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This pa per anal y ses Ho lo cene beachrocks from the Ara bian Gulf and the Gulf of Aqaba to ex plain the mech a nisms that in flu -
ence the ce men ta tion pro cess in these ar eas. Ho lo cene beachrocks in the Gulf of Aqaba are com posed of pre dom i nantly
terrigenous ma te rial de rived from ero sion of ad ja cent up lifted Pre cam brian base ment, while the beachrocks in the Ara bian
Gulf are com posed mainly of ma rine bioclasts and wind-blown siliciclastic sands. The ce ments of beachrocks in both ar eas
show three tex tural va ri et ies: (1) isopachous phreatic acicular ar agon ite; (2) a micritic en ve lope of high-Mg cal cite (HMC); (3) 
meniscus and grav i ta tional vadose HMC. Ra dio car bon dat ing of beachrock sam ples from the Ara bian Gulf yielded ages from 
ca. 2300 to 660 yr cal BP whereas sam ples from the Gulf of Aqaba range in age be tween 5500 and 2800 yr cal BP. Ox y gen
iso tope val ues range from 2.6 to 4.4‰ re spec tively for the Ara bian Gulf whereas the Gulf of Aqaba val ues range from 1.2 to
1.5‰. Car bon iso tope val ues range from 3.2 to 5.9‰ for the Ara bian Gulf whereas those from the Gulf of Aqaba range from
3.8 to 4.6‰. The val ues of d18OVPDB and d13CVPDB in the beachrocks of both ar eas sug gest a ma rine or i gin. The beachrocks of
the Ara bian Gulf were pre cip i tated un der high evap o ra tion con di tions, while beachrocks from the Gulf of Aqaba were pre cip i -
tated in nor mal shal low-ma rine con di tions. The min er al ogy and tex tural hab its sug gest that ce men ta tion of these beachrocks 
started within the shal low-ma rine phreatic zone.
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INTRODUCTION

Beaches fringe about 40% of the world’s coast lines, and
gen er ally con sist of un con sol i dated de pos its of car bon ate sand
and gravel (Bird, 2011). Pre cip i ta tion of car bon ates in the fluc -
tu at ing wa ter ta ble zone within a beach, re lated to the tides, can
ce ment beach sands into hard lay ers known as beachrocks
(Bird, 2011); this com monly oc curs within the intertidal zone
(Bricker, 1971). Dis so lu tion and pre cip i ta tion of high-Mg cal cite
(HMC) and ar agon ite are the dom i nant pro cesses in the
intertidal zone, fol lowed by mi nor for ma tion of do lo mite and
low-Mg cal cite (LMC). Car bon ate min er als are pre cip i tated
from ground wa ter in the zone be tween high and low tide level,
and also may be aided by the ac tiv ity of mi cro or gan isms, such
as bac te ria, that in habit the beach close to the wa ter ta ble and
may in crease the pH of the pore wa ters and thus fa cil i tate car -
bon ate pre cip i ta tion (Bird, 2011). Beachrocks, in many in -
stances, ex pe ri ence rapid ce men ta tion pro cesses (Holail and
Rashed, 1992; Kneale and Viles, 2000). For ma tion of

beachrocks is also as sisted by high evap o ra tion, which causes
up ward move ment of wa ter and dis solved car bon ate min er als
in the beach sand (Stoddart and Cann,1965). A range of dif fer -
ent gen eral ex pla na tions have been sug gested to ex plain the
ini ti a tion of beachrock; this list is prob a bly still not com plete, be -
cause the pro cesses and ma te ri als, par tic u larly the ce men ta -
tion pro cesses, vary from area to area de pend ing on the type of
beach sand and hy dro log i cal con di tions (Kneale and Viles,
2000). Sev eral mech a nisms have been pro posed to ex plain the 
ce men ta tion of beachrocks (Scholten, 1972), in clud ing: (1) pre -
cip i ta tion of CaCO3 from heavily charged ground wa ter at the
wa ter ta ble level (Rus sell, 1962; Rus sell and McIntire, 1965);
(2) mix ing of ma rine and me te oric wa ter vs. PCO2 de gas sing in
the intertidal zone (Hanor, 1978); (3) pre cip i ta tion as so ci ated
with the evap o ra tion of sea wa ter (Stoddart and Cann, 1965;
Milliman, 1974); (4) pre cip i ta tion in the ma rine-fresh wa ter mix -
ing zone (Schmalz, 1971; Moore,1973).

Gen er ally the ce ments of beachrocks are mainly com posed
of HMC or ar agon ite, which are known to form in a ma rine en vi -
ron ment. The pre cip i ta tion of these ma rine ce ments has been
at trib uted to evap o ra tion of sea wa ter which in creases the sat u -
ra tion of CaCO3 and en hances ce men ta tion in the intertidal
zone (Stoddart and Cann, 1965; Longman, 1980). Ad di tion ally,
LMC and do lo mite ce ment may oc cur in land ward set tings of
beachrock de pos its as a prod uct of pCO2-de gas sing or lake
pro cesses (Hanor, 1978). De spite the dif fer ent ce men ta tion
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pro cesses and prod ucts, there is one com mon im por tant fac tor
in beachrock for ma tion; ce men ta tion com monly oc curs within
the intertidal zone (Bricker, 1971; Spurgeon et al., 2003).
Beachrocks have been ex ten sively stud ied in many re gions in
the world, such as on the coast of the Red Sea (e.g., Holail and
Rashed, 1992; Ghandour et al., 2014), the Black Sea (Erginal
et al., 2012, 2013), Florida (e.g., Spurgeon et al., 2003), the
Med i ter ra nean (e.g., Alexandersson, 1972; El-Sayed, 1988),
Cen tral Amer ica and the Ca rib bean (e.g., Beier, 1985), In dia
(Kumar et al., 2000, 2012), the Ara bian Gulf (e.g.,Tay lor and
Illing, 1971), Ha waii (Meyers, 1987), Aus tra lia (e.g., Chivas et
al., 1986) and Scot land (e.g., Kneale and Viles, 2000).
Beachrocks, a com mon fea ture of the east ern and north west -
ern coast lines of Saudi Ara bia, have been sub ject of a large
num ber of mod ern coastal stud ies be cause of their func tion in
the in ter pre ta tion of coastal dy nam ics (Chaves and Sial, 1998)
and their im por tance as an in di ca tor of past sea level
(Spurgeon et al., 2003). So far, just a few stud ies have been
per formed in this study area. There fore, this study com pares
ce men ta tion hab its and en vi ron ments be tween Ho lo cene
beachrocks of the Ara bian Gulf and the Gulf of Aqaba. Car bon
and ox y gen iso to pic anal y sis are the pri mary tools used in this
study to char ac ter ize the pore flu ids from which the ce ments
pre cip i tated. Com bi na tions of pow der X-ray dif frac tion (XRD)
and petrographic anal y ses also added the data and re vealed
the min er al og i cal com po si tion and the tex ture of the ce ments.

SAMPLING AND METHODS

The beachrocks of both the Gulf of Aqaba and the Ara bian
Gulf oc cur as lin ear de pos its, patchy in their out crop with pla -
nar-bed ded lay ers that dip gently (<10°) to wards the sea. For
this study, a to tal of nine Ho lo cene beachrocks were sam pled
along the Ara bian Gulf and the Gulf of Aqaba from the ex posed
part of the suc ces sion (Fig. 1) rep re sent ing the main char ac ter -
is tics of each gulf and of well-pre served ma te rial within the
beachrocks (Fig. 2). Thin sec tions were stud ied us ing con ven -
tional petrographic tech niques. Ce ment mor phol ogy and its
com po si tion were ana lysed us ing a scan ning elec tron mi cro -
scope (SEM) equipped with an en ergy dispersive X-ray spec -
tros copy (EDS) and a back scat tered elec tron de tec tor (BSE).
Modal anal y ses of the con stit u ents of the sam ples were ex am -
ined by count ing 300 points in each thin sec tion. Ca, Mg and Fe
con tents in the car bon ate ce ments were de ter mined by elec tron 
probe mi cro-anal y sis (EPMA). Pow der XRD anal y ses were per -
formed on eight sam ples for semi-quan ti ta tive es ti ma tion of the
rel a tive abun dances of var i ous car bon ate min er als. Sta ble ox y -
gen and car bon iso tope anal y ses were per formed on nine
whole-rock sam ples. Ra dio car bon dat ing anal y ses were de ter -
mined for four whole-rock sam ples, two each from the Ara bian
Gulf and the Gulf of Aqaba. Sta ble iso tope anal y sis was car ried
out at Leeds Uni ver sity, UK.
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Fig. 1. Map of Ara bian plate show ing the study lo ca tions



RESULTS

DETRITAL COMPONENTS AND POROSITY

Four sam ples col lected from the Gulf of Aqaba are made up 
mainly of mod er ately to poorly sorted coarse-grained
terrigenous frag ments (Ta ble 1), such as quartz, feld spar,
some plutonic (vol ca nic and ig ne ous) and meta mor phic rock
frag ments,and small amounts of bioclasts (Fig. 3A, B). Five
sam ples of the Ara bian Gulf beachrocks are com posed mainly
of skel e tal and non-skel e tal grains re worked from the ad ja cent
car bon ate plat forms by wave, storm or tidal pro cesses. The
grains con sist pre dom i nantly of skel e tal par ti cles and
intraclasts (Ta ble 1), and also a small amount of rounded quartz 
that prob a bly de rived from wind-blown sand. Skel e tal par ti cles
are pre dom i nantly frag ments of bi valves, ben thic foraminifers,
green al gae and gas tro pods. Most of the skel e tal grains are dis -
solved and the in ter nal struc ture is not shown due to cal cite ce -
ment in fill ing cav i ties and the micritisation of the skel e ton by
bor ing al gae. Micritisation of bioclasts (gas tro pods and
foraminifers) is ex ten sive at grain bound aries; micritic en ve -
lopes may be de vel oped lo cally within me nis cus fab rics.
Beachrocks from both ar eas gen er ally have sim i lar min er al og i -
cal com po si tions to the as so ci ated loose beach sed i ments.

Thin sec tions showed inter- and intra-gran u lar pores as a
ma jor, and vug gy pores as a mi nor po ros ity types. Po ros ity is
larger in beachrocks of the Ara bian Gulf than in the Gulf of

Aqaba. The pres ence of intragranular pores are mainly due to
the dis so lu tion of bioclastic in ter nal struc ture, with some from
par tial dis so lu tion of non-skel e tal grains. In the Ara bian Gulf,
the frame work grains are dom i nated by point and elon gate con -
tacts with good interconnectivity be tween pri mary and sec ond -
ary pores. The inter- and intra-gran u lar pores of the Gulf of
Aqaba beachrocks are ex ten sively lined by ra dial acicular ar -
agon ite that forms isopachous rim ce ments and cre ates bar ri -
ers be tween grains that lead to oc cluded pore throats.

CEMENTATION TYPES

Beachrocks from both gulfs are mainly ce mented by micritic 
en ve lopes and isopachous acicular ar agon ite ce ments. Lo cally, 
me nis cus and grav i ta tional HMC ce ments also oc cur in
interparticle pores and around sand grains (Ta ble 1). Micritic
en ve lopes, which are com monly brown in col our, are de fined in
this study as cryptocrystalline car bon ate ce ments (crys tal size
<5 µm) that cover grains. The micritic ce ment is mainly com -
posed of HMC (11–14.5 mol% MgCO3). These en ve lopes are
pre dom i nantly cov ered by acicular ar agon ite ce ments. All of the 
allochem ma te ri als show well-de vel oped micritic en ve lopes,
which are largely non-lu mi nes cent. Micritic HMC ce ment in the
Gulf of Aqaba beachrocks oc curs as en ve lopes around the
terrigenous grains and car bon ate bioclasts. Micritic en ve lopes
and pore-fill ing cal cite ce ment are non-lu mi nes cent. Many
interparticle pores are filled with lime mud ma trix. In a few sam -
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Fig. 2. Ex am ples of beachrock ex po sures in the Ara bian Gulf

A – the beachrock strata dip to wards the sea (10°); B – patchy beachrocks dis tri bu tion in more seawards; C – ex posed beachrocks 
ex tend more than 12 metres per pen dic u lar to the shore line; D – al gal mat oc cur rence on top of beachrocks in both gulfs



ples, there are non-skel e tal grains in clud ing peloids and
oncoids as well as some grains that are coated by red al gae
and densely ce mented with micritic HMC. Acicular ar agon ite
(Fig. 3A–C), which is the most com mon ce ment in the
beachrocks stud ied, forms isopachous rims ex hib it ing pointed
ter mi na tions ar ranged per pen dic u lar to grain sur faces. In the
Ara bian Gulf beachrocks, the acicular ar agon ite ce ment lines
the in ter nal cham ber and ex ter nal parts of gas tro pods, but
foraminifer shells are only coated ex ter nally (Fig. 3G). The
acicular crys tals are gen er ally <5 µm in length and bladed/fi -
brous in shape. The acicular ar agon ite crys tals, which line the
inter gra nu lar pores, have a length of <40 µm while those oc cur
in gas tro pod cham bers are gen er ally £20 µm in length.

POWDER X-RAY DIFFRACTION (XRD)

Pow der XRD stud ies were used to show the pres ence of ar -
agon ite, HMC, LMC (<4 mol% MgCO3) and mi nor do lo mite
con tent within the stud ied beachrocks sam ples (Fig. 4). Gen er -
ally, beachrocks from the Ara bian Gulf have a higher ar agon ite
con tent than those from the Gulf of Aqaba. How ever, HMC con -
tent in the Gulf of Aqaba is rel a tively higher than the Ara bian
Gulf. Also, trace amounts of iron min er als, such as sid er ite and
he ma tite and also clay min er als have been ob served in al most
all of the sam ples.

AGE AND ISOTOPIC COMPOSITION

De ter min ing the age of the stud ied beachrocks is im por tant
for ex plain ing the pres er va tion con di tions on the beach at the
time of beachrock for ma tion and the palaeogeographic lo ca tion 
(Spurgeon et al., 2003). How ever, us ing whole-rock sam ples
will give only an ap prox i ma tion be cause we mea sured a mix -

ture of car bon ate par ti cles and ce ment. There fore, the data
must be in ter preted care fully.

RADIOCARBON DATING

Ra dio car bon (14C) dat ing was used on four whole-rock sam -
ples, two from the Ara bian Gulf and two from the Gulf of Aqaba.
This anal y sis was car ried out in the Scot tish Uni ver si ties En vi -
ron men tal Re search Cen tre (SUERC), Uni ver sity of Glas gow.
The beachrocks from the Ara bian Gulf yielded ages of 2300
and 660 yr cal BP, while the Gulf of Aqaba beachrock ages are
5500 and 2800 yr cal BP (Ta ble 2). 

CARBON AND OXYGEN ISOTOPES

The d18OVPDB val ues of beachrocks in the Ara bian Gulf
range from 2.6 to 4.4‰, whereas beachrocks from the Gulf of
Aqaba range from 1.2 to 1.5‰ (Ta ble 3). d13CVPDB val ues of the
Ara bian Gulf range from 3.2 to 5.9‰ and from 3.8 to 4.6‰ in the 
Gulf of Aqaba beachrocks (Ta ble 3). This pa per gives d18OSMOW

val ues in both ar eas, where in both the Ara bian Gulf and the
Gulf of Aqaba the iso to pic value of sea wa ter is 1.7 ± 0.2‰ (Ta -
ble 3; Cooke and Rohling, 2003).

DISCUSSION

The high amounts of terrigenous frag ments, in clud ing
plutonic, meta mor phic and vol ca nic rock frag ments, in the Gulf
of Aqaba beachrocks most prob a bly were de rived from the ad -
ja cent Pre cam brian base ment which is nearby the study area
and be came a pri mary source for the beachrock com po nents
(Holail et al., 2004). Siliciclastic grain sup ply might also have re -
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Sam ple De scrip tion

AG-1
Large gas tro pod and bi valve frag ments. Com mon ben thic and ag glu ti nated foraminifers. Grains ex ten sively

micritised. Fi brous aragonitic ce ments re stricted mainly to gas tro pod cham bers. Inter- and intraparticle 
po ros ity. Lo cal me nis cus ce ment.

AG-2
Mixed car bon ate grain con tent, skletal and non-skel e tal (ooids), abun dant terrigenous grains. Grains com monly 

micritised or with micritic en ve lopes.Com mon, fine (<20 mm long), 
ra dial acicular cal cite/ar agon ite lin ing pores.

AG-4
Var ied bioclasts con tent, such as miliolids, ag glu ti nated foraminifers and non-skel e tal grains (oncoids), 

abun dant terrigenous grains. Com mon micritised grains and micrite en ve lopes. Well-de vel oped acicular pore
lin ing and in fill ing cal cite/ar agon ite, crys tals <200 mm in length. Lo cal me nis cus ce ment.

AG-5
Mainly large, thick-walled bi valve shells, hol low, with ex ten sive intragranular po ros ity. Mi nor thin shelled 

bi valves. Mi nor ben thic foraminifers and glaucony. Abun dant terrigenous grains en trapped within the bioclastic
shell. Lo cally well-de vel oped ra dial acicular pore lin ings and cal cite/ar agon ite fills, crys tals <200 mm long.

Hardground
Fine-grained sand stone. Well-de vel oped micritic grain coat ings. Lo cally with well-pre served inter gra nu lar 
po ros ity; else where, po ros ity is re duced by micritic ce ments, which are com monly over lain by later ra dial,

acicular cal cite/ar agon ite ce ments (crys tals <150 mm in length), which line, or com monly fill pores.

GA-1

Very coarse-grained, cal cite ce mented sand stone. Grains are coated with thin tan gen tial to ra dial micritic 
car bon ate coat ings – oolitic? Inter gra nu lar ar eas are near-per va sively ce mented by early ra dial acicular 

cal cite/ar agon ite, crys tals <100 mm in length. Cen ters of large pores are lo cally ce mented by more equant,
blocky car bon ate ce ment.

GA-2
Lam i nated, cal car e ous sand stone. Lime mud ma trix has “clot ted” and ir reg u larly lam i nated tex ture pos si ble

in-situ al gal struc tures? Ra dial, acicular cal cite/ar agon ite ce ment, crys tals <200 mm in length 
in coarse ar eas.

GA-3

Lithic sand stone. Abun dant re worked num mu lit ic foraminifera, al gal frag ments, micritic lime stone clasts 
and or ga nized lime stone clasts. All grains have micrite en ve lopes/coat ings. Very well-de vel oped early, ra dial,

acicular cal cite/ar agon ite ce ments, crys tals <200 mm long, com monly pore-fill ing, lo cally over lies thin
isopachous ce ment.

GA-4
Feldspathic sand stone. Oc ca sional re worked nummulites and other ben thic foraminifera.Thin, micritic grain

coat ings and inter gra nu lar lime mud ma trix. Com mon ra dial pore lin ings and in fill ing acicular cal cite/ar agon ite
ce ments, crys tals <100 mm long.

T a  b l e  1

Petrographic de scrip tion of beachrock sam ples from the Ara bian Gulf and the Gulf of Aqaba
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Fig. 3A–C – SEM mi cro graph show ing acicular ar agon ite ce ments coat ing a skel e tal grain (gas tro pod cham ber) and non-skel e tal
grain; D – micritic en ve lope coat ing the grain; E – BSEM im age show ing pore bridge ce ments by HMC and also intragranular po ros -
ity within the mol lusc cham ber; F – thin sec tion mi cro graph show ing micritic grav i ta tional ce ment in a Gulf of Aqaba beachrock; G
– thin sec tion mi cro graph show ing acicular ar agon ite ce ment in side bioclast cham ber in an Ara bian Gulf beachrock; H – thin sec -
tion mi cro graph show ing var i ous foraminifers in an Ara bian Gulf beachrock

A – acicular ar agon ite ce ment, B – bioclast), C – cal cite, F – feld spar, G – grav i ta tional micritic ce ment, In – intragranular po ros ity, Mi – micrite 
en ve lope, Qz –  quartz, Rf – rock frag ment



sulted from sea cliff ero sion and re dis tri bu tion of grains of sand
size along the beach by strong long-shore cur rents. Ma rine
skel e tal and non-skel e tal grains re worked from the ad ja cent
car bon ate plat form by wave, storm or tidal pro cesses in the Ara -
bian Gulf are also ma jor grain com po nents of the beachrocks.

Beachrock ce men ta tion pat terns. Ce men ta tion is the
most im por tant diagenetic fea ture in the stud ied beachrocks of
the Ara bian Gulf and the Gulf of Aqaba. Other diagenetic fea -
tures that in clude micritisation, me chan i cal com pac tion, grain
frac tur ing and dis so lu tion are less sig nif i cant. The beachrocks
of both gulfs have three main ce ment fab rics in clud ing a micritic
HMC en ve lope, isopachous acicular ar agon ite, and me nis cus
and grav i ta tional HMC. In spite of the vari a tions in cal cium car -
bon ate crys tal size and shape, the ce men ta tion se quences in
the beachrocks of both gulfs are al most iden ti cal. The non-de -
vel op ment of LMC as a ce ment min er al ogy sug gests that the
beachrocks were de pos ited un der fully ma rine in flu ence.

The brown micritic en ve lopes around skel e tal and non-skel -
e tal grains rep re sent early-stage of diagenesis and prob a bly the 
micritisation of cal car e ous grains was me di ated by mi cro bial ac -
tiv ity (Neumeier, 1999). The micritic en ve lope pro vided a sub -
strate for the growth of acicular ar agon ite ce ment and fa cil i tated 
nu cle ation of the ce ment mo sa ics on the grain sur face (Holail et 
al., 2004; Vieira and Ros, 2006). 
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Fig. 4. Amounts of var i ous types of ce ment in clud ing ar agon ite, HMC, LMC and do lo mite in both gulfs, seen as XRD-anal y ses

Sam ple code Lab code Ma te rial dated
14C year BP

(Mea sured age)

14C year BP
(Con ven tional age)

Cal i brated age 
year BP (2 sigma)

AG-2 SUERC-37789 bulk car bon ate 655 ± 30   960 ± 30 660–575

GA-1 SUERC-37790 bulk car bon ate 5075 ± 30 5320 ± 30 5500–5350

GA-3 SUERC-37791 bulk car bon ate 2745 ± 30 3040 ± 30 2920–2800

Hardground SUERC-37792 bulk car bon ate 2185 ± 30 2430 ± 30 2300–2150

Cal i bra tion of sam ples based on cal i bra tion da ta base in for ma tion (MARINE09 from INTCAL09; Reimer et al., 2009; Erginal et al., 2013)

T a  b l e  2

Beachrock ra dio car bon age dat ing anal y ses from both ar eas us ing bulk car bon

Beach rock of 
the Sam ple ID d13CVPDB

[‰]
d18OVPDB

[‰]
d18OSMOW

[‰]

Ara bian Gulf

AG-1 5.83 3.92 1.7 ± 0.2

AG-2 5.74 3.97

AG-4 5.90 4.40

AG-5 3.22 2.65

HG
(Hardground) 3.72 3.61

Gulf of Aqaba

GA-1 4.64 1.50 1.5 ± 0.2

GA-2 3.93 1.31

GA-3 3.96 1.49

GA-4 3.83 1.16

T a  b l e  3

Beachrock iso to pic and ra dio car bon age dat ing anal y sis from 
both ar eas; also, shown are sta ble ox y gen val ues of the sea -

wa ter from both gulfs (Cooke and Rohling, 2003)



Al most all the beachrocks from both gulfs are mainly com -
posed of an isopachous ra dial acicular ar agon ite ce ment that
cov ers, and thus post dates, the HMC micritic ce ment. Ce men -
ta tion by isopachous acicular ar agon ite re quires large vol umes
of su per sat u rated ma rine pore-wa ter to be pumped into the
intertidal beach sed i ments (Longman, 1980; Vieira and Ros,
2006). This may have been en hanced by tidal pump ing that
causes rapid de gas sing of CO2 and pro vides con tin ual sup ply
of ma rine pore wa ter which sub se quently evap o rates dur ing
low tides and hence re sults in rapid ce men ta tion. Isopachous
acicular ar agon ite and micritic en ve lope HMC, which oc cur in
most of the stud ied sam ples in both gulfs, in di cate pre cip i ta tion
in a ma rine phreatic en vi ron ment where pores were con stantly
wa ter-filled. The lo cal pres ence of me nis cus and grav i ta tional
ce ments in both gulfs is sug ges tive of mi nor in flu ence of vadose 
ce men ta tion (Thorstenson et al., 1972; Meyers, 1987).

18O and 13C sta ble iso topes. The iso to pic val ues of the
stud ied beachrock sam ples in both gulfs are com pared with iso -
to pic val ues from beachrocks in other ar eas (Fig. 5). d18OVPDB

and d13CVPDB val ues of beachrocks from the Gulf of Aqaba fall
within the range of mod ern beachrock in the Red Sea (Holail
and Rashed, 1992). The Ara bian Gulf beachrocks show high
d18OVPDB and d13CVPDB val ues com pared to other beachrocks
(e.g., Red Sea and Med i ter ra nean; Fig. 6). In deed, d18OVPDB

val ues are un ex pect edly high when com pared to beachrocks
from other ar eas. In this study, the dif fer ences be tween co ex ist -
ing ar agon ite and HMC con tents in the beachrocks from both
gulfs are re spon si ble for the con trast in val ues of ox y gen and

car bon iso topes. The var i ous type of ce ment that oc cur in the
beachrocks may be at trib uted to the dif fer ences in pre cip i ta tion
tem per a tures and wa ter com po si tion dur ing ce men ta tion
(González and Lohmann, 1985).

High d18O iso to pic val ues (mean 3.7‰) in the Ara bian Gulf
beachrocks sug gest that the ce ment was mainly pre cip i tated in
evap o ra tive set tings (Fig. 6) which in creases the concentation
of cal cium car bon ate. Two mech a nisms of en rich ment of cal -
cium car bon ate are pos si ble: (1) move ment of the wa ter
through semipermeable beds of clay that may al low cat ions of
cal cium car bon ate to be con cen trated; (2) the orig i nal sea wa ter
may have evap o rated in tensely if it was trapped within a closed
ba sin or partly iso lated ba sin (Tiab and Donaldson, 2004).
Based on these mech a nisms, a pos si ble ex pla na tion is that the
Ara bian Gulf was a partly iso lated ba sin sys tem dur ing the Ho lo -
cene via the pres ence of the Strait of Hormuz (Musandam Pen -
in sula) that sep a rated the In dian Ocean and the Ara bian Gulf
(Al-Sharhan and Kend all, 2003). The re sul tant trap ping of sea -
wa ter led to very rapid evap o ra tion re lated to a coun ter clock -
wise den sity cur rent, re sult ing in en rich ment and hence pre cip i -
ta tion of cal cium car bon ate. In tense evap o ra tion in the Ara bian
Gulf was also trig gered by con trast sa lin ity dif fer ence be tween
the In dian Ocean and the Ara bian Gulf (Al-Sharhan and Kend -
all, 2003; Fig. 7). Es pe cially in arid re gions, evap o ra tive ar eas
dem on strate sur face wa ter 18O en rich ment (Cooke and
Rohling, 2003). Other sup port ing ev i dence is the ab sence of
skel e tal struc tures within the ce ments, sug gest ing that the Ara -
bian Gulf beachrock ce men ta tion was most prob a bly caused by 
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Fig. 5. Plot ted groups of car bon and ox y gen iso tope com po si tions from other beachrocks for com par -
i son with the beachrocks of the Ara bian Gulf and the Gulf of Aqaba

Field of In dia beachrocks is from Kumar et al. (2000); fields of beachrocks of the Gulf of Aqaba, Red Sea and the
Med i ter ra nean are from Holail and Rashed (1992); field of beachrock of the Med i ter ra nean coast is from
Alexandersson (1972); field of beachrocks from French Poly ne sia is from Neumeier (1999) and beachrock from
La Palma, Ca nary Is lands is from Calvet et al. (2003)
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Fig. 6. Car bon and ox y gen iso tope plot for beachrock sam ples from this study
 (yel low cir cle is for the Ara bian Gulf and blue cir cle is for the Gulf of Aqaba)

See Ta ble 2 for anal y ses; sta ble iso tope char ac ter is tics of Qua ter nary car bon ate sed i ments are from Milliman (1974)

Fig. 7A – to tal sea level change in the Ara bian Gulf at 6000 year BP; B – palaeoshoreline re con struc tions of the Ara bian Gulf at 8000
year BP (Lambeck, 1996); C – Ara bian Gulf coun ter-clock wise cir cu la tion pat terns driven by den sity cur rents be cause of the sa lin ity
dif fer ence with the In dian Ocean and strong evap o ra tion in the shal low ba sin (near the shore line; af ter Al-Sharhan and Kend all, 2003)



the evap o ra tion of en trapped sea wa ter in this hot arid cli ma tic
area (Vieira and Ros, 2006).

CONCLUSIONS

Beachrocks de vel oped in the Ara bian Gulf and the Gulf of
Aqaba re flect a va ri ety of ce men ta tion mech a nisms. The pres -
ent work shows that:

1. The beachrocks of the Ara bian Gulf con sist dom i nantly of 
car bon ate grains (skel e tal and non-skel e tal grains), whereas
the beachrocks of the Gulf of Aqaba are dom i nated by terrige -
nous siliciclastic grains.

2. Ra dio car bon dat ing of beachrock sam ples from the Ara -
bian Gulf yielded ages of 2300 and 660 yr cal BP whereas the
Gulf of Aqaba sam ples gave ages of 5500 and 2800 yr cal BP.

3. Sta ble iso tope stud ies from both gulfs gave ox y gen iso -
tope val ues that range from 2.6 to 4.4‰, for the Ara bian Gulf
whereas the Gulf of Aqaba val ues range from 1.2 to 1.5‰,
while car bon iso to pic val ues range from 3.2 to 5.9‰ for the Ara -
bian Gulf, whereas the Gulf of Aqaba val ues range from 3.8 to
4.6‰.

4. The Ara bian Gulf was lo cated in a closed ba sin sys tem
that trapped sea wa ter and which un der went rapid evap o ra tion,
re sult ing in en hanced pre cip i ta tion of cal cium car bon ate that in
turn re sulted in high d18OVPDB val ues.

5. The val ues of d18OVPDB and d13CVPDB sig na tures of both
beachrock types in di cate ma rine or i gin and show isopachous
tex tural hab its, sug gest ing ce men ta tion in the shal low-ma rine
phreatic zone.

6. Pos si ble fac tors ex plain ing the di ver sity of ox y gen iso -
tope and car bon iso tope val ues mea sured in the stud ied
beachrocks could be: (1) the palaeosalinity of the sea wa ter in
the Gulf of Aqaba and the Ara bian Gulf; (2) the palaeo -
temperature of the sea wa ter in the intertidal zone in the Gulf of
Aqaba and the Ara bian Gulf; (3) the in flu ence of me te oric wa ter.

Ac knowl edg ments. The Brit ish Coun cil pro vided fund ing
for Dr. K. Al-Ramadan to pur sue a post doc toral sum mer pro -
gram at Leeds Uni ver sity. King Fahd Uni ver sity of Pe tro leum
and Min er als pro vided their ad di tional fund ing and sup port. We
ac knowl edge also con struc tive re views from A.E. Erginal,
M. Vieira, S.K Don o van, A. Strasser and T.M Peryt that im -
proved this pa per.

REFERENCES

Alexandersson, T., 1972. Med i ter ra nean beachrock ce men ta tion:
ma rine pre cip i ta tion of Mg-cal cite. In: The Med i ter ra nean Sea
(ed. D.J. Stan ley): 203–223. A Nat u ral Sed i men ta tion Lab o ra -
tory, Dowden, Hutch in son and Ross, Stroudsburg. 

Al-Sharhan, A.S., Kend all, C.G.St.C., 2003. Ho lo cene coastal car -
bon ates and evaporites of the south ern Ara bian Gulf and their
an cient an a logues. Earth-Sci ence Re views, 61:191–243.

Beier, J.A., 1985. Diagenesis of Qua ter nary Ba ha mian beachrock:
petrographic and iso to pic ev i dence. Jour nal of Sed i men tary Pe -
trol ogy, 55: 755–761.

Bird, E., 2011. Coastal Geo mor phol ogy. An In tro duc tion: 210–218.
Sec ond Edi tion. Wiley, United King dom.

Bricker, O.P., 1971. In tro duc tion: beachrock and intertidal ce ment.
In: Car bon ate Ce ments (ed. O.P. Bricker). Johns Hopkins
Press, Bal ti more, MD, 1–3.

Calvet, F., Cabrera, M.C., Carracedo, J.C., Mangas, J.,
Perez-Torrado, F.J., Recio, C., Trave, A., 2003. Beachrocks
from the is land of La Palma (Ca nary Is lands, Spain). Ma rine Ge -
ol ogy, 197: 75–93.

Chaves N.S., Sial A.N., 1998. Mixed oce anic and fresh wa ter
depositional con di tions for beachrocks of North east Brazil: ev i -
dence from car bon and ox y gen iso topes. In ter na tional Ge ol ogy
Re view, 40: 748–754.

Chivas, A., Chippell, J., Polach, H., Pillans, B., Flood, P.,1986.
Ra dio car bon ev i dence for the tim ing and rate of is land de vel op -
ment, beachrock for ma tion and phosphatization at Lady Elliot
Is land, Queensland, Aus tra lia. Ma rine Ge ol ogy, 69: 273–287.

Cooke, S.,Rohling, E.J., 2003. Sta ble Iso topes in Foraminiferal
Car bon ate.School of Ocean and Earth Sci ence, Uni ver sity of
Southampton.

El-Sayed, M.K., 1988. Beachrock ce men ta tion in Al ex an dria,
Egypt. Ma rine Ge ol ogy, 80: 29–35.

Erginal, A.E., Kiyak, G.N., Ozturk, M.Z., Avcioglu, M., Bozcu, M.,
Yigitbas, E., 2012. Ce men ta tion char ac ter is tics and age of
beachrocks in a fresh-wa ter en vi ron ment, Lake �znik, NW Tur -
key. Sed i men tary Ge ol ogy, 243–244: 148–154.

Erginal, A.E., Ekinci, Y.L., Demirci, A., Bozcu, M., Ozturk, M.Z.,
Avcioglu, M., Oztura, E., 2013. First re cord of beachrock on

Black Sea coast of Tur key: im pli ca tions for Late Ho lo cene
sea-level fluc tu a tions. Sed i men tary Ge ol ogy, 294: 294–302.

Ghandour, I.M., Al-Washmi, H., Bantan, R.A., Gadallah, M.M.,
2014. Pet ro graph i cal and petrophysical char ac ter is tics of asyn -
chron ous beachrocks along Al-Shoaiba Coast, Red Sea, Saudi
Ara bia. Ara bian Jour nal of Geoscience, 7: 355–365.

González, L.A., Lohmann, K.C., 1985. Car bon and ox y gen iso to pic 
com po si tion of Ho lo cene reefal car bon ates. Ge ol ogy, 11:
811–814.

Hanor, J.S.,1978. Pre cip i ta tion of beachrock ce ments: mix ing of
ma rine and me te oric wa ters vs. CO2-de gas sing. Jour nal of Sed -
i men tary Pe trol ogy, 48: 489–501.

Holail, H.,Rashed, M., 1992. Sta ble iso to pic com po si tion of car bon -
ate-ce mented re cent beachrock along the Med i ter ra nean and
the Red Sea coasts of Egypt. Ma rine Ge ol ogy, 106: 141–148.

Holail, H.M.,Shaaban, M.N., Mansour, A.S., 2004. Ce men ta tion of
Ho lo cene beachrock in the Aqaba and Ara bian Gulfs: com par a -
tive study. Car bon ates and Evaporites, 19: 142–150.

Kneale, D., Viles, H.A., 2000. Beach ce ment: in cip i ent CaCO3-ce -
mented beachrock de vel op ment in the up per intertidal zone,
North Uist, Scot land. Ma rine Ge ol ogy, 132: 165–170.

Kumar, B., Rajamanickam, G.V., Gujar, A.R., 2000. Iso to pic stud -
ies of Beach Rock Car bon ates from Konkan, Cen tral West
Coast In dia. In dian Ocean Sub-Commission, 167–170.

Kumar, S.K., Chandrasekar, N., Seralathan, P., Sahayam, J.D.,
2012. Diagenesis of Ho lo cene reef and as so ci ated beachrock of 
cer tain coral is lands, Gulf of Mannar, In dia: im pli ca tion on cli -
mate and sea level. Jour nal of Earth Sys tem Sci ence, 121:
733–745.

Lambeck, K., 1996. Shore line re con struc tions for the Per sian Gulf
since the last gla cial max i mum. Earth and Plan e tary Sci ence
Let ters, 142: 43–57.

Longman, M.W., 1980. Car bon ate diagenetic tex tures from
nearsurface diagenetic en vi ron ments. AAPG Bul le tin, 64:
461–487.

Meyers, J.H., 1987. Ma rine vadose beachrock ce men ta tion by
cryptocrystalline magnesian cal cite-Maui, Ha waii. Jour nal of
Sed i men tary Pe trol ogy, 57: 558–570.

Unraveling cementation environment and patterns of Holocene beachrocks in the Arabian Gulf and the Gulf of Aqaba... 215



Milliman, J.D., 1974. Ma rine Car bon ates. Part I: Re cent Sed i men -
tary Car bon ates: 340–379. Springer-Verlag, Berlin.

Moore, C.H., 1973. Intertidal car bon ate ce men ta tion, Grand
Cayman, West In dies. Jour nal of Sed i men tary Pe trol ogy, 43:

591–602.

Neumeier, U., 1999. Ex per i men tal mod el ling of beachrock ce men -
ta tion un der mi cro bial in flu ence. Sed i men tary Ge ol ogy, 26:
35–46.

Reimer, P.J., Baillie, M.G.L., Bard, E., Bayliss, A., Beck, J.W.,
Blackwell, P.G., Bronk Ramsey, C., Buck, C.E., Burr, G.S.,
Ed wards, R.L., Friedrich, M., Grootes, P.M., Guilderson, T.P., 
Hajdas, I., Heaton, T.J., Hogg, A.G., Hughen, K.A., Kai ser,
K.F., Kromer, B., McCormac, F.G., Man ning, S.W., Reimer,
R.W., Rich ards, D.A., Southon, J.R., Talamo, S., Turney,
C.S.M., van der Plicht, J., Weyhenmeyer, C.E., 2009. IntCal09 
and Marine09 radiocarbonage cal i bra tion curves, 0–50,000
years cal BP. Ra dio car bon, 51: 1111–1150.

Rus sell, R.J., 1962. Or i gin of beach rock. Geo mor phol ogy, 6: 1–16.

Rus sell, R.J.,McIntire, W.G., 1965. South ern hemi sphere beach
rock. Geo graphic Re view, 55: 17–45.

Schmalz, R.F., 1971. For ma tion of beachrock at Eniwetok Atoll. In:
Car bon ate Ce ments (ed. O.P. Bricker): 17–24. Johns Hopkins
Press, Bal ti more.

Scholten, J.J., 1972. Beach rock: a lit er a ture study with spe cial ref -
er ence to the re cent lit er a ture. Zentralblatt für Geologie und
Paläontologie, Teil I: 351–368.

Spurgeon, D., Da vis, R.A. Jr., Shinn, E.A., 2003. For ma tion of
‘Beach Rock’ at Si esta Key, Florida and its in flu ence on bar rier
is land de vel op ment. Ma rine Ge ol ogy, 200: 19–29.

Stoddart, D.R., Cann, J.R., 1965. Na ture and or i gin of beachrock.
Jour nal of Sed i men tary Pe trol ogy, 35: 243–273.

Tay lor, J.C.M., Illing, L.V., 1971. Vari a tion in re cent beachrock ce -
ments, Qa tar, Per sian Gulf. Stud ies in Ge ol ogy, 19: 40–43.

Thorstenson, D.C., Mac ken zie, F., Ristvet, B.L., 1972. Ex per i -
men tal vadose and phreatic ce men ta tion of skel e tal car bon ate
sand. Jour nal of Sed i men tary Pe trol ogy, 42: 162–167.

Tiab, D., Donaldson, E.C., 2004. Petrophysics, the ory and prac tice
of mea sur ing res er voir rock and fluid trans port prop er ties. Sec -
ond Edi tion: 80–110. Elsevier, New York.

Vieira, M.M., Ros, L.F., de, 2006. Ce men ta tion pat terns and ge netic 
im pli ca tions of Ho lo cene beachrocks from north east ern Brazil.
Sed i men tary Ge ol ogy, 192: 207–23.

216 Ardiansyah Koeshidayatullah and Khalid Al-Ramadan


