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Abstract

Beachrocks represents a coastal deposition in the intertidal area, and studying their
properties may lead to create a model which identifies the conditions of their
formation (paleo-environment). This paper focuses most intently on the cement
material which is able to recover the paleo-environment conditions during diagenesis
of such coastal sediment. We used optical microscopy, secondary electron microscopy
and Raman Spectroscopy to characterize the cement texture, mineralogy and
chemistry in the beachrocks. The existence of pure calcite primarily controlled by the
meteorite water, while Mg-calcite appears between the lower meteoric and the upper
marine phreatic zone. Finally, the presence of aragonite associated with the marine
phreatic to lower marine vadose environment.
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Hepiinyn

O1 0kt0/16001 OTOTEAODY EVOV TOPOKTIO GYNUOTIONO THG EVOOTOAPPOLOKNS (DVHG.
Meletddvrog TIg 1010TNTES TOV, TPOTOOKOVUE TTNY ONUIOVPYIO. EVOS HOVTEAOD Tov Ba
kabopiler g ovvOnkes oynuationod tov (moiaio-mepifallov). H mopovoa uerétn
EMIKEVIPOVETOL KUPLWG OTO GUVOETIKO DAIKO, TO 0T0io givail o€ Béon vo, avadeilel g
ovVvOnKeS TOAALI0-TEEPIPAILOVIOS KATA THV OIOPKELD THG OLOYEVEGHS TV TOPOKTIV
i{nuazwv. XpnoworowOnie ortiki pikpookoria, nlektpovikn uikpoororio, (SEM) ko
poaouarookormio. RAMAN yio tov yopaxtnpiouo tg douns tov ovykolintikod vikoo,
™V opvkTodoyio. Kot TNV yewynueio twv axtosibwv. H mopovaio kabapod acPeotitny
eAEyyeTal Katd KOpio Aoyo amd TV mapovcio pETEWPIKOD vepol, koabws o MQ-
aofeatitng eupavidetor petald e KATOTEPNS UETEWPIKHS (OVHS KOI TS OVATEPHS
Oolaooiog ppeotikng (ovng. Télog, n mopovoio apayovity ovvosetar uetold g
Oaldooiog ppeatiric {dvig kar Tov katwtepov Baldooiov mepifidiiovrog vadose.
Aéeig Kletdrd: axtoribog, ovykolintiko vAiko, avlpakika, apayovityg.
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1. Introduction

Beachrocks provide critical information on the quaternary history including both sea-level changes,
neotectonic deformation and processes like erosion in various coastal environments (Fouache et al.
2005; Kelletat, 2006; Desruelles et al., 2009; Thomas, 2009; Mourtzas, 2012; Mourtzas and Kolaiti,
2013; Stattegger et al., 2013; Mourtzas et al., 2014; Psomiadis et al,. 2014; Mauz et al., 2015). In
principle, the beachrocks form in an intertidal environment, where an active mixing zone between
meteoric and marine water leads to pCO; decrease and carbonate saturation (Moore, 1973; Plummer,
1975; Meyers, 1987). Such rocks, represent coastal deposits suitable for identification of sea-level
changes. Important information are gathered from the cement that surrounds the constituent mineral
and lithic clasts of beachrock.

The major factor for the beachrock cement formation is the diagenesis process. The cement is the
material that keeps in stable contact the different lithic clasts (Hanor, 1978). It depends mainly on
water table elevation, temperature and pressure. Diagenesis involves processes such as dissolution,
reprecipitation and recrystallization which ultimately lead to chemical stability. The process follows
the relative thermodynamic stability of magnesian calcite and aragonite and the chemistry of the
pore fluid (Morse and Mackenzie, 1990). Further, the criteria to identify the environment of
beachrock formation are based on texture, mineral and chemistry of cement, along with the
sedimentary structure (cf., Kelletat, 2006). The carbonate crystals of the cement are precipitate and
grow within the pore space of the lithic clasts. According to Moore (1973), cementation process is
mainly related with the pore fluid, which originates from the adjacent environments (e.g.,
hypersaline waters from sabkhas; meteoric water from ground water). In particular, a certain mineral
like calcite, will formed when the solution is supersaturated with respect to this mineral and occurs
during pCO- decrease after degassing (Plummer, 1975; Meyers, 1987).

In this study we report the results of detailed micro-scale chemical and mineralogical analyses on
the cement in two samples from the broad area of Chania bay (Crete, Southern Greece). Samples
ACH VIlI(a) and A-CH 3 are rich in carbonate cement and contain rock fragments originating from
the broad area. We used a range of complementary techniques optical microscope, secondary
electron microscopy (SEM) and Raman Spectroscopy to characterize the minerals and cement in our
samples. This paper focuses most intently at the forming conditions of the cement and the
environmental conditions prevailing during the period of formation (etc. marine-phreatic zone,
marine-vadose environment). We examine whether the crystals which growing at the pore space are
pure of Ca-carbonate or they contain some percentage of Mg, event that is attested inland feeders.
Finally, we propose a model which going to illustrating the coastal zones associated with the cement
fabrics and the preferred carbonate geochemistry.

2. Sampling areas - Description
2.1. Geological Setting

For the purpose of the current study we used selected beachrocks from the broad area of Chania bay
in Crete (Fig. 1). The Chania bay is situated on the north-western part of Crete and is presenting a
variety of coastal landforms, which assist in the study of the factors involved in the formation and
evolution of the coastline. The study area is bounded by Keritis basin at East and Tavronitis basin
at West, which provides the coastline with appropriate materials for the formation of depositional
coasts. Crete presents a complex geological area which is the result of geotectonic evolution as part
of the active arc of the Aegean. It was estimated that 2-4 Ma ago, the area had an uplifted rate in the
range 0.1-0.5 mml/yr; after that, it was speculated that the uplifted rate is 1-1.2 mm/yr indicating
acceleration in central and western Crete (Roberts et al., 2013).
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2.2. Beachrocks

The studied beachrocks are formed between the shoreface and beach (tidal zone), the chemically
most active zone (mixing zone), in parallel-stratified beds, dipping to the sea with a gradient of 3-5°
and are composed mostly of sandstone alternating with conglomerate (Fig. 2). The beachrocks from
Chania bay formed during the Holocene period. We collected 15 samples (limestones,
conglomerates), including 5 beachrocks. The major criteria for the representativeness of the studied
beachrocks (A-CH VI1I(a) and A-CH 3) were the freshness, the observed —even in hand specimen—
cement surrounding the clasts and carbonate-rich material.
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Figure 1 - Sketch map showing the location of Chania bay. Inset: Sample locations used in
the present study.

Figure 2 - Beachrocks displaying at Platanias port. Red thin line corresponds to the observed
boundaries of the beachrock.
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3. Analytical Methods
3.1. Secondary Electron Microscopy

Characterization of the textural relationships, identification of the different mineral phases and semi-
guantitative major element determination of the cement were carried out in platinum-coated polished
thin sections using a JEOL JSM 5600 Scanning Electron Microscopy (SEM) equipped with energy-
dispersive spectrometer (EDS) at the Institute of Geology and Mineral Exploration (IGME) Athens
(Greece). Operating conditions were: accelerating voltage 15 kV, beam current 20 nA and 1-2 pm
beam diameter. For minerals, a 20 nA beam current and 20 s counting time on peak position were
used. Representative mineral compositions are given in Table 1.

Table 1 - Representative cement compositions from the studied rocks
Sample A-CH VII(a)
Oxide (in wt.%) 1i* Lii 2 3 4
CaO 53.6 | 56.2 56.3 56.0 56.0
MgO 2.43 - - - -
Total 56.0 | 56.2 56.3 56.0 56.0
# of lons

Ca 0.94 | 1.00 1.00 1.00 1.00

Mg 0.06 | 0.00 0.00 0.00 0.00
Sample A-CH3

Oxide (in wt.%0) 1 2 3 4 5 6 7
CaO 48.3 | 48.6 49.1 50.3 | 50.5 | 51.3 | 51.8
MgO 7.25 6.94 6.38 5.2 496 | 4.24 3.7
Total 55.5 55.5 55.5 55.5 55.5 | 555 55.5
# of lons

Ca 0.83 | 0.83 0.85 0.83 | 0.88 | 0.9 0.91
Mg 0.17 1.7 0.15 0.17 012 | 0.1 0.09
* Number indicators analyzed positions

3.2. Raman Spectroscopy

The Raman Spectroscopy (RS) was performed on the two samples in order to distinguish the
carbonate mineral. RS spectra were collected at the National Hellenic Research Foundation, Institute
of Theoretical and Physical Chemistry (Athens, Greece). The RS is equipped with a green excitation
source of 514.5 nm and acquired at the 100-1500cm? (Fig. 3).
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Figure 3 - Raman spectra of Mg-calcite and Aragonite from the studied samples.
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The RS of calcite has 3 main peaks at 282, 712 and 1086 cm%, but in our case the presence of Mg
shifts the observed peaks toward higher wavenumbers (Fig. 3). For the aragonite, those peaks are at
the 155, 207, 706, 1084, with our sample matching those values (Fig. 3).

4. Petrography
4.1. Matrix

The matrix of the samples are rich in carbonate and it develops at the pore space between the lithic
clasts. At the sample A-CH VII(a) the classification of grain size described as well-sorted (low
variance). The fine sandstone consists of carbonate grains (limestone), quartz grains and quartz-
feldspar grains (gneiss); we noticed the presence of fossils as well (Fig. 4). At the sample A-CH 3
the classification of grain size described as moderately-sorted (moderately variance), and is
composed of quartz-feldspar grains and quarts grains. Under the optical microscope, the cement was
clearly displayed at the exterior part of grains (Fig. 4).

B - z

Figure 4 - (Left) Part of Mosaic from the sample A-CH VII(a); the analysed points indicated
by numbers are also given at Table 1. (Right) Part of Mosaic from the sample A-CH 3.
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4.2. Cement areas

In sample A-CH VII(a) the cement material formed at the exterior part of the grain, exhibiting a
variable thickness (Fig. 5). Additionally to that, the cement corresponds to carbonate, showing two
distinct zones; the inner one is fine-grained and close to the grain, while the outer zone is coarser and
away from the grain. In sample A-CH 3 the cement shows similar characteristics with the A-CH VI1l1(a),
with the exception of the presence of a single zone at the exterior part of the grains (Fig. 5).

%

Figure 5 - (A-B), Fine sandstone consist of rock fragments, quartz (Qz) grains and fossils.
The carbonate-rich cement corresponds to a thin layer around the grains. In (B) the grain
size characterized as well-sorted. (C-D) Fine sandstone consist mainly of rock fragments and
quartz. Also, carbonate cement with variable thickness surrounds all the grains. (A-B)
Sample A-CH VlI(a) and (C-D) Sample A-CH 3. RF: rock fragments, Qz: quartz.

5. Results and Discussion

Our analytical data on cement material (Figs. 6-8) are able to identify the spatial relationship
between coastline and beachrock formation zone.

Although having similar petrographic composition the samples are totally different at the amount of
CaCOa at the cement; the sample A-CH VII(a) has a high content in the range of 94.1-100 %, while
the sample A-CH 3 is enriched in magnesium with CaCOj in the range of 82.7-91.0 %. The increased
magnesium at the sample A-CH 3 is probably related with marine vadoze zone and/or marine
phreatic zone (presence of aragonite). In contrast, the low-Mg sample A-CH VII(a) suggests either
formation at the meteoric vadose zone and/or upper marine vadose zone.

The heterogeneous development of the cement surrounding the clasts and the presence of two
cement zones in most clasts (with the inner zone being magnesium-rich compared to the outer) lead
us to determine as the most possible forming environment the region between the upper phreatic
marine zone and the lower meteoric vadose zone (Figs. 6-8).

It is important to notice the presence of aragonite at the sample A-CH 3; this is primarily formed at
the phreatic — low marine vadose environment. Also, aragonite formation is related with the
temperature of the solution; for example the higher the solution temperature, the faster aragonite
precipitates relative to calcite (Burton and Walter, 1987) and the crystal form the cement takes is
mostly fibrous. After that, we infer that the interplay between the different carbonate phases occur
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in the cement, and in particular, the content of calcite, aragonite or Mg-calcite, depends from the
change in water-table elevation, the temperature or the pressure, with the view to chemical stability.
One of the most effective ways to create polymorph of calcite and dolomite is the infiltration of
meteoric water rich in dissolved CO,, depleting the cement in Mg, Sr and Na and enriching it with
other elements (e.g., Fe?").

In case that the altitude of the sea level reduced, then the crystals of aragonite lead to dissolution
and recrystallization in calcite and also high Mg-calcite in low Mg-calcite. Crystal arrangement and
fabric is controlled by environment and gravitation. High Mg-calcite and aragonite form circum
granular rim in meniscus fabric in the vadose environment or symmetrical crusts in the meteoric
environment (Fig. 7).

e Ectron e |

Figure 6 - Sample A-CH V1I(a): (A) Heterogeneous formation of cement, composed by an
outer - pure in CaCOs- region (Spot 1), whereas toward the grain Mg is incorporated in the
carbonate mineral (Spot 2), (2 zones of cement growth). (B - D) The constituent mineral of

the cement is composed by pure CaCOs (Spot 3-5).

T00m Electrn inage 1

Figure 7 - The dashed lines represents (A) the granular rim in meniscus fabric in the vadose
environment, and (B) the symmetrical crusts in the meteoric environment.
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Figure 8 - Sample A-CH 3: The cement material is observed CaCOs and MgCOs with the
only difference that from the outer zone to the inner we enrich in Mg (Spot 1 - 7).

Taking into account our data, we are able to create a case about the evolution of the beachrocks and
their position in space. As such, the sample A-CH VII(a) formation occurs at the upper marine
vadose environment indicated by high-Mg calcite (1%t —inner- cement zone). Then the rock exposed
at the meteoric vadoze environment, during of which the cement was made of pure to low-Mg calcite
(2" —outer- cement zone). In contrast, the sample A-CH 3, probably shows a deeper environment as
indicated by the coexistence of Mg-calcite and aragonite testifying a marine vadose environment.
Further, toward the rim of the cement, the high-Mg calcite becomes progressively less rich in
magnesium which is attributed to sitting at the meteoric vadose zone.
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Figure 9 - Schematic illustration of coast zones, cement fabrics and mineralogy - Formation
environments of the beachrocks from Platanias area is also included (M.H.W. Mean High
Water Level, M.T.L. Mean Tidal Water Level, M.L.W. Mean Low Water Level) (Mauz et

al., 2015).

The particular alternation of the composition environments, lead us to the conclusion that in the
specific area is likely that have taken part two possible scenarios for the cement deposition. In the
first scenario, considering that the beachrocks were formed in an uplifted area due to active tectonics,
the area had changed diagenetic environment between the marine phreatic to meteoric vadose zone.
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An alternative scenario incorporates high flow rate of fresh water which in turn raise the water table
level, switching the cement composition from deep to shallow environment. We tentatively suggest
a combination of the two scenarios, however, we need to combine more structural, petrographical
and geochemical data, to provide a robust model for the diagenetic evolution of the studied area.
Finally, a likely reason for the uncovering of the beachrocks is the coastal erosion which initiated
from the moment a fishing port was constructed at the area.

6. Conclusions

Several beachrocks were collected from the Platanias beach in Chania, Crete. We discuss the
cementation history of beachrocks on the Platanias beach. The cement material is primarily
composed by carbonate occurring in the form of pure calcite, Mg-calcite and aragonite. These
minerals resulted from two processes: 1) mixing of marine and underground waters and 2) vadose
infiltration. Furthermore, Platanias beachrocks indicate two different zones relative to the coast, as
inferred from the chemistry of the carbonate in cement. In particular, the presence of pure calcite
related with the meteoric zone, while, the Mg-calcite and aragonite related with marine environment;
further, the Mg-calcite indicates more oxidizing conditions at the vadose zones, whereas aragonite
prefers the phreatic zone. In conclusion, the studied materials verify that the beachrocks are being
cemented by complex processes which primarily formed at a water mixing zone, of meteoric- and
marine-origin.
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