from thermophiles deciduous to conifer forests; Sánchez Goñi et al., 1999    ller 448 

and Sánchez-Goñi, 2007). The presence of silica grains (quartz and k-feldspar) trapped inside the 449 

studied  Lithopyllum  byssoides  algal  ridge  have  allowed  this first  systemaƟc  aƩempt  to  date  this 450 

sea-level marker with luminescence techniques (Table 1). It should, however, be considered that 451 
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the ages derived from the algal ridges, including the age error, encompass the interval 147-106 ka 452 

(134 ± 13 ka and 114 ± 8 ka); that is, they span from end of MIS 6 and to MIS 5d/c boundary (Fig. 453 

8A; Table 1). Nevertheless, despite the large uncertainty on these ages, the studied relict 454 

Lithophyllum byssoides ridges yield a mean age of 126 ka and are consistent around this interval, 455 

confirming  the  MIS  5e  aƩribuƟon  (Fig.  8B).  Moreover,  it  should  be  noted  that  according  to the 456 

proposed growth rate for this interƟdal bindstone, ranging from 0.1 to 0.6 mm a -1 (Nelson, 2009; 457 

Faivre et al., 2013) the 2.2 m thick L. byssoides ridge of Punta Padre Bellu cove (Fig. 5) formed in an 458 

average  Ɵme  interval  of  6  ka  (minimum  4  ka,  maximum  22  ka).  Thus,  we  claim  that  these 459 

bioconstrucƟons developed as incipient forms dominated by verƟcal aggradaƟon during the very 460 

late  part  of  the  transgressive  phase  (132-128  ka,  early  MIS  5e)  and  evolved  into  mature  ridges 461 

characterized  by  tabular  progradaƟon  when  sea-level  reached  its  maximum  highstand  (early 462 

regressive stage); that is, during the “plateau” phase encompassing 124 to 116 ka (Polyak et al., 463 

2018). Modern mature L. byssoides ridges of the microƟdal Mediterranean Sea develop at Mean 464 

Sea-level  (transiƟon  between  the  mid  liƩoral  and  the  infraliƩoral  zone;  Laborel  and  Laborel-465 

Deguen, 1994; Morhange and Marriner, 2015; De Luca et al., 2018) with an extremely high verƟcal 466 

precision  (±  20  cm;  Vacchi  et  al.,  2016).  A  similar  growth  posiƟon  and  verƟcal  precision  can  be 467 

assumed for the studied relict algal ridges. Thus, these bindstones could be used to esƟmate the 468 

mean sea-level reached during MIS 5e highstand. 469 

The  palaeo  sea-level  elevaƟon  uncorrected  for  Glacial  IsostaƟc  Adjustment  (GIA)  of  the  studied 470 

MIS 5e algae ridges is here calculated following the equaƟons (eq. 1 to 4) provided by Rovere et al. 471 

(2016).  Data  needed  to  solve  these  equaƟons  are:  Field  elevaƟon  (E),  Index  range  (IR)  and 472 

Reference  water  level  (RWL).  For  L.  byssoides  ridges  field  elevaƟon  corresponds  to  the  highest 473 

point  of  the  algal  bindstone  with  respect  to  the  present  Mean  Sea-level  observed  in  the  field. 474 

Index range is the difference between the Highest Astronomical Tide (HAT) and the Mean sea-level 475 
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(MSL) (Vacchi et al., 2016) that is about  0.35 m in Sardinia (De Luca et al., 2018; Pascucci et al., 476 

2019),  and  reference  water  level  represents  the  mid-point  of  the  Index  range  that  is  for  the 477 

studied ridges about  0.15  m  (IR/2).  For example, the  ridge of El  Trò bay has a  field  elevaƟon of 478 

about 3.75± 0.1 m asl, an Index range value of 0.3 m and a Reference water level of 0.15 m. Thus, 479 

the final paleo RelaƟve Sea-level (pRSL) for El Trò ridge is 3.6 ± 0.2 m (E - RWL; 3.75 - 0.15) above 480 

the  present  sea-level  uncorrected  for  GIA  (Table  2;  Fig.  8B).  Given that most  of  the  algal  ridges 481 

show evident erosive surfaces at their tops, the calculated elevaƟons seem to represent only the 482 

minimum relaƟve sea-level elevaƟon reached by the MIS 5e highstand in NW Sardinia. The results 483 

from all sites  give a minimum pRSL of 2.9 ± 0.2 m, a maximum of 3.6 ± 0.2 m and an mean value of 484 

3.3 ± 0.6 m asl uncorrected for GIA (Fig. 8B; Table 2). The obtained mean pRSL results from the 485 

algal  ridges  around  Alghero  and  Bosa  is  in  agreement  with  the  GIA-uncorrected  pRSL  values  of 486 

Majorcan (2.15 ± 0.75 m asl) and Sardinian coastal cave speleothems (4.3 ± 0.5 m asl; Tuccimei et 487 

al., 2012; Polyak et al., 2018) (Fig. 8B). 488 

 489 

5.2 Algal ridge evoluƟon and influencing factors 490 

L.  byssoides  bioconstrucƟons  are  concreƟons  housing  a  high  algal  and  invertebrate  biodiversity 491 

that  are  considered  a  target  for  conservaƟon  efforts  (Pezzolesi  et  al.,  2017).  This  species  were 492 

used, since the study of Pérès and Picard (1964), to define and map the infraliƩoral zone around 493 

the MediƩeranean coasts and more recently to evaluate the rate of Holocene sea-level rise (e.g., 494 

Ballesteros et al. 2007; Faivre et al., 2013, 2019; Blanfuné et al., 2016). By contrast, few aƩempts 495 

have  been  made  to  determine  the  processes  responsible  for  this  algal  ridge  formaƟon  and 496 

evoluƟon, or to determine whether different factors such as coastal lithology, sea-level 497 

fluctuaƟons, coastal seƫng, and wave energy can acƟvate and influence the algal ridge formaƟon 498 

and  its  disƟnct  adapƟve  forms.  The  last  interglacial  was  an  interval  with  warmer  climate  (or  as 499 
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warm) than today, with a low global ice volume, and high sea-level (about 5 m above the present 500 

sea-level)  (Kukla  et  al.,  2002).  Today,  in  NW  Sardinia,  L.  byssoides  occurs  only  in  very  sheltered 501 

areas  aƩached  to  the  interƟdal  zone  of  steep  cliffs  where  it  forms  tabular  bench-like  features 502 

(troƩoirs) (Cossu et al., 1998; De Luca et al., 2018). Along the studied sites, instead, a great variety 503 

of  different  relic  algal  bindstone  forms  are  idenƟfied  in  life  posiƟon,  showing  features  ranging 504 

from  incipient rim to mature algal ridge (Figs.  9,  10).  This implies that  the  varieƟes of scenarios 505 

where L. byssoides developed along the NW coasts of Sardinia during MIS 5e are no longer exist 506 

due,  possibly  in  part,  to  the  warmer  condiƟons  occurred  during  the  last  interglacial.  This  yields 507 

valuable informaƟon regarding the possible morphologically adapƟve development of these forms 508 

related to the shore hydrodynamic seƫng and bedrock lithology. 509 

Similar to coral reefs, the algal ridge “keep up” is mainly influenced by sea-level stability or gradual 510 

(very  slowly)  sea-level  rise,  whereas  wave  stress,  sediment  supply  and  bedrock  lithology  may 511 

cause  the  evoluƟon  of  different  adapƟve  forms  (Fig.  9).  However,  under  ideal  stable  sea-level 512 

condiƟons all these forms tend to converge and assume the same mature tabular aspect 513 

(Chemello, 2009).  514 

If  we  consider  a  protected  embayment  such  as  Punta  Padre  Bello  (Fig.  9A)  the  relaƟonships 515 

between hydrodynamic (wave stress), coastal seƫng and algal ridge maturity indicate it formed 516 

on  the  more  sheltered  flank  of  the  bay  directly  aƩached  to  volcanic  bedrock.  In  this  case,  the 517 

northwestern  headland  almost  completely  reflects  and  diffracts  the  strongest  NW  waves  and 518 

permits  formaƟon  of  a  sheltered  area  of  calm  water  and  low  sediment  supply  (low  energy 519 

zone=LE, Fig. 9A). In such quiet environments, coralline algae can encrust and grow undisturbed 520 

even  directly  aƩached  to  the  bedrock,  and  will  tend  to  converge  and  assume  a  mature  tabular 521 

bench-like aspect. By contrast, in the high-energy sector (HE of Fig. 9A), which directly faces storm 522 

waves,  large  wave  cut  plaƞorms  (15  m  wide)  formed  and  the  “keep  up”  of  algal  ridges  was 523 
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completely  inhibited.  In  such  high-energy  condiƟons,  however,  L.  byssoides  may  benefit  from 524 

blocks fallen from the retreaƟng coast and forming boulder beaches at the base of cliff (Fig. 11A, 525 

step  1).  These  boulders  cause  wave-sheltered  interƟdal  shady  rocky  environments  where  the 526 

wave stress is miƟgated and incipient algal rims may find protected environments to develop as 527 

well. This scenario occurs at BuranƟno (Fig. 9B) and S’Abba Drucche (Fig. 9C) bays. Here, coralline 528 

algae encrusts the boulders at the Ɵdal level and form rims around them (Fig. 10A, B). The later 529 

evoluƟon of the rim towards a mature ridge is instead controlled by the sea-level posiƟon. Under 530 

slowly  rising  of  the  sea-level,  algal  rims  grow  on  isolated  blocks  more  verƟcally  than  laterally, 531 

following sea-level rise (Fig. 11A, step 2). When sea-level approaches a sƟll-stand, coralline algae 532 

grows  more  laterally  then  verƟcally,  forming  mounds  (Figs.  10C,  11A,  step  2).  During  prolonged 533 

periods  of  sea-level  stability,  mounds  may  merge  to  form  a  unique  tabular  ridge  (reef  like 534 

structure) losing their original mound appearance (Fig. 11A, step 3 - mature algal ridge). 535 

A  third  possible  scenario  is  a  wave-dominated  high-energy  environment  where  the  wave  cut 536 

plaƞorm is carved into a soŌ easily erodible substrate, with no boulders dispersed on the shore 537 

plaƞorm. This  scenario  is  likely  represented  at  Porto  Alabe  (Fig.  9D).  The  coastal  seƫng  here  is 538 

mostly characterized by a steep cliff and a large high Ɵde/wave cut plaƞorm  formed in the soŌ, 539 

erodible,  poorly consolidated sandy substrate. The  characterisƟcs of the  bedrock and the  highly 540 

erosive regime should prevent the formaƟon of incipient encrusƟng algae forms, which would be 541 

easily eroded during major storms. However, even in this case coralline algae take advantage of 542 

the erosive potholes that may be carved on top of plaƞorm surface when clasts are carried on to it 543 

during major storms (Figs. 10D-F, 11B, step 1). Potholes act as traps for water and loose sediments 544 

during  high  Ɵdes  or  moderate  storms.  Coralline  algae  and  other  species  take  advantage  of  this 545 

sheltered  humid  microenvironment  to  survive,  in  parƟcular  during  low  Ɵde  (Fig.  10D,  E).  When 546 

sea-level  rises,  the  plaƞorm  surface  is  flooded  and  submerged  and  coralline  algae  may  form 547 
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incipient rims that primary fill and later spread out from the potholes forming an atoll-like feature 548 

(Figs. 10 F-H, 11B, step 2). When sea-level approaches its maximum and a sƟll-stand occurs, the 549 

plaƞorm is completely submerged and algal rims could grow in thickness becoming thick enough 550 

to resist to the wave energy (Fig. 11B, step 3). During a long period of stability, isolated rims may 551 

merge to form a "reef-like" ridge that later might grow in thickness (Figs. 9D, 10I, 11 – mature algal 552 

ridge).  During  major  energeƟc  storms,  part  of  the  incipient  algal  crusts  may  be  pulled  out  and 553 

accumulated as “rhodolithic-like” features on the shore together with clasƟc sediments (Fig. 10G). 554 

This extreme scenario is well represented at El Trò bay (Fig. 9E). The bay, as it is now, was narrow, 555 

elongated seaward toward SE, and protected from the NW coming storms by relaƟvely low relief 556 

cliffs. However, it directly faced storms from the SW. The parƟcular funnel shape of the bay acts as 557 

a trap for sediments, which accumulated on the shore forming a large high-energy mixed sand and 558 

gravel  pocket  beach.  Incipient  algal  ridges  begin  to  develop  on  the  biggest  clasts  in  the  bay. 559 

However,  during  occasional  SW  major  storms,  the  bay  was  highly  stressed  by the  wave  energy. 560 

During  these  strong  events,  incipient  algal  ridges  were  reworked,  crushed  and  completely  or 561 

parƟally destroyed. The derived clasts entered into the sediment budget available to nourish the 562 

beach. This may explain why in this area the algal ridges never reached a mature aspect and show 563 

the most gravelly character among all the areas examined (Figs. 3, 10E). 564 

In  sum,  apart  from  sea-level  posiƟon  and  stability,  the  combinaƟon  of  different  factors  such  as 565 

waves stress (shore hydrodynamics), costal  seƫng and lithology  may lead  to  the  formaƟon and 566 

evoluƟon of algal ridges from incipient to mature forms. 567 

 568 

 569 

6. Conclusions 570 

The  study  of  MIS  5e  relict  Lithophyllum  byssoides  ridges  on  Sardinia  have  allowed  tesƟng  the 571 
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capability  of  both  quartz  OSL  and  K-feldspar  pIRIR290  luminescence  methods  in  daƟng  interƟdal 572 

algal  bioconstrucƟons.  A  potenƟal  problem  in  daƟng  relict  marine  deposits,  such  as  the  algal 573 

bioconstrucƟons, is to  establish the completeness of reseƫng of luminescence signal prior 574 

deposiƟon.  Samples  suffering  from  signal  parƟal  bleaching  may  significantly  overesƟmate  the 575 

"true" burial age. Thus, it is mandatory to invesƟgate whether samples were completely bleached 576 

prior deposiƟon or not. We have explained and discussed in detail this point in the supplementary 577 

material.  Conclusions  are  that  luminescence  daƟng  on  Sardinian  relict  Lithophyllum  byssoides 578 

ridges and surrounding coastal sedimentary units shows that many of quartz OSL derived ages are 579 

likely unreliable, due to the weak signals or to quartz OSL signals in saturaƟon. Nonetheless, the 580 

feldspar  pIRIR290  ages  appear  reliable  and  allowed  development  of  a  robust  age  dataset for  the 581 

algal ridges and constrain their development within MIS5e (mean age 126 ka). 582 

Lithophyllum byssoides algal ridge in NW Sardinia developed during the sea-level rise phases and 583 

successive  sƟll-stands  (early  regressive  phase)  that  occurred  during  MIS  5e;  that  is,  during  the 584 

warmest phase of the last interglacial. This algal ridge developed in the shallow subƟdal/interƟdal 585 

zone  and  thus  can  be  considered  as  an  indicator  of  sea-level  and  a  potenƟal  useful  tool  to 586 

calculate  the  palaeo  shoreline  elevaƟon.  In  parƟcular,  the  studied  ridges  in  Sardinia  clearly 587 

indicate that the mean posiƟon of pRSL uncorrected for GIA during MIS 5e was about 3.3 ± 0.6 m 588 

above  present,  in  line  with  other  regional  esƟmates.  It  is  worthy  to  note  that,  although  the 589 

Lithophyllum  byssoides  algal  ridge  could  potenƟally  represents  a  very  precise  paleo  sea  level 590 

marker at cm scale, at the moment, with luminescence daƟng it is only possible to define if the 591 

studied  ridge  developed  during  the  enƟre  MIS5e  or  not.  It  is, therefore,  impossible  to  precisely 592 

date  at  millennium  scale  when  the  sea  level  was  at  its  maximum  (or  minimum)  during  the  last 593 

interglacial.  594 

The study has underlined that L. byssoides can develop directly on any kind of rocky substrate and 595 



 

26 

eventually  form  a  narrow  troƩoir  in  very  protected  areas.  In  high  energy  environments,  the 596 

presence or absence of a basal boulder pavements above the shore plaƞorm are criƟcal elements 597 

in  controlling  algal  ridge  development.  Boulders  may  provide  a  wave-sheltered  interƟdal  rocky 598 

environment  where  the  wave  stress  is  miƟgated  and  incipient  algal  rims  may  find  protected 599 

environments to develop. In this case, algal incipient growth forms developed as isolated mounds 600 

over  the  boulders  and  eventually  merged,  creaƟng  a  tabular  and  conƟnuous  reef-like  ridge.  On 601 

easy  erodible  bedrock  with  no  boulder  pavements,  the  incipient  L.  byssoides  algal  crusts  may 602 

benefit from the presence of potholes and develop isolated rims, eventually merging together to 603 

build up a tabular, laterally conƟnuous and mature reef-like ridge. 604 

 605 
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Table 1. EsƟmated equivalent dose (De) values and luminescence ages both for quartz (OSL) and K-1042 

feldspar  samples  (pIRIR290).  The  samples  are  arranged  in  the  table  based  on  the  geographic 1043 

posiƟon of the studied sites, so the first entry at the top represents the northernmost study area. 1044 

De  values  are  calculated  using  the  weighted  mean  (DeW)  of  reliable  aliquots  (n)R of  the  total  of 1045 

analysed  (n)T,  which overcome  the applied  recycling  raƟo rejecƟon  criteria  and  2xDo  < De 1046 

criterion; (SAT) percentage of signal saturaƟon (De/2D 0). (OD) overdispersion and (Skw) skewness 1047 

values of De distribuƟon. (Rd) esƟmated residual dose for piRIR 290. * = ages from Pascucci et al. 1048 

(2014). De values were calculated using the weighted mean. 1049 

 1050 

Table 2. Palaeo relaƟve sea-level elevaƟons uncorrected for GIA of the studied algal ridges. 1051 

Reported field elevaƟon corresponds to the highest elevaƟon measured using a DGPS in the field; 1052 

Index range is the difference between Highest Astronomical Tide  and Mean Sea-level based on 1053 

Vacchi et al. (2016) and pRSLis calculated following the equaƟons of Rovere et al. (2015). 1054 

 1055 

 1056 

Figure capƟons 1057 

Fig. 1. (A) LocaƟon of Sardinia in the central western Mediterranean area. LPB = Liguro-Provençal 1058 

basin. (B) Sardinia Island and locaƟon of the main ciƟes. (C) Simplified geological map of North 1059 

Sardinia (aŌer Carmignani et al., 2016). The two main areas studied along the northwest coast of 1060 

the island (Alghero and Bosa) and locaƟon of sub-areas studied. ET = EL  Trò bay, PPB = Punta 1061 

Padre Bellu cove, BUR = BuranƟno bay, SD for S'Abba Drucche bay and PA for Porto Alabe cove 1062 

and posiƟon of the Cape (Cp) Caccia site described in Tuccimei et al. (2008).  1063 

 1064 
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Fig. 2. Morphological features of the studied areas. (A) El Trò bay bay, (B) Punta Padre Bellu cove, 1065 

(C) BuranƟno bay, (D) S’Abba Drucche bay, and  (E) Porto Alabe coast. Stars indicate the locaƟon of 1066 

studied secƟons; geomorphologic details of the five areas are described in the text. Satellite 1067 

images are form Google Earth, year 2017. 1068 

 1069 

Fig. 3. (A) Satellite view of El Trò bay (ET) and locaƟon of straƟgraphic logs (L1-L5). Legend 1070 

describes the main sedimentary facies idenƟfied and their sedimentological interpretaƟon. Filled 1071 

black diamonds highlight luminescence ages performed by Pascucci et al. (2014) while the black 1072 

squares mark the new sampling posiƟons. All the ages are reported in ka. (B) Field view of an 1073 

incipient algal ridge (MIS 5e-U3a) developed unconformably on a gravel lag and bedrock. The 1074 

bedrock is represented by Triassic limestones. Seaward the algal ridge is covered by the gravel 1075 

deposits interpreted as berm of the (MIS5c-U3b) beach system. 1076 

 1077 

Fig. 4 (A) Satellite view and representaƟve straƟgraphic log of Pleistocene deposits cropping out at 1078 

Punta Padre Bellu cove (PPB). Legend describes the main sedimentary facies idenƟfied and their 1079 

sedimentological interpretaƟon. All luminescence ages are reported in ka. (B) Field view of the 1080 

algal ridge outcropping at PPB site and luminescence ages. 1081 

 1082 

Fig. 5. BuranƟno (BUR) and S’Abba Drucche (SD) bays. Legend describes the main sedimentary 1083 

facies idenƟfied and their sedimentological interpretaƟon. Filled black diamonds highlight 1084 

luminescence ages performed by Pascucci et al. (2014) whereas the black squares mark the new 1085 

luminescence samples. All luminescence ages are reported in ka. (A) Satellite view of BuranƟno 1086 

and locaƟon of straƟgraphic logs (L1-3) reported below; (B) Detail of the algal ridge, sample 1087 

locaƟon and luminescence (Q=OSL ad K= pIRIR290) ages. ( ) Satellite view of S’Abba Drucche cove 1088 
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and locaƟon of straƟgraphic logs (L1-4) reported below. (D) Detail of the algal ridge, sample 1089 

locaƟon and luminescence (Q=OSL and K= pIRIR290) ages. 1090 

 1091 

Fig. 6. (A) Porto Alabe coastal seƫng, posiƟon of the logs measured and straƟgraphic sketches of 1092 

the Pleistocene succession for both areas. Legend describes the main facies idenƟfied and their 1093 

sedimentological interpretaƟon. Full black squares mark the sampling posiƟons, labels and 1094 

esƟmated luminescence ages. All ages are reported in ka. (B) Detail of the algal-rim atoll-like 1095 

feature encrusƟng the basal gravel lag, of the basal dunes (U2), and of the beach backshore 1096 

coarse-grained sandstone (U3a).  (C) Sea view of the Pleistocene succession cropping out at Porto 1097 

Alabe. From the boƩom of the sequence the basal dunes system of MIS 6 (U2) and the marine 1098 

succession form a gravel/sandy beach grading to a well-developed algal ridge (U3a), 1099 

unconformably capped by the dune system succession related to MIS 5c (U3b). 1100 

 1101 

Fig. 7. (A) General sedimentary characterisƟcs of the coralline algal framework in the field and in 1102 

thin secƟon: massive conglomerate made of coarse sand, well rounded pebbles, fragmented 1103 

marine shells and algal encrusƟng layers forming carbonate clouds. (B) Detail of the well-1104 

developed leafy laminar growth form direcƟon of the crustose red algal rocky builder Lithophyllum 1105 

byssoides. (C) Community of barnacle spp. in life posiƟon parƟally filled by a secondary coarse 1106 

sand and encrusted by patches of red algae. (D) Field detail of an encrusƟng colony of serpulides 1107 

spp. (E) Thin secƟon detail of the internal lumpy structures of algal encrusƟng thallus. Thallus of 1108 

Lithophyllum byssoides (star marks) forms a cloud of carbonate material that surrounds and traps 1109 

coarse-sand and marine bioclast components (hash mark). (F, G) Detail of Lithophyllum byssoides 1110 

thallus and reproducƟve organ sporangial conceptacles (black arrows) and isolated conceptacle. 1111 
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Noteworthy is the sharp sinuous contact between the algae thallus and the lumpy siliciclasƟc 1112 

component rich in well-rounded heavy minerals. 1113 

 1114 

Fig. 8. RelaƟve sea-level elevaƟons and luminescence ages of the studied Lithophyllum byssoides 1115 

algal ridges. (A) Derived pIRIRSL Lithophyllum byssoides ages with 2Ϭ error, ploƩed on the sea-1116 

level curve by Waelbroeck et al. (2002). (B) The new derived pRSL markers (white dots) from the 1117 

studied area ploƩed on the GIA corrected sea-level curve by Ployak et al. (2018) and compared 1118 

with the spelothems of NW Sardinia (Neptum Cave, Tuccimei et al., 2012 – white rectangle) and 1119 

Maiorca (Polyak et al., 2018 – white triangle). Black dot is relaƟve to the average age (error 5-10%) 1120 

and elevaƟon of the studied samples (see Table 2 for addiƟonal details). 1121 

 1122 

Fig. 9. Influence of coastal seƫng and hydrodynamics on the evoluƟon of the mature algal ridge. 1123 

Downward are the different coastal seƫngs studied in this work and related different 1124 

characterisƟcs of the algal ridge for each seƫng. (A) Punta Padre Bellu cove=PPB; (B) BuranƟno 1125 

bay=BUR, ( ) S’Abba Drucche bay=SD, (D) Porto Alabe cove=PA, (E) El Trò bay=ET. Details are in 1126 

chapter4.1. 1127 

 1128 

Fig. 10. Detail of different algal ridge growth forms. (A) Incipient Lithophyllum algal ridge 1129 

encrusƟng a boulder resƟng on a wave cut plaƞorm carved into sandstone (BuranƟno coves). (B) 1130 

Incipient algal ridge formed on fallen boulders resƟng on the shore plaƞorm (Punta Padre Bellu 1131 

cove). Hammer 40 cm long is used for scale. (C) Incipient algal mound forms developed on the 1132 

sheltered part of two very close fallen boulders. Noteworthy is the incipient connecƟon between 1133 

the two mounds (S’Abba Drucche bay). (D) Currently forming pothole parƟally filled by siliciclasƟc 1134 

material. Calcareous algae form rim on the edge of the hole (Porto Alabe). (E) Fossil pothole filled 1135 
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by cemented pebbly conglomerate (Porto Alabe). (F) Wide relict pothole with thick pebbly 1136 

conglomerates filling up the centre and incipient algal rim encrusƟng the edge of the hole (Porto 1137 

Alabe). ( ) Detail of “rhodolite layer” at the base of algal ridge.  n the inset square, detail of 1138 

rhodolites between two sandy layers (Porto Alabe) is expanded. (H) Detail of two well-developed 1139 

micro algal atoll-like features parƟally merged (Porto Alabe). (I) Well developed Lithophyllum ridge 1140 

directly developed on the sandy beachface deposits (Porto Alabe). 1141 

 1142 

Fig. 11. Stages of algal ridge development under a slowly rising and stable sea-level. 1143 

(A) Algal ridge development along a rocky coast dominated by blocks fallen from retreaƟng cliff 1144 

and forming a boulder beach at the base of a cliff; step 1 - coralline algae encrust the boulders at 1145 

the  Ɵdal  level  and  form  rims  around  them;  step  2  -  intermediate  growth  forms  (mound-like) 1146 

develop during slowly increasing rates of  sea-level; step 3 - mature algal ridge characterizes the 1147 

period of sea-level stability mainly coincident with the maximum level. (B) EvoluƟon of algal ridge 1148 

along  a  coast  characterized  by  easy  erodible  substrate  (sandstone)  where  potholes  may  form 1149 

(Porto Alabe site for example); step 1 - erosive structures (potholes) dominate the surface of the 1150 

wave-cut plaƞorm; step 2 - during increasing sea-level these structures are colonized by incipient 1151 

forms of algal ridge; step 3 - during stable sea-level isolated algal ridges are able to spread out and 1152 

(mature) cover the enƟre surface. 1153 



Highlights 

 

 Sedimentary  characterisƟcs  of  the  relict  Lithophyllum  byssoides  build-ups  cropping  out  along  the 

Sardinian NW coast 

 Use of Lithophyllum byssoides build-ups as past sea-level indicators. 

 DaƟng  of  the  relict  Lithophyllum  byssoides  ridge  using  luminescence  (both  quartz  OSL  and  K-

feldspar pIRIR290).  

 Fossil Lithophyllum byssoides ridges can be used as straƟgraphic and chronologic indicators of late 

Pleistocene sea level. 
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   Quartz OSL 

Area Sample Facies 
SAT 
(%) 

(n)T (n)R 
OD 
(%) 

Skw 
DeW 

(Gy) 
Dr 

(Gy/ka) 
SAT 
(%) 

(n)T

Alghero CV4 Backshore 37 24 20 31 -0.75 51 ± 3 0.68± 0.04 34 23 
Alghero CV2 Algal Ridge 44 34 33 29 1.87 56 ± 4 0.46± 0.04 17 26 
Alghero PPB3 Backshore 57 26 15 44 0.04 69 ± 6 0.59± 0.04 29 24 
Alghero PPB1 Algal Ridge 62 40 35 30 -0.25 86 ± 4 0.42± 0.04 36 23 
Alghero BUR Algal Ridge 47 106 85 51 -0.28 76± 4 0.54± 0.04 38 48 
Alghero Bur* Algal Ridge - - - - - 95 ± 5 0.80± 0.04 - - 

Bosa SD2* Beachface sat         
Bosa SD2 Beachface 52 36 23 42 -0.63 104 ± 7 1.12± 0.05 45 35 
Bosa SD1* Algal ridge sat     - -   
Bosa PA5 Dunes (Top) 64 35 25 38 -0.52 149± 8 2.02 ± 0.07 27 22 
Bosa PA4 Backshore 85 30 12 17 0.2 145 ± 9 1.86 ± 0.07 45 19 
Bosa PA3 Algal Ridge 30 43 13 36 -0.22 59 ± 4 1.19 ± 0.05 27 34 
Bosa PA2 Beachface sat 18 12 17 0.01 218 ± 14 1.60± 0.06 37 30 
Bosa PA1 Dunes (Base) 74 30 18 17 0.12 152 ± 8 1.46 ± 0.05 30 35 
 

Table
Click here to download Table: Table_1_07-11-19_Rev1.docx



 

Site Facies Age (ka) MIS Field ElevaƟon (m) Index Range (m) Paleo Rela
El Trò Algal Ridge 127 ± 14 MIS 5e 3.5 ± 0.1 0.3 

Punta Padre Bellu Algal Ridge 135 ± 8 MIS 5e 3.3 ± 0.1 0.3 
BuranƟnu Algal Ridge 119 ± 6 MIS 5e 3.5 ± 0.1 0.3 

Sabba Drucche Algal Ridge 125 ± 8 MIS 5e 3.0 ±0.1 0.3 
Porto Alabe Algal Ridge 134 ± 13 MIS 5e 3.3 ± 0.1 0.3 

 

Table
Click here to download Table: Table_2_07-11-19_Rev1.docx
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