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ABSTRACT

The CNAP Phase llprojectwas carried ot following identification of theequirement to
support ongoing laboratory and modelling efforts on the potential reactitwe dentonite
buffer with cementitious leachatan the repository EBSAIlthough it is known that the
higher pH (12.5 to 13) leachates from OPC cement will degrade bentonite, it is unclear if
this will also be the case for the lower pH (10 19 [kachates typical of low alka&emeris.
Ongoing laboratoryand URL programmes which are currently investigating this face the
obstacle of slow kineticeand the production of shelived metastablgphase, meaning
obtaining unambiguous results makeaadecadesThis is exacerbated by the limitations of

the thermodynamic databases for minerals of interest to modelsntifniie/low alkali
cement leachateeaction It was therefore decided to implement a focussed NA study on
bentonite/low alkali cement leachate reaction to provide indications of likelytérng
reaction products and reaction pathwaysptovide feedback on the existing shiantm
investigations noted above and to ascertain if any critical path R&D needs to be instigated
now.

The results of the analyses presented here sudgggghere bs beervery limited alkaline
groundwater reactionwith the bentonite. This is generally supported by both the
geomorphological evidence and the natwtatay series data which impgroundwater
groundwater/rock interaction in the last®18. When integrated with the novel data
currently being produced in the BIGRAD projeitte CNAP datdend to indicate that any
long-term bentonite reaction in low alkali ceniégachates is minimal.
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1 INTRODUCTION
1.1 Background

Bentonitemakes an important contribution tbe performance of thengineered barrier

system for the disposabncepts developed for many types of radioactive waste. The choice

of bentonite results from itfavourablepropertiesfor isolation and containment of the

wastel such as plasticity, swelling capacity, colloid filtration, low hydraulic conductivity,

high retardation of key radionuclidésand its stability in relevant geological environments.

However, bentonité especially the swelling clay compongeimectite)that contributes to

its essential barrier functiorisis unstableunderhigh pH conditions According to NDA

(201®),t he most I mportant processes which coul d
are:

1 Diffusive transport of cement porewaters into the bentonite, with mixing and
reaction with the bentonite porewaters. Sharp gradients in pH @D&)pacross the
interface would encourage rapid precipitation of solid carbonates (e.g. aragonite,
calcite) and hydroxides (e.g. brucite), leading to a decrease in porosity

1 Fast exchange of cations in cement porewaters for cations in montmorillonite
interlayer sites, leading to a decrease of swelling pressure

1 Slow dissolution of montmorillonite and other minerals such as quartz, feldspar,
pyrite and gypsum. At elevated pH, such reactions consume hydroxyl ions, thus
neutralising the incoming cement porewatérhis leads to an increase in porosity
and may decrease the bentonite swelling pressure due to mass loss

This led to some repository designs (especially for disposal oflévgh vitrified waste,

HLW or spent fuel, SF) that exclude use of concrete famy sensitive areas containing
bentonite so avoiding any potential bentonite degradation in the case that it is contacted by
cementitious porewaters (which haaa initial pH of up to about 13ee, for example,
Atkinson et al., B85; Haworth et al., 198 which leach of out any concrete used in the
repository

The option of avoiding the problenof incompatibility with conventional cement and
concreteby constraining the design was considered acceptable during early, generic
studies However,as projectsnove closer to implementation, it is increasingly recognised
that constructing extensive facilities underground withauging concrete will be
problematic This is especially the case in countries like Japan and the UK, where a
volunteering approach totisig a repository means that repository construction could be in
a technically challenging host rock.

The topic is also relevant foransuranic wastes (TRU, or other high toxicity/long -iédf
intermediatdevel waste, ILW), particularly if this is edisposed with HLW/SF. TRU
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waste contains large inventories of cementitious matdigalAEA, 2007)and hence, in

principle, could pose a risk to the engineered barrier system (EBS) of HLW/SF, even if
concrete was excluded from the HLW part of the rdpogi(e.g. scenarios discussed in
Nagraodos Projekt Entsorgungsnachwei s; Nagra 2
various kinds of low and intermediate level waste (L/ILW) include a bentonite layer,

which is planned to act as an external barrieuagloconcrete structures To date, there has

been no comprehensive demonstration that the performance of such a barrier can be assured

for relevant priods of time (see comments in Umeki, 2009

The MX-80 bentonite, for example, has been shown to haveeavpter pH of 8 in ambient
groundwaters (Bradbury and Baeyens, 2002), significantly less than that -@likialv

cement pH of 11 or less. The three pH units difference is the equivalent of three orders of
magnitude in the OHactivity, meaning there will 8t be potential for significant reaction

with bentonite, it will simply be less than at pH Karnland et al. (2005) and Ahokas et al.
(2006) both noted that HAAccording to Sellin
of silicates and aluminiursilicates, e.g. quartz, kaolinite, increases by a factor of 10 if pH

is increased from 11 to 1&hd laboratory experiments referred to implied that bentonite is

much more stable at pH 11 as compared to pd 13.

Recently, therefore, there have been extensitorts to better undstand the interactions

of alkaline fluids with bentonite, coupled with studies aimed at reducing the risk by
developmen{cf. NDA, 2010b) and testing (cf. Alonso et #2009 of low alkali cement
formulations. The greatest chalgmis bringing the information produced by laboratory
(conventional and underground rock laboratories, URL) randelling studies together to
form a robust safety case. This is complicated by the inherently slow kinetics of such
reactions and the commontypserved persistence of metastable phases for geological time
periods (for a good overview of the issues involved, see Metcalfe and Walker, 2004).
Clearly, this is an area where analogues could play a valuablé lboigging the disparity

in realism and imescales between laboratory studies and the systems represented in
repository performance assessment (see also discussion in Alexander et aMill&o8t

al., 2000. Indeed, in this cas¢he particularly slow kinetics of bentonite reaction in low
alkali cement porewaters sugges@tural analogues would appear to be the only viable
method of studying bentonite reaction

Before looking any further at possible bentonite reaction, it is important to clarify the
terminology surrounding the material aaldo the use of the term in this report. The term
bentonitewas first proposed in the Y&entury byKnight (1898)and the name is from the

Benton Shale in whichhe clay was thought at that time to occur. Once the origins of

bentonite were understood, several updated definitions followed, but all have limitations.

The strict geol ogi cal definiti o-nolowddroékbent oni
composd essentially of clay minerals from the smectite group plus colloidal silica, and
produced by chemical alteration of volcanic ash (cf. Hallsworth and Knox, 1999). The

name implies a definite genetic origin from alterationvofcanic ash either in situ or

transported material. The ngnenet i ¢ t ealm ydsd mencetdi ties nNow e
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where the origin of the smectiteeh clay sediment is uncertain (Hallsworth and Knox,
1999).

I ndustri al bentonite, such as ftrbhdebariiebofat oni t e
radioactive waste repository, is derived from natural bentonite rock but may be processed to
improve the smectite content (i.e. beneficiated) of the material and/or chemically treated to
enhance its cation exchange, swelling or otheripbyshemical properties (e.g. conversion

or fAactivationo of natur al calcium mont mor il
with sodium carbonate). As such, the physical and chemical properties of industrial
bentonite may differ significantly froniat of the natural rock.

In order to avoid confusionn t hi s r eleataonite,analbgouee itseruns efid t o r e
the natural smectitech rocks, soils and sediments that are being studied as natural
analogues for the interaction between cenrdmmived high pH porefluids and the

findustrial bentonité t hat wi | | be used as buffer mater
this natural analogue study is on geochemical and mineralogical alteration of smectite clay
minerals as an analogue of the lgegn geochemical and mineralogical alteration that

might be expected during the geochemical evolution of the repository engineered barrier
system, over timescales exceeding those that can be studied in laboratory experimental

systems. The t eueam fidbse nd vend tien atnteilogr eport do«
true bentonite in the HfAgeol ogical senseo no
physical or hydrogeol ogi cal properties to

engineered barrier.

1.2 The natural analogue concept

Argumentation by use of analogy is well established in many fields including philosophy,
biology, linguistics and law (e.g. Petit, 199For the specific case of radioactive waste
management , t he t er m h@isndevelopedad particnlar Imeaninge 0 ( N ¢
associated with supporting arguments for the {tavg safety of repositories (see Chapman

et al.,, 1984; Miller et al., 2000 angww.naturalanalogues.confor discussioh Key

factors here are the heterogeneity and complexity of natural systems and, in particular, the
very long timescales ovewhich safety must be assured. Thetgmtial evolution of
repositories, designed for specific types of waste and disposal site, damutsesl by the

use of mathematical models, but the extent to which such models can be validated by
conventional approaches is inherently limited. Here natmdl archaeologicainalogues

(NA) 1 systems which have similar properties to components of iteges i have a
unique role to play. The extent to which NA system evolution in the past can be understood
and modelled with existing tools and data, gives an indication of the ability to determine
future development of the repository.

The initial use ofNAs focussedon improving understanding of key processes and
model/database testing (e.g. McKinley, 1989) and, indeed, this is still a major justification
for some analogue projects. More recently, however, additionales in public
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communication (e.g. @stet al., 2002) andgtaff training (e.g. Alexander et al., 2008a)
have received greater emphadis particular, using natural analogues to provide general
support for the safety case (by studying the evolution relevant systems over geological
timescalg) and to increase confidence in extrapolating results from laboratory and field
experiments to the repositog.g. NDA, 2010chave been a recent focus. This study most
certainly belongs in this more recent domain.

Improving system understanding can ganfrom examining global concepts (e.qg.
fundamental feasibility of preserving geochemical anomalies for millions of yesee
discussions on Oklo and Cigar Lake in Miller et al., 2000) to direct quantification of
specific processes (e.g. matdifusion depthsi see Smellie et al., 1985Similarly, model

testing can range from rather weak qualitative comparison of expectations with
observations (e.g. relative retention of elements within Oklo reactor cores) to quantitative
assessment of the relevancelalforatory databases (e.g. for material corrosion) to more
formal assessment of the predictive capability of specific model and databases (e.g. blind
predictivemodellingof solubility limits).

As suchfor this project, an initial literature studyith search parameters that included both
aspects of the target geology and also themes of relevance itmactadd waste
management programmes was carried out. Factors considered included:

U Details ofophiolite terrainsvailable

U Existence of relevaralkaline groundwaters

Availability of bentonites clayrich (and particularly smectiech) bentonite
analogues

H, or CH, gas in groundwaters

tuffaceous deposits

coastal sites

logistics (e.g. potential support from local mining operations, ease of transport etc)

c:

cccoc

This initial literature search indicated that past stydiash as the previous work carried

out in Oman (e.g. Bath et al., 1988) or Jordan (e.g. Rty Alexander, 2031 was
focussed on other areas (in the former case) or on other chemical systdradgtter case)

and hence the option of a new project was

e

downo approach t o i deandbentopite analagedepositshawe e bent

been exposed to relevaalkaline water for very long periodsThe results of the project
would then feed back into the Safety Case via comparison with laboratory data, modelling
studies and other NA work.

Especidly given the current interest in low alkalements, the focus was on sites that have
natural waters witlpH in the appropriate range (around1D). As indicated in Figure 1.1,

the cement leachate is simulated by natad&hline water, which, if the timescale of
interaction can be determined, allows the models that are being developed to quantify the
specifc processes shown in the figure to be tested.

10
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- Transport of pH rise in
—b OH-, Ca, etc. > bentonite

Y

into bentonite pore water
Ak ¢T
Dissolution of [~ I
montmorillonite ‘
—» Promotion Precipitation of
secondary |
=~ Inhibition minerals
Dissolution of
accessory
minerals
Fracturing |< Cementation

Figure 1.1: Some of the important processes involved in bentonite alteration (from
Metcalfe and Walker, 2004); at the natural analogue sitin Cyprus, natural alkaline

groundwaters simulate the concrete leachate.

The challenge is to maximise the value of this test, by assuring that materials and boundary
conditions are as similar as possible to those in a repository. Nevertheless, it must be
emphasised that such sites are no more thamalogy of a repository, not a copy, and
hence certain differences are inevitafgdscussed below).he technical focus v&aon

1
1

= =4 —a 9

long-term bentonite stability in analogue low alkali cement leachates

if possible, same system as above interacting with seaahes for a coastal
repository

if possible, same system as above interacting with a range of leachate chemistries
as the precise situation in a repository will depend both on the site conditions and
the composition of the cementitious materialseither of which have been fixed as

yet

low alkali cement leachate/host rock interactida there any?

integration with existing laboratory data

identifying any requirements for future R&D

providing feedback to the Safety Case

In principle, there are a nurabof locations worldwde where such a Naight be found,
including New CaledonjaBosnia, California, ChinaJapan Koreaand the Philippines.
Based on a mukHattribute analysis, considering factors such as probability of finding
suitable locations, releance to Europeaprogrammeslow risk of disrupting calls for
volunteers political stabilityand coseffectiveness, Cypruwas selected by th&echnical
Steering Committee (TSC, consisting of the NDA, Posiva and)@isBhe preferred option

11
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and has sire been the focus of more detailed literature studies and a limited number of
field investigations to confirm fundamental feasibility.

1.3 Background to the Cyprus Natural Analogue Project (CNAP)

The island of Cyprus was proposed as the focus for theegbrpjimarily due to the known
widespread occurrence of batlkaline springs (resulting from serpentinisation of ophiolites) and
extensive bentonite and bentonite analogue deposits (e.g. Bear Ct®&fidis, 2006 Edwards et
al., 2010). Other attribuseof relevance include:

Good support infrastructure available at reasonable cost

Ease of access from Europe (compared to other potential NA sites internationally)
Existence of a national Geological Survey (tH&D3 for local information and advice

Lack d political sensitivity to field work

Good transport infrastructure and easily available accommodation (out of the tourist
season)

=A =4 =8 =8 =9

To most efficiently utilise resources, the project was split into three phases with go/no go decision
points at the end oftRses | and II.

Phase Ii data mining

The actual sites to be investigated in Phase Il were determined on the basis cfminidgta
project, which was based on the significant volume of literature on the island geology. Although
much of the existing litature is focussed on the ophiolites (which are the source @lkhine
leachates), enough information was found on the bentdrmét@®hite analoguefe.g. Pantazis,
1967) andalkaline groundwaters (e.g. Neal and Shand, 2002) to indicate that it walswide
moving on to Phase Il (Alexander and Milodowski, 2008).

Phase IIT site reconnaissancand preliminary mineralogical and geochemical study

Following identification of likely sites, a short reconnaissance field trip took place frdm 26
Novemberto 3% December2008to confirm their appropriateness to the project aims (Alexander
and Milodowski, 2009). In addition to a preliminary assessment of sites identified in Phase I,
meetings were held with the GSD to assess their potential interest iojiet.p

After an assessment of the outcome of the first trip, the go ahead was given for a second field trip
(9" to 14" February, 2009). In addition to confirming groundwater pH and the presence of
appropriate bentonite sources, samples were takeevatas sites for full groundwater chemical
characterisation (i.e. major and trace elements, stable isotopes) and for mineralogical,
petrographical and chemical (major and trace elements) characterisation of the host rock and
bentonitebentonite analogue® assess evidence of interaction watlkaline groundwaters. The

most promising sites were also assessed for future detailed study (as part of any potential future
Phase Il programme) and other sampling considerations, such as borehole drilling, wénedxam
(see Alexander and Milodowski, 2011).

Additional tasks included assessing potential coastal sites where leachate/bentonite and
leachate/host rock interaction could be examined in a saline environment. Finally, on the basis of
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the findings from the Rise Il study, a detailed programme for Phase Ill was proposed, including
selection of sites for detailed field work using a formal MAA (mattribute analysis)
methodology.

Phase Il i main project

Following the reconnaissance mission making a suftdessport and the positive decision to

proceed, the main project phase began soon afterwards (so as to maintain project momentum). A
short field trip was carried out in February, 2010 to assess additional sites recommended by the

GSD and to hold discussis with local geoscience (for drilling) and construction (for trenching)
companies. The main field trip was planned for April, 2010, but this was cancelled at the last
minute due to the disruption to air travel caused by the eruption &yjagallajokul volcano in

Il cel and. Due to the drilling compangobteenget evi ous
under way untiOctober, 2010.

13
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2 GEOLOGICAL SETTING A ND LITHOLOGICAL DEFI NITIONS

2.1 Tectonic history

The island of Cyprus is essentiallyptate fragment, pressed between the African Plate and the
Eurasian Plate. It was originally a slab of ocean floor which was pushed up (obducted) rather than
being subducted during this collision of these major pld&taslting is inevitable in rocks subjed

to tectonic stressdgke this, with lateral (strikeslip) as well as vertical displacements ahclst

faults. All are recognible in ophiolite massifs, and often affect adjacent sedimentary strata, too.
Due to the ongoing tectonic uplift Cyprus several later fault movements are along the lines of
original EW trending strikeslip faults and part of the uplift is achieved by block faulting.

Tectonism is responsible for frequent large earthquakes of more than Mb 6, especially in the Paphos
area (Rpadimitriou and Karakostas, 2006). These arecéted with recurrent shearirig the
subduction zone beten the colliding major plateshich run just south of the island. Major
tremors mayhave anmpact on settlements, like the destruction of Old Baph 15 BC, and may

trigger landslides and debris flows in clayey materials, readily susceptible to mass movement.

2.2 Lithological definitions

2.2.1 Ophiolite

All alkalinegroundwaters studied so far in Cyprus originate from the Troodos ophiolite or
the Mamonia terrain (see Figure 2.The term ophiolite was originally used Byongniart
(1813) for an assemblage of green rodeygentinediabasg in the French AlpsTheterm

is taken from the Greedphisfor snake, describing the way that rocks like serpentinite have
a green mdalked surface resembling snakeskin.

Circum Troodos Sedimentary Succession
I Troodos Ophiolite

[Ler | Turkey

M =S \
edlte,.,a"ea Cyprus /Syr,
. N Se,
g a

0 10 20 30 40 50 km

Egypt |

Figure 2.1 Main geological terrains in Cyprus (from Boronina et al., 2805
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Ophiolites, as defined here, adapt the nomenclature of the Penrose Conference of 1972
(Geotimes, 1972) and, from top to bottaunsistof (see also Figure 2.2

deep (abyssal) marine sediments, including bentdbéatonite analogues
pillow lavas (basalt)
sheeted dyke complex
high level/isotropic gabbro
layered mafic cumulates (gabbro)
layered ultramafic cumulates
transition zone duniteand residual peridotites

Thickness, km.
0

~ umbers
Upper Pillow Lavas
massive sulphide ores

Troodos Pillow
Lava Series

Lower Pillow Lavas

Basal Group

A

Diabase

(altered dolerite dykes) Sheeted Dyke

(forms the craggy flanks 3 — Complex
of the Troodos Range)
4 - <

Gabbro

Layered Gabbro 2 _: P

Pyroxenite/Wehrlite @ = 71 L  Troodos Plutonic
Dunite : _ [ Complex

Fr— o S chromite pods

Tectonised Harzburgite
(mantle zone near
Mount Olympus or
Chionistra)

Bl a

The ophiolite succession in the Troodos Mountains of Cyprus, shown schematically.
Redrawn with modifications after Greensmith (1994). Ian West & Joanna West (c) 2007.

Figure 2.2 Schematic lithographic section of the Troodos ophiolite (from West, 2007). The
Oumbersdé at the top of the sequence

If any of theabove lithologies is missing, the assemblapeuld be called raophiolite
complex but this term is frequently misused in the literature. Most ophiolites can be
divided into one of two groups: Tethyan and Cordilleran. Tethyan ophiolites are
characteristic of those which consist of a relatively complete rock seresgonding to
the classic ophiolite assemblage and which have been emplaced onto aquassreatal
margin more or less intact, e.g., Troodos in Cyprus and Sema®dnran. Cordilleran
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ophiolites are characteristic of those that occur in the western mountain belts of the
Americas (the "Cordillera” or backbone of the continent). These ophiolites sit on
subduction zone accretionary complexes (subduction complexes) amddassociation

with a passive continental margin. These include the Coast Range and Josephine ophiolites
of California and the Quebradagrande Complex of Western Colombia and the Larsen
Harbour Complex on South Georgia. Ophiolites are additionallyckagsified as either
suprasubduction zone (SSZ), which exhibit islaat geochemical and petrological
characteristics, or midcean ridge (MOR) which possess deep ocean crust geochemical
and petrological features.

2.2.2 Bentonite

Before looking any furtheat possible bentonite reaction, it is important to clarify the
terminology surrounding the material and also the use of the term in this report. The term
bentonitewas first proposed in the Y&entury byKnight (1898)and the name is from the

Benton Shale in which the clay was thought at that time to occur. Once the origins of
bentonite were understood, several updated definitions followed, but all have d¢instati

The strict geol ogical def i niti o-nolowddroékbent oni
composed essentially of clay minerals from the smectite group plus colloidal silica, and
produced by chemical alteration of volcanic ash (cf. Hallsworth Kmak, 1999). The

name implies a definite genetic origin from alteration of volcanic ash, either in situ or
transported material. The ngnenet i ¢ t ealm ysd mencetdi ties nNow I e
where the origin of the smectiteeh clay sediment is uncertaifHallsworth and Knox,

1999) but see also the discussion in section 7.2.2

Industrial bentonite, suchs t h e fusednntthe anigiheeréd barrier of a radioactive

waste repository, is derived from natural bentonite rock but may be processeddeempr

the smectite content (i.e. beneficiated) of the material and/or chemically treated to enhance

its cation exchange, swelling or other physot®mical properties (e.g. conversion or
Afactivationo of natur al cal ci ute bynmeatmentor i | | or
with sodium carbonate). As such, the physical and chemical properties of industrial
bentonite may differ significantly from that of the natural rock.

I n order to avoid con bentenitecanalogue ithi sk ptoad tr, e
the natural smectitach rocks, soils and sediments that are being studied as natural
analogues for the interaction between cenrtmived high pH porefluids and the

findustrial bentonité t hat wi | | be used as budcdseff mat er
this natural analogue study is on geochemical and mineralogical alteration of smectite clay
minerals as an analogue of the lgegn geochemical and mineralogical alteration that

might be expected during the geochemical evolution of the repositmiyeered barrier

system. The term Abentonite analogueod as wuse
true bentonite in the figeol ogical senseo no
physical or hydrogeol ogie alufpfremper bif est hteo r

engineered barrier.

16


http://books.smenet.org/Surf_Min_2ndEd/sm-ch02-sc10-ss05-bod.cfm#136#136

BG11-01

2.3 Sedimentary sequences

The sediments of the Trooslophiolite are shown in Tablel2

Sediments between the Pillow Lavas

The sedimentary deposits which overlie the Lower Pillow Lava unit and are themsiselv
overlain by the Upper Pillow Lagaunit (Figure 2.2 are represented by commonly
metalliferous bentonite/analogue bentorsteand siltstones with occasional horizons of
volcaniclastic sandstones. The thickness of this sedimentary unit ranges from a few
centimetres to 250 m (MacLeod, 1990).

Volcanoclastic breccias

The volcaniclastic breccias and sandstones of the Troodos ophiolite directly overlie the
eroded surface of the Upper Pillow Lavas or forms interbeds in the basalts. This unit has its
widest distibution along the Arakapas (Transform) Fault (Simonian and Gass, 1978), and
can be subdivided in this region into two members: a lower, chaoti@ranpper, stratified

part.

This unit has been interpreted as an ophiolitic olistostrome that was depakiteg the
depression of the transform faiivhich is up to 1 km wide)The clastics of the lower
member were formed by submarine erosion and collapse of the steep slopes of the fault
sidewalls. The upper member was formed by {fughsity debris flows ah turbidites.
Volcanic activity continued during deposition of the breccia unit. The lower member is well
exposed near Perapedhi village (032520, 034520) and it is represented fmyragark
brownishgray and black chaotic breccia without any stratificatieith rectangular, non
rounded fragments of gabbdiabases and pillow lavas ranging in size frorB0lcm.
Importantly, the breccia has a clayey or tuffaceous matrix which magleeantas a
bentonite analogue

The Perapedhi Formation

The Perapedhi Foration (TuroniarLower Campanian, Table.D) consists mainly of
umbers that are distributed over the paldepressions in the Upper Pillow Lavas as lenses

of various thickness. Deposition of the Perapedhi sediments is believed to have taken place
directly after the formation of the Troodos ophiolites, and before their collision with the
allochthonous Mamonia Complex (Robertson and Woodcock, 1979). The Perapedhi
Formation type section is located near Perapedhi village and can be examined in a road cut
near &ittas village (150 m from the PerapedaittasKouka road connection; around
032530, 034520).
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Table 21: Details of the Troodos ophiolite sedimentary carap@ebertson et al., 2003

Age (Ma) Formation Lithology
2.0 Pleistocene 'Fanglomerate’ Conglomerates and
Apalos Sandstones, Calcarenity
Kakkaristra Sandstones,
Athalassa Conglomerates
5.2 Pliocene o Marls, Silts, Muds,
Nicosia Sandstones,
Conglomerates
Kalavasos Evaporites
Upper Reefal and Bclastic
Limestone
23.3 Miocene Pelagic Chalks, Marls
_ Pakhna Calcarenites,
Middle Conglomerates
Reefal and Bioclastic
Lower .
Limestone
35.4 Oligocene Upper Lefkara Pelagic Chalk and Marls
56.5 Eocene Massive Pelagic Chalks
Middle Lefkara i
65.0 Palaeocene Pelagic Chalks,
Replacement Chert
74.0 Maastrichtian Lower Lefkara Pelagic Chalks
. , Volcaniclastic
83.0 Campanian Kannaviou SandstonesSentonite
90.4 Turonian Perapedhi Umber$, Radiolarites

Ophiolitic Basement

! Formerly the Lapithos Group

% This is often no more than a field classéfiion, however, and can also include bentonites (see comments in

Wilson and Ingham, 1959; Christidis, 2006).

18



BG11-01

The sequencis represented by (Bragina and Bragin, 1996):

1 volcaniclastic breccias with a tuffaceous matrix and fragments of basalt and diabase.
The observed thickness in this outcrop is 1 m.

1 red and yellow to rustolored clays which fill the depressions on the edoslaface
of the breccias. The thickness varies from 0 to 1 m.

1 black and dardbrown loose manganedearingbentonite/analogue bentorstavith
weakly rounded fragments (up to 2 cm) of yellowighy phosphatic clayey
limestones (8.0 cm). Thickness is 0:Q.2 m.

1 umbers that are dark brown and yellow, platy, sometimes massive, with brownish
black intercalations of massive Fe/Mn bearing cherts

According to Bragin et al. (2005), much of thember isc o mposed of A...uncrHt
substance and mixddyered nneral like smectitallite with minor goethite. Nearly 25%

of the total volume of these rocks is represented by an argillifatgldvolcanoclastic
substance (secondary <c¢layey material). o |In
(around 032230, 0350p1the umbers of the Perapedhi Formation (0.5 m) lie upon the

Upper Pillow Lavas and is itself directly overlain in this section by the bentonitic clays of

the Kannaviou Formation.

Finally, it is of note that umbers in the area of the Mamonia Allochtm®r@omplex
include hyaloclastite intercalations composed of vitroclasts and fragments of basaltoids (up
to 710 cm in size) are completely replaced by dioctahedrical smdékéate
montmorillonite.

The Kannaviou Formation

The Kannaviou FormatiorCampaniarLower Maastrichtian, Table 1.13 represented by
bentonites that lie on the Perapedhi Formation and directly on the Upper Pillow Lavas
(Robertson, 1977)The Kannaviou Formation is widely distributed along the southern flank
of the Troodos Massif and irhé area of the Mamonia Terrain (see Figures 1.4). The
Formation thickness varies between several 10s of m up to 100m at the type locality (near
Kannaviou village; 032350, 034550). The lower part is exposed along the Kaniarou
Panagia (032380, 03455fad. Green nofayered bentonites with intercalation of clayey
siltstones lie directly on the Upper Pillow Lavas and are overlain by gregragh
bentonites, tuffaceous sandstones, and-lHyared light gray chertypentonite/analogue
bentonits. A final exposure is at the Mavrokolymos River (032240, 034530) where the
bentonites lie on umbers and Upper Pillow Lavas. The total thickness of the basal unit is
~25m.

The upper part of the Kannaviou Formation has been studied (Bragina and Bragin, 1995)
along he Kritou MarattowAgios Dimitrianos road (032330,034555 to 032325,034540) and

it consists of greenisgray bentonites and massive, interlayers of ilgfaty cherty
claystone and greenigiray tuffaceous siltstones. A 2m thick horizon in the lower part of
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the outcrop consists of white and ligiay massive lithoclastic tuffs and the total thickness
of the upper unit is ~30m.

Slope deposits are common at altitudes above 500 m, and can be well over 5 m thick.
Recurrently during the Quaternary, huge quagitiravels, sands and silts were transported
downstream from the ophiolite massifs to the lowlands. Some of these materials remain as
river terraces, and fine silt and mud particles were spread out in elongated floodplains
downstream. The fluvial pebblesands, silts and marls carried into the sea also included
materials eventually derived from the ophiolite massifs.

2.4 Production of the alkaline groundwaters

The alkaline pH values (generally between pH 10 and k@t 12 has been reported by
Alexander et al., 20)Iobserved in the groundwaters are a product of the serpentinisation
of the ophiolites, a reaction which has sevexagible pathways with thexact reaction
pathway depending on Mg content of the precursor olivine/pyroxene or serpentine product,
CO, fugacity, watetrock ratio, C&" content of groundwater, etc.

When considering the origin of tlakalinegroundwaterstamost ophiolites, two processes
generally need to be considered:

1 high to medium temperature alteration
1 low temperature precipitation

The former often shows itself in the form of pervasive serpentinisation of the entire mantle
sequencélocally very comnon in Cyprus)and is presumed to be p@& syntectonic. This
hydrothermal alteration may be characterised by the reaction:

6MQ@,SiO; + MgsSisO10(OH) 2 + 9H,0 Y 5SM@K(OH)4 equation 1
forsterite talc rpeatine

which fixes the upper temperature of serpentine formation at 500°C (Moody, 1976). In
addition, serpentinisation may occur at slightly lower temperatures (down to 180°C at
atmospheric pressure), but as these are all associated with the origgreticsl on the

seabed, they are considered no further here. Of more relevance to the conditions of
meteoric groundwater circulation of interest here is low temperature serpentinisation (e.g.
Barnes and OO6Nei |, 1969; B a HQOg)stypeeneteoaid . 197
groundwaters react with the ultramafic rocks of the ophiolite in an essentially open system

and produce Ca(Obkttype (spring) waters. The partial reactions may be expressed as (but

see also alternatives in Moody, 1976):

olivine dissoltion

3H,0 + 2 MgSiO,Y 5 WBijOs(OH)s+ Mg?* + 20H equation 2
forsterite serpentine
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2H,0 + FeSiO,Y 2 F e (+CBiD) equation 3
fayalite

pyroxene dissolution

2H,0 + 3MgSIQY  M§i,Os5(OH); + SiO, equation 4
H,O + FeSIQY F e (.®Hi{ equation 5
H,O + CaSiQY C'at 20H + Si0O, equation 6
precipitation )

3(Mg”" + 20H) + 2SiIGY  M§i,0s5(OH), + H,0 equation 7
along with the groundwater components:

Mg* + HCO; + OHY Mg &+34,0 equation 8
Cd*+HCO; +OHY C &84 H,0 equation 9

Of course, without full petrological details and kinetic information, the total reaction
equation is always indeterminate. Nevertheless, from the viewpoint of the cement leachate
analogy, it is worth noting that:

1 the fluid output(Table 2.2 contains low Mg and SiQregardless of the input water
chemistry, so they are conserved within the system

1 equation 7 involves a balance between Mg (from equation 2) and the input
groundwater, with Si@derived from equations 3 toi6so serpetine precipitation
is buffered by differential olivinggyroxene dissolution

1 hydroxide is produced in equations 2, 3, 5 and 6, but thé*(MgOH) of equation
2 is consumed in equation 7, leaving only Ca and Fe sources, with Ca likely to
dominate basednothe source mineralogy

1 any HCQ' in the input groundwater is generally consumed in equations 8 and 9,
giving rise to aragonitic, magnesitic to dolomitic secondary carbonates and output
groundwaters dominated by ©H-Na-Cl compositions

The serpentiite mineral assemblages astrongly reducing and thalkaline waters are

often effervescent with fand/or CH gas. Some of the reaction pathways are also strongly
exothermic, frequently producing hydrothermal groundwaters: although only one thermal
spring haseen reported in Cyprus (Neal and Shand, 2002), they are commonplace in the
ophiolites of the Philippines, for example (Alexander et al., 2008a).
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Table 2.2 Hydrochemistry oalkaline groundwaters: examples from around the world for
comparison with th&€€yprus groundwater data and low pH cement leachates. All data in

ppm.

Location pH | Na K Ca |Mg |CI
Cyprus’

Cyprus 3a 11.5/385 |15.1/1.0 [0.3 |420.0
Cyprus 3b 11.2]1163.0/ 1.2 |93.0 |0.5 |190.0
Worldwide?

Greece 11.3/24.0 |1.0 |34.0 0.3 |15.0
Bosnia 11.71350 |15 |29.0|7.0 |20.0
Oman 115/ 132 |4.8 |34.0 1.3 |1275
PNG 10.8/15.0 |3.0 |14.0 2.3 |22.0
Western USA 11.5/19.0 | 1.0 |40.0 | 0.3 [63.0
Philippines®

Manleluag 1 11.1/28.0 |05 |18.6 (0.2 | 174
Manleluag 2 10.4|20.6 | 0.4 |18.1 | -- 15.8
Poon Bato 1091184 [ 0.9 |33.1|0.05|20.9
Narra 1 10.8/158 |0.9 |3.1 |0.0 [95.0
Narra 3 10.3{157 |09 |24 |0.1 |80.0
Cement leachaté

ALL-MR 63 11.0| 42 7.3 |20 <0.5| 52
OL-SR 63 10.0| 4400 | 150 | 4300| 0.56 | 13000

1: Neal and Shand (2002) 2: Neal and Stanger (1983) 3: Alexartdal. (2008a) 4:
Vuorinen et al., 2005
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3 GEOMORPHOLOGICAL CONTROLS

3.1 Uplift and unroofing

Initially, the Cyprus plate fragment was gradually uplifted from-{atetaceous to late
Oligocene times, followed by more rapitigse during the Micene (Orsza&perber et al
1989). In prePliocene times, the ophiolitic basement of Troodos Massif formed locally
emerging island associated with the initiation of the northwards dipping subduction zone.
Uplift and extension continued from the Neogene pi@sent day (McCallum and
Robertson, 1995), amounting to approximately 2 km of uplift since latest Pliocene to
earliest PleistoceneEaton and Robertson 199%tow et al 1995). This produced the
present domal shape of the Troodossifa

Tectonism, therefre, through upliftand creation of relief, providetthe increased energy
necessary for fluvial systems to incise and erode and, together with heavy raisdalip le
deeply incised valleys and gorges being cut into the rising dome. Periodavskfals

and further uplifts of theCyprus landmass in the past 2 Macilitated continued
downcutting (Greensmith, 1998 and enormous quantities of rock material were stripped
from the mountain dome and spread over lowlands or carried into the sea.

The manng scale and timing of this subsequent erosional unroofing of the dome are key
considerations in the present repfot assessing when geohydrological systems were
initiated in the underlying ophiolitic mass. With the uplifting during active faulting
(McCdlum and Robertson, 1995the unroofing began with the lower Tertiary Lefkara
Formation and the Miocene Pankhna Formation cover. The sediment eroded was channeled
seawards across the southern margin of the Mesaoria Basin, and included siltstones, coarse
sandstone pebbles, and clasts of klzadd reef limestone (Figure 3LL

This formed the coarsgrained sediment of the lower part of the Nicosia Formation fan
delta system. In the Lafeliocene the coastal fadelta system of the Kakkaristra Formation

was deposited when basin subsidence had virtually ceased. Deposition of the Apalés
Formation (early Quaternary) followed, a fluvial faciesrafdstonesvith minor quantities

of sandstones and conglomerates (Webat, 2011).

These two formations were depted between 2.58 and 1.95 Ma, and 1.2 and 0.8 Ma,
respectively Kinneardet al, 2011. The upper surface of the Apal6s Formation was then
truncated by a major unconformity, by erosion possibly related to a major-glastiatic

fall and rise of globatea levels of a glacial maximum. Subsequently, with renewed uplift
of the Troodos Massif in miQuaternary times, coarse alluvial conglomerates were shed
radially from the nowexposed and rising ophiolitic massif (Poole and Robertson, 1991).
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Figure 3.11: Schematic block diagram showing sediment derived from the uplifting

Troodos Massif being channelled into the Mesaoria Basin (from McCallum and Robertson,

1995).

3.2 Landforms, erosion and weathering

3.2.1 Massifs

The mountains which form the mairesteast ridge across central Cypi(Esgure 3.21)

ar e ter med

Omassi f so,

a of gregerecrbalts. It retens mo ai n

mountain mass formed of rocks which amere rigid than those of isurroundings (Bates
and Jackson, 1980). In @mus, the geographical term Troodos may refer to the entire
mountain range, or to smaller entities within it, including the Limassol Forest and
Machairas Forest massifs, as well as the highest gratmehd MountOlympus of the
Troodos Forest itself. Themassol Forest massivith a highest point of 1001 m at Eloros,

is made up of similar rocks to those in the Troodos, but experienced a much more complex

structural history. This included solid deformation of rocks both during and after their
original emphcementwith repeated overthrusting in Mioge times (Greensmith, 1998

Within the massifs, different rocks may have distinctive relief and grsurfdce

characteristics. Lavas are areas of irregular but lower ground, whereas diabase rocks give
rise D irregular, craggy hillslopes. Gabbro outcrops, although still rugged, generally have

more rounded summits and aezognisedy extensivaalusof rock debris on valley sides
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Cape Zevgari

Figure 3.21: Sketch map of central Cyprus showing relief, drainage andctss
locations. The Parsata sampling sitenghe bottom right of the map.

Fig 3.2.2 Tributary valley in the High Troodos, showing exteihtsaree mantle and valley
side gullying.
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(Figure 3.2.2) In mountains in midand higheflatitudes, such acenulations of angular
clasts are attributed to riving by freettew action in winter or during longer, colder spells.

However, there are three reasons why this explanation cannot be applied uncritically to
rock weathering in the Cyprus massifs. Firsttneogabbros which may appear to be
chemically weathered, may show evidence of mineral alteration at some early stage in their
history. Secondrocks may be already fissured by repeated tectonic stresses for protracted
periods.Third, as the subsequent sects on climate show, soils in Cyprus retain equable
temperatures at shallow depths, so assumptions about-freezeaction may not apply,

even to the High Troodos. Here, alternative mechanisms could be related to the distinctive
black pine forest, with jat-riving by root pressured-{gure 3.2.3), recalling that roots of

the Ponderosa pine penetrate to depths ef2l@n in fractured granite in the Colorado
Rodky Mountains (Pitty, 1971 An additional biophysical mechanism is debris disturbance

by the leveage of treeghrow in high winds.

Scree : |

Figure 3.2.3 Biophysical role of tree roots in the disruption of bedrock and generation of
looseclasts (after Pitty, 1971 The model is based on the distintegration of Magnesian
Limestone cliffs, south of Sheffield.K.

3.2.2 Valleys, troughs and cols

Around the central dome of the plutonic core, lower mountains of sheeted diabase dykes
are dissected by stespled valleys(Figure 3.2.4 and deeply incised river gorges. A
feature of river channels, particulathyose of the northern flank of the Troodissthat they

may be cut down to bedrock. For example, the Atsas is cut down by drOmoreinto
bedrockfor much of its course.

Faulting may have also affected the route of the Akaki River, as it evolved during

Quaernary times (Greensmith, 1998nd the Karyotis is a tectonic valley which was once
a major gorge channelg heavy clasts from the centre of the Troodos dome to the sea
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(Butzer and Harris, 2007). The Peristeaom comparisonfollows an old faultine in the
Troodos basementThe significance of these troughs is that where faults can guide
subaerial river courses, they provide good evidence that the same control might apply to
groundwater conduits, too.

Figure 3.2.4 General view of steegided, deep valleys in the High Troodos

Although the drainage pattern of central Cyprus is generally radial, there are short but
striking departures from this pattern. The most significant is the-aiggie turn of the
Germasogeia headstream, to the westrmakapas Figure 3.2.1), to follow the Arakapas
(Transform)Fault Zone (AFZ). This forms a prominent and extensiw& \Belt of largely

lower ground, separating the Troodos Forest ophiolitic massif from the Limassol Forest
ophiolitic massif, including theraa just to themmediatenorth of Parsatal he colbetween

the Troodos Forest (Mount Olympus peak at 1,992nd theMachairas Forest (423 m

at the Kionia peak) may be significant, as it makes the latter area the more likely collecting
ground for groudwater draining towards Parsata (Hig3.2.5.
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3.2.3 Plateaux and scarps

To the south of the massifs, much of the higher relief is made up of massivmloaieed
limestones, chalks, chalky marls, conglomerates and calcareous sandstones. The more
resistant of these strata give rise ptateaux where the disposition is horizontal, or
conspicuous ramps (structurdip slope$ if slightly inclined. Northfacing scarpsare
common, where shales and clays underlie resistantfatifiing strata. These wker
outcrops are eroded by stres, or are prone to landslipss is the case where the Pakhna
Formation outcropverall, these features create comparatively minor irregularities in the
general southward inclination of the southern flank of the magsdare 3.2.6).

Figure 3.2.5 Machairas Forest massif to the right (north) and broad col he teft
(northwest)with Northern gully at Parsatin the foreground.

8 0L Ll e,
_ . 4 e
0 km

Figure 32.6. Crosssections of relief of soutlvest Cyprus, inland from Paphosftéx
Kinnaird et al, 201} The locations of relict marine terraces (vertical arrows), sampled for
palaeomagnetic evidence are shown.
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3.3 Deposition and depositional landforms

3.3.1 Slope deposits

In valleys around the Troodos mountains, lkgtated, anglar rock debristélusor scre¢

is extensive, an abundant accumulation or veneer formed by gravity at the base of a cliff or
very steep, rocky slop@see Figure 3.3)1 Downslope, some rubbles may grade into finer
grade clasts and may be active, or haeen reactivated, while others are stable. The
characteristic feature of talus is its angle of repose for loose broken rock, which is close to
32°. However, much of the talus on Cyprus valtéges has been weathered down to angles

of 25 or less. This sugpsts protracted periods of weathering, and burial beneath later
incursions of debris is common, as are loargle accumulationdalus apronson lower
valleysides.Talus springsnay occur at the base of talus, formed by infiltrating rainwater
and seepag from underlying bedrock. In fact, in the Troodos valleys, running water can
oftenbe heard belowhe scree (Alexander and Milodowski, 20)1

Figure 3.3.1 Typical screecovered slope on the Troodos Massif (valley E1 of Alexander
and Milodowski, 2011)As noted in the text, water can often be heard running below the
scree and, as heralkalinesprings emerge at the base of the slope. Tree back centre is
approximately 4 m tall.

Colluvium is a thin slope veneer of soil material and clastic fines, deposn lower
slopes by rillwash or creep. It is a very significant feature of slope hydrology in the
Troodos, where groundwater may seep along the collugenpentinite contact (Alexander
and Milodowski, 2011).

Debris flowsare mass movements of wasaturated debris in which more than half of the
solid fraction is larger than sand size. These poorly sorted mudflows may contain clasts of
much larger size, within a clayey mass of rock fragments, mud and soil. Rates of movement
may be a slow creep to alptuand rapid, with intense rainfall the commonest trigger. A
critical threshold of & 20 mm hf* for mobilization has been suggested (Caine, 1980), and
mudflows on a CaithnegScotland)coastal cliff were initiated by a fall @nly 15 mm ht*
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(Pitty, 191). Typically, debris flows occur on steep slopes mantled with colluvial debris,
underlain by bedrock or duricrust of generally low permeability. As seen in the Parsata
area, shrinkage cracks due to the exceptionally dry summers increase potenteionfiltr
rates, whilst reducing soil cohesion.

Figs 3.3.2 Exposure of debris flow overlying Pillow lava in a road cutting on the southern
flank of the Parsata hilltop.

Fig 3.3.3 Detail of the debris flow on the southern flank of the Parsata hilltop

Bentonite debris flows(a specific geological termBates and Jackson, 1980), are
particularly common in southern Cyprus, where easily hydrated bentmhiteediments
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have been exposed to rainfall and surface water. Such areas include the higlesr séach
headwater gullies and valleys in the Vasilikos catchment in the vicinity of Pafsgueet

3.3.2 and 3.3)3 Wheresuch materials reach valley floors, they may be fuadebut oro
terraces, as seen in the Vasibkealley, justs km south of Paega. As debris flows follow
channel floors and gullies, some fluvial component in flow mechanisms may be involved,
too (Figure 3.3.4), and creep rates accelerated (Campbell, 1974). As a result, the sediments
of turbulent debris flow may have been incorpedainto the Vasiliko alluvial fans by the
seasonal and relatively highagnitude floods of perennial streams (Wastral, 2010).

Figure 3.3.4 Debris flow ina drainage channel km dowrvalley from the Parsata
hilltop, showing traces of fluvial sttification within the deposit.

3.3.2 Fluvial sediments and forms

The alluvial fans in Cyprus, their sedi ment
developed and more extensive in the northern flank of the Tra@dgsre 3.3.%. In the

south, thesmaller Vasiliko fans are the best developed, but they extend here no further

north than the A1 motorway (Watees al, 2010). On both flanks of the Troodos, alluvial

fans are terraced, with each successive terrace being faamadlower altitude The

Vasiliko fans have accumulated as a succession of several lobes that progressively coalesce
westwards Figure 3.3.5. Field relationships, U/Th dating of calcrete nodules, and
correlation with wider palaeosol stratigraphy (Watal., 2010) suggest a &Pleistocene

age (i.e. the last ca20 ka).

At Vasiliko, two dominant phases of fan formation are recognized, designated AF1 and
AF2 (Waterset al, 2010). AF1 comprises two large conglomeratic channels (LCCs) which
are ill-sorted, separatedy sandy baided fluvial deposits (SBFs) which are very variable

in grain size and laterally impersistent. Several sedimentary characteristics suggest
transport by strong perennial stream flow, including large floods and high sediment
discharge.AF2 is predominantlyconglomeratic, with repeated stacks of point bars and
numerous bodies of opdramework gravels (OFGs), an admixture of deposition by less
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flashy, perennial flow in both braided and meandering channels (Wat@ir2010. The 5
or 6 palaeosols horizenthat mark the termination of AF1 sedimentation, persist in AF2.
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Figure 3.3.5 Schematic block diagrams showing the development of the Vasiliko alluvial

fan systems, including lobe switchindtéa Walters et al., 2010
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Figure 3.3.6. Crossprofile of the Vasilikos Valley in the vicinity of Kalavasos (after
Gomez, 1987), showing terrace levels and the incursion of a debris flow lobe.

Waters et al(2010) attribute the graisize variations in these fans to alternating patterns of
stream dischargand sediment availability in response to climatic fluctuations. Three

owetterd6 periods are ident.

fi

ed,

Wi

t h

t he

frequent flooding. New U/Th dates for calcretes constrain the dating of these depositional
epsodes between 59ka and 52ka. These dates are derived from nodules within first
palaeosol overlying older alluvial fan lobe (AF1l) at Vasiliko and a calcrete horizon

overlying alluvial fans in the Pissouri Basin,

River terraces

Although these benches atemmon throughout Cyprus, they are mainly ouo thick
sedimentary fills The clasts of sedimentary deposits arecidleed as gravel (B cm),
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cobbles (625 cm) and boulders (>25 cm). In the Kouris valley, the largest river basin in
Cyprusand to the wesof Parsatasome terraces have been carved into bedrock, but this is
not the case in the Vasilikos vallélyigure 3.3.6) Here the river channel emerges from its
rock-confined channel in pillow lavas on to sedimentary rocks in tbiaity of Argakitis
Kamilas Drainage from the Parmata ridge enters tiein river 1 km upvalley from
Argakitis Kamilas where two terraces become marked features at 10 and 25m above the
bedrock floor of the valleyGomez, 198Y. The origin of the lower unit in the 15m thick
25m terrace is clearly fluvial, whereas the unsorted cl@&stgire 3.3.7)in the upper unit

may be terrestrial. These were deposited at the mouths of tributary gullies incised into
carbonate rocks, possibly as debris fl¢fgure3.3.6 right).

Figure 3.3.7 Clast in the lowest terrace at Kalavasos, showing a variety of lithologies
from the ophiolitic massifs, including harzburgite just above the pen knife.

There is a sharp break in the relative elevation of alluvial terraces as they emerge from

valley confinement on to surrounding the plains, particular evident in the piedmont fans of

the Mesaoria, beyond the northern flank of the Troodégufe 3.3.8. Commonly, a

feature of channdloor deposits is the storage of large clasts too heavy to baredrby

preseid ay f |l oods. These are a 6lag faciesd fro
appear to be of great age, like the cokdileed 68 m fill in the Asinou valley near Nikitari

(Butzer and Harris, 2007).
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PerisTERONA WEIR (Km 0)

Ovive Grove

PANAYIA (Km 7.3)
TALUS

18m Graver

Figure 3.3.8 Schematic crossectims of the valleys on the northern side of the Troodos
massif (after Butzer and Harris, 2007). The sequences for the Asinou Valley (left) and the
Peristerona Valley (right) begin with the walley crosssections at the base of the

diagrams

Table 3.3.1:Provisional stratigraphy of Quaternary sediments, nesémtral Troodos
(after K.W.Butzer and S.E.Harris, 2007)

Unit number Age Unit thickness Lithology and
depositional form
0 Sub-contemporary 1.52m channel bars
1 Late Holocene, mainly 35m Alluvial fill
Medieval?
2A EndPleistocene or Early <1.2m flood loam ¢.10 k yr
Holocene?
2B Late Pleistocene? 6-15m coarse/cobble gravel with
erosional phases
3 Mid-Pleistocene? 16-40 m coarse/cobble gravel
interstraified with scree
(Asinou)
4 Early to Mid- Pleistocene? c.30m Vast piedmont
fanglomerate accumulatior
dissected in 3 stages
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3.3.3 Coastal deposits.

There are three aspects of coastal depaditparticular interest for BAP. First, the
mineralogy of beach sands indicates the lithologies curréeilyg eroded in the Troodos
massis. Secondthe volume of some coastal forms reflects, in part, the scale of terrestial
eroson during the Holocene. Thirgdome of the relict features, left inland by relative falls

in sedevel, can be dated

{outcrop detail from Sheet No.8 5
Geological Survey Department of Cyprus) %

Figure 3.3.9 Map of mounds of relict marine terraces (raised beaches), capped with
calcrete (from Cottiss, 1984)

Longshore driftrefers both to the littoral currents in the zone of wave turbulence along a
shore, and to the sedimenitereentrained. As the preMing winds in southern Cyprus are
from W and SW, sand, shingle and pebbles moves eastwards and are trapped ordéhe W si
of protruding headlands, such @spe Zevgari and Cape Gafaigure 3.21). Material
brought downstream by the Kouriser is an imprtant addition to shore sediment already
entrained by longshore drift.
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Beach depositare the unconsolidated sediments that line a shore. Usually, beach materials
are siliceous but those along Cyprus coamtsy contain ferromagnesian mineral and
epidotemineral grains and basic igneous pebbles. These have been eroded from source
rocks in the Troodos ophiolitic massifs, transported downstream, and then reworked during
longshore drift. As the Mediterranean is an essentially tideless sea, longshore drift is
particularly important in the reworkingf shore sediments.

Beach ridgesare linear mounds, heaped up on a backshore. The example which starts at
Cape Zevgari is about 9 km long, bounding the southern shore of the Akrotiri peninsula. Its
unusual height ggesting the particular importance of accumulation by eolian dune
processes on the shore of a tideless sea, and the presence of a calcrete cap.

Marine terracesmay includeraised beach depositeomprising seams and layers of
gravels, sands and silts. southern Cyprus, their capping may incorporate calcrete, and
may be found as a sequence progressing inland, and usually at increasing altitudes. Those at
lowest altitudes may retain remnants of a whairamed, bedrock platform, and be backed

by a degradedbormer seecliff. Raised beaches have been mapped in detail along parts of
the LimassoNicosia A1 motorwayKigure3.3.9, where they oudie the Moni Formation

and remain asalcretecapped mounds or hillocks (Cottiss, 1984).

3.4 Hydrology

3.4.1 Surface flow

Catchments in Cyprus are characterised by variability in time and space of climatic
conditions, with intermittent stream flow being the norm. In fact, the Pediaios River may
flow for only a few weeks and rarely reaches the sea. Other contrastieiticisteepness

of catchment slopes and the highly heterogeneous nature of geohydrological properties
underground. The River Kouris, including its Kryos and Limnatis tributaties, is the largest
river in Cyprus,.with a 30 ea averageflow of 36 Mnfa'l (Boronina, 2003). River
channels are generally floored by unconsolidated sediments of sands gravels and boulders.
These form narrow (5@00 m) and discontinuous aquifers, although they may contain
major amounts of water in the lower reaches of catchmenten@mat snow packs may last

for several weeks, if not months, in the high Troodos, spring snowmelt floods may be an
important feature of seasonal fluctuations in steam flow.

3.4.2 Groundwater

Within the Troodos massif, water is stored in the fractured alteled zones of
harzburgites, dunites, gabbros and diabase dykessmissivitiesof the gabbros and
diabase dykes vary fror2 to 703 mday”. The Pillow Lavas are generally less permeable,
although local zones of high conductivity may exist (Boromihal 20053. In sedimentary
strata the average is aboutay™.
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Mineralisation.

Cation and anion conmgitions vary considerably with local lithology. The amounts of total
dissolved solids (TDS) are higher in the pillow lavas than in ultramafic, rptutand
intrusive rocks (50®50 mgLY). Groundwaters in hard sedimentary rocks are generally
moderately mineralisd with salinities higher than in eéhophiolites (600600 mgL?).

Those in the allvial aquifer are less mineralised (5600 mgLY). It may not be clear
whether high salinities are due to rock dissolution or by concentration by evaporation, or a
combination of both. According to tritium analysessidence timef sedimentary strata

and pillow lavasanexceed 45 years (Boronieaal 20053.

Springs.

In the upper part of the Kouris catchment, springs originate mainly from ultramafic,
plutonic and intrusive ks (Boronina etal, 200%aln the rainy season, considerable
amount of surface water may originate from recent rainfalls which ideimgth maximum
discharge rates. There are only a few springs in the sedimentary rocks, discharging water in
the river valleys. Today they have only a minimal dischargelots® (Boroninaet al.,

2005h. In alluvial aquifes located inthe Kouris valleys, the discharge of one of the
largest springs (Mavromathpsvariedbetween 0.65 215 Ls* overthelast 50 years.

Over the last decade, Cyprus has experienced very low raatfahhe same time as
agriculture and tourismhave intensified. This hasndreased groundwater usage
significantly, leading to a lowering of the water table and the associated disappearance of
many of the springs. As noted in Alexander and Milodowski (2011), this made the search
for field expressions of the alkaline groundwateuch more difficult than had been
anticipated.
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4 CLIMATIC CONTROLS

4.1 Temperature, sunshine and humidity

The semtarid Mediterranean climateone is influenced bghe climatic patterns of Europe,

North Africa and Asia (BaMatthewset al, 2000). In general, winters from November t
mid-March, are mild and wetSummer months, from milflay to midSeptember, are
typically hot and dry, being influenced by northward displacement of the subtropical high
pressure belt from the North African desefainfall is strongly seasonal and largely
restricted to the winter months, related to increased activity of depressions and the polar
front.

Table 4.11: Mean monthly values in temperature and precipitation at three representative
meteorological stationg(Meteorological Service of Cyprus). Interpolated temperatures,
estmated for Parsata at ca.400 m altitudie®m the Limassol and Saittas data, are in
italics.

Monthly mean tenperature of daily mean&Q)
J F M A M J J A S O N D average

Limassol 13 13 15 18 22 26 28 28 26 23 19 15 20.4
Saittas 8 9 11 15 20 24 27 27 2@3 14 10 17.2
Prodromos 4 4 7 11 16 20 23 23 20 15 10 5 13.0
Parsata 10 10 13 16 20 24 27 27 24 21 16 12 4 18.
(interpolated)

Monthly mean precipitation of daily totals (mm)
J F M A M J J A S @) N D total

Limassol 87 67 36 18 5 1 0 0 3 763 100 407.5
Saittas 118 89 70 38 20 27 5 10 12 26 94 144 653.2
Prodromos 133 124 82 57 26 40 12 10 10 24 103 170 790.1

The three statios in Table 4.1 illustrate differences with altitude, as the Limassol station

is only 1 km inland from the coasihd the Saittas station (640)ms 5 km SE of Pano
Platres. he Prodromos station (1380 m) is 3km WNW of MoG@#ympus, and 2 km NE

of the peimeter of the Kouris watershed. Seasonal variations in its preciptation data are
highly correlated with those recorded at Nicosia (Boronina et@d&lf), although double

its annual total. Data for Prodromos digectly relevant to thalkalinewaters ampled in

the Troodos (Alexander and Milodowski, 2011) and interpolation between the lower two
stations useful for estimating probable values at a locéditenParsata, at about 400 m
altitude
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The middle ofsummer is usually hot (Table 41) and geneidy, in July and August, the
average temperature is usually aroun@C38uring the day and 23 at night on the coast.

At Parsata, the meaannual temperature (MAT) woule about 1% but during
midsummer, no cooler than at the coast. Although the MAr@dromos is abouftooler

than on the coast, penetration of frost into the ground is insufficient to cause problems,
even in the highest areas. Midnter soil temperatures may be little below’@0at 1 m
depths.Summer is a season of high temperatwél almost cloudless skies. Sunshine
hours on the coast are 3,3B®00 per yeanvhich is more than twice that abndon,for
example,and this increases to more than 4 times in December. Specific examples include
Larnaca, Saittas and Prodromos with53,32,994 and 2,713 hours per year, respectively.
Relative humidity of the air averages-80% in winter and 4®0% in summer, with even
lower values inland around midday.

4.2 Precipitation

The seasonal contrast is a hallmark of a Mediterranean clilnaténter, Cyprus is near

the track of fairly frequent small depressions which cross the Mediterranean Sea from west
to east between the continental anticyclone of Eurasia and the generally low pressure belt of
North Africa. These produce most of the arruracipitation. The average from December

to February accounts for about 60% of the average annual total, and that between
November to March is usuallyac80% of total.

Variability in annual rainfall is also a characteristic of the Cyprus climate ang)kis are
frequent and sometimes severe. In addition, large amounts of rainfall are often caused by
intensive rains rather than by a large number of rainy days. In the case of rainfall intensity
exceeding infiltration capacity, water drains to the riwsithout infiltration in the deep
aquifer. Sediment supply and rates of erosion are related to stream power, which is
generally attributed to precipitation intensity. Thus, the role of precipitation is essential for
deposition of sediment on to alluvial fan

Another distinctive feature of the island is the increase in annual rainfall from 300 mm
along the coast to nearly 1200 mm in Troodos. InterpaidtioTable 4.11 indicates that
amounts for altitudes like Psata would be about 560 mihaAdditionally, the higher
reaches of Olympus are capped by snow in winter, and snowstorms may be heavy.
Although snow cover is not continuous during the coldest months, it may lie for several
weeks especially on the northern slopethehigh Troodos.

4.3 Evapotranspiration

Evapotranspiration (ET) is a crucial feature of the Cyprus environment, where rainfall is
rapidly absorbed by the very dry soil, and soon evaporated in high temperatures and low
humidities. Equally, transpiration by despoted vegetation draws wgroundwater from

depth, driven by long hours of sunshine as well as the high temperatures. As a result, ET
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impactssignificantly on therechargeto groundwaters, calculated as the residue of water
balance after deducting ET from precipitation totals.&@mple, in the Kouris catchment,
with a mean annual precipitation of 1210 nregharge is only 16030 mm& (Boroninaet

al.,, 2005h. ET is also a vitatonsideration in the mineraéiBon of groundwaters, both by
concentrating fluids by evaporation, abg holding them in contact with rock for longer
periods than in more freely draining systems.

4.4 Regional variations

Apart from the control of altitude on variations in temperature and rainfall, distance from
the coast has a slight but discernibleuefice on the seasonal temperature. Inland, away
from the moderating influence of the ocean, average temperatures may ext2eB\eH

in the highlands, summer maxanecan be hotter than the coast.

Acoording to the Koppen climaticlassification (Peel et @2007),Cyprus has a Subtropical
climate i Mediterranean and Serarid type (in the NE part of the islandRainfall
increases up the SW windward slopes to nearly 1,100 mm at the summit of the Troodos
massif. On leeward slopes, amounts decrease stesmily and east, to between 300 and

350 mm in the central plain and the flat SFntrasts in local climate, according to aspect,
may have a cumulative effect over time. For instance, in the Judean desert, slopes with a
northern exposure have relatively wetisture regimes and denser vegetation. Soils have a
higher stoniness from calcrete derived boulders, which increases permeability. For Cyprus,
similar contrastexistbetween the flanks of the eagést ranging Troodos Mountains.

4.5 Sea level changes

45.1 General considerations

There are four main groups of considerations concerningeseh changes. The first
concerns their causes, of which climate is an -owéng, if indirect, control because
fluctuations in icecap volume impact on seawater gtiges. The worlewide changes in

this regime are termedustasy and those due to changes in the volume of ice caps are
described aglacio-eustatic.More locally, tectonic regimes may impact on the relative
height of sea levels, not least in the Medaaeanduring themid-Miocene Messinian
when tectonic landbcking at the Straits of Gibraltar abouti % Ma agoblocked inflow

from the Atlantic This led to a marked lowering of sea level along all the margins of the
MediterraneanMore locally, signifcant tectonic uplift of the Troodos and Limassol Forest
massifs means that relative sea levels on their flanks have fallen.

The second consideration is how 4$eeel changes affect whether fluvial systems incise or
aggrade. Falls in relative sea levelstalarly at glacial maxima, induce incision and
associated floodplain abandonment and terrace formation, wherelavededse promotes
aggradation. Both geomorphological responses are classically illustrated in the lower
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reaches of the Vasilkos Vallegown hill from Parsata. The possiblity that these were
transmitted to regional groundwater levels, too, may be worth evaluating.

The third consideration is how sksvel changes might be dated. Initially, with the
Mediterranean as the type area, it wasught that altitude alone would suffice but, with

the advent of radiometric dating and the uran&eries mthod (see section 6.5)much

clearer pictures of coastal geohistory have emerged. One example is the spectacular flight
of coral terraces which @sto over 600 m on the coastal margin of New Guinéth, dates
ranging from 30,000a B.P. to 220,0(®#. (Chappell, 1974).

Finally, even with some reliable dating available, it not always clear whether eustatic or
local tectonic factors were responsilibr the observed changes in relative sea level and
disagreements in interpretation are common. For southern Cyprus, however, it seems clear
that the dating of marine terraces (raised beaches) provides an invaluable indication of rates
of tectonic uplift.

45.2 Southern Cyprus

In southern Cyprus, marine terraces are preseattitudes oca350m, 100m, 60m, 20

m, 10m and 5m. All but the 350m fall within Pleistocene times. In the lower Vasilkos
area, the clearest seem to be at 20 anuh 1&vels. Bur main marine teace horizons have
been recognexd and correlated around southern Cyprus, termed Fa (Poole ad
Robertson, 1991). Using uraniuseries dating on corals, the F4 terrace was dated at 116
130 ka and F3 at 18892 ka. This record suggestpisodic uplift, with an estimated rate of
ca 240 mmka* between 185 and 130 ka (Poeleal, 1990), bunotethat this was much
reducel to ca. 50 mnka® from 116 ka to the present day

An implication of these calculations that groundwaters in thiearsata area perhaps began
to circulate to deeper levels during the 18530 ka interval. That uplift rates were much
less before and after this interval is implied by magnetic polarity evidence from bioclastic,
littoral calcarenites. This suggest thhése coastal areas were uplifted by >600 m during
the past 780 ka, indicating a rate of uplif@®@mka™ (Kinnaird et al, 201). Figure3.3.8
shows the location dhe terraces sampled during th&udy.

4.7 Soils and duricrusts

47.1 Soils

The absece of weltmarked soil horizons is attributable to dry conditions, to erosion
continually renewing the top soils and, additionally, to aeolian inputs of dust and fine sand
from the Arabian and African deserts. These are not just annual events, but may occ
several times a year, and accofartthe reddish colar of the soil which charactees drier
Mediterranean environments, therra rossaln such higher areas, the construction of
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terraces and check dams, from Roman times onwards, demonstrates ¢hagffou has
gone into building up strips of deeper soils and to protecting soil from erosion.

Soils derived from limestone or gypsiferous rocks, as on the dry, chalky uplands, around
Parsata, are typically grey or very light brown in colour, mostlyl@vabnd highly
calcareous. Hillslope hydrology is affected by the impermeability of accumulation of
carbonates and gypsum in such subsoil. This changes the direction of drainage of
subsurface water from vertical to lateral (Lawdeal, 1989), and is acotuated in the
Pasata area by the weathering ofibentonitic clays.

4.7.2 Calcrete

In semtarid environments with a strongly seasonal precipitation regime, soils have some
highly distinctive features. In particular, these include hard cemented kngtrdevelop

within the soil profile and underlying weathered rocks, or as a hard crust at the ground
surface itself. These are formed by the accumulation of soluble minerals deposited from
mineralized soil water and groundwater that moves upward byamgpéattion and, in the

dry season, evaporates. In areas of calcareous bedrock, these soil horizons or crusts are
termedcalcreteand known locally abavaraor kafkallain Cyprus.

Calcrete development typically occurs within the same climatic settitegrasrossaywhere
regions can experience high rainfall but with dry seasons and warm temperatures.
Intercalations of terra rossa and calcrete horizons are common on alluvial fans and the
development of both pedagetic features signifies locadid fan sthility

4.7.3 Beachrock and eolianites

In coastal environments, the formation of beachrock and eolianites is analogous to that of
duricrusts and terra rosgmlaeosoldn terrestrial environments. In hot summer weather,
pebbles and saed umdehgodsaplkash echcsédawatee t t i ng
and surdrying. Gradually, clasts of mixed and watlunded pebbles are cemented
together, resembling concrete. Thick beds of such conglomerate found inland from the
present shoreline are survivingrfs of old beaches or river beds, up to 25 m thick.

Similarly, eolianites are coastal accumulations of windne sands which become
cemented by evaporation of carboratd coastal groundwaters. Eolianites are often
interbedded with soils, and may inde molluscan fragments and other biogenic debris,
deflated from the emerging shallemater zone during sdavel regressions. As such, they
can be invaluable in dating glacioeustatic oscillations of sea levels.

4.7.4 Soil mechanics

Shrink-swell clays areprone to slip after prolonged spells of wet weatlsmectites are
prime examples of such clay minerals, commonly originating from breakdown of materials
such as pyroxenes or glassy shards of a pumiceous igneous nature. In the Kannaviou
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Formation, smectt content may be as much as 73%6ntemporary engineering reports
illustrate how dramatically the bentonite of the Moni Formation expands when exposed to
the subaerial environment (Cottiss, 1984).

4.8 Vegetation

481 Lowlands

The lowland plains are sefarid, due to the coincidence of the hot and the dry season, and
the littoral zone is characteed by plants that can withstand appreciable drought, or high
salt content in saline soils. Inland, great tracts of brushwood, heath, and thistles are
common.Bathais a low (<1 m) scrub, dominated by Spiny Burnet and Thy&serigue
andMaquisare taller scrub ¢4 m high), the latter including low pine, oak and juniper.

4.8.2 Uplands

In lower valleys where open woodland survives, maple, popular, willow, altkplane
may still be found. The Troodos are renowned for beingiwelbded with live oak and
arbutus, as well as the almost exclusive stands of mature black Pimes (nigra
pallasiana)at c.1250° 1950 m elevation (Tsintide=t al, 2002).

4.8.3 Deforestation

Deforestation is a particular consideration on steep slopes, disturbance reduces the soils
organic store as well as biomass, and soil surface horizons may be lostavidbcade
(Furley, 1987. An example is the widespread gullying in the Rif Wtains of northern
Morocco, associated with largeale deforestation of areassigpe during the Spanish
colonisation between 1926 and 1956 ifdenBrink and Jungerius, 1983

For Cyprus, there is some uncertainty about when deforestation may hbwedinged and

the environmental impact that might have ensued. Apart from fuel and domestic
constructions, other demands included charcoal for smelting, supports for underground
galleries in mines, in the sinking and lining of wells, and ship buildingneSo
interpretations of Eratosthenes suggest that the entire island had once been covered by
dense forest, which would be consistent with the former cedars of Lebanon. He claimed
that forests covered the entire plains to 13 fathoms deep.

Removal of vegetain eliminates the protection of interception of rainfall by the forest
canopy, and exposes the ground to erosion by rainfall impact and surface runoff.
Theophrastus warned of the dangers to soils and surface waters from deforestation in 2400
2300 BP. Thaemoval of the leaf canopy, leaving bare ground exposed raindrop impact
when forest is cut down, also applies to loss of crop cover in abandoned agricultural areas.
This could have been a critical feature after the desertion of Parsata and explain the
0 bla @ reppéarance of its neighbourhood (Fig4.8.1).
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Fig 4.8.1: Northern gully san example ofthdé badl and®é bel ow t he Par sa

44



BG11-01

5 PARSATA SITEDESCRIPTION

5.10verview

It was noted in Alexander and Milodei (2011) that Parsata was an ideal site for further

study as it offered the ideal combination of appropriate alkaline groundwaters in contact

with bentonitebentonite analogue. In addition, analysis of rock samples had shown
abundant smeite (up to 100%n somecas¢s and evi dence of O6fossild

The original spring is to thenmediatewest ofthe abandoned village #farsataand below
the main track through the villag€igure 5.1.1). It is dry in all but the very wettest periods
and the groodwater (pH1.4) is currently accessed by fars@eborehols and pump,
several of which are marked in red on Figure 5.1.2

Figure 5.1.1:Parsata abandoned village.Top, looking SSE, bottoaking E.
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Figure 5.1.2 Satellite view of the aa around Parsata (Parsada)llage, middle right of
imageThe red pins mark the site of f,artmeer sdé bo
Almond Qchard, is currently producing.The drill site is 125 m due soutif the most

easterly borehole.

Figure 5.1.3 Typical pumped well (grey cwliler in middle ground) athe Almond
Orchard near Parsata, southwest Cyprus (looking south). Notgdvernmenissuesolar
panels which power the punape generally a good indicator of the presence of a boeehol
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Figure 5.1.4 Gully in bentonitddentonite analogugust below and d the west of the
ParsataAlmond Orchardborehok (see Figure 5.1)3A weak flow of neutral groundwater,
coming off the bentonite/analogue bentonite was tested here.

The boreholeshown in Figure 5.1.8 500m WNW of the village and isitting on top of
the bentonitddentonite analogueand penetrates ~30 m through the bentoaibel,
presumably,nto the PLV below. Approximately 150 m immediately to the west of the
borehole, theresia narrowgully (Figure 5.1.%4 which contained a smdirickle of neutral
waterin October, 2010Just dowstreamof this point, the stream bdths eroded through
the bentonite and down onto the weathddpgerPillow Lavasbelow, so the bentonite has
a maximum thickness of ~280 m at this point.

The line of three red points running WSW away from Parsata village in Figure 5.1.2
represent three private borehgleeme 150 m NW of the sampling s{sz=e Figure 5.1)5
Groundwater could be heard runningtiem at depth, but thegould not be sampleds

they had been weddl shut. A final borehole lies about 7503V of the village and is
currently used to irrige an Olive @chard. Despite repeated visits to the site, it proved
impossible to access this bbode (the entire system appeared to be running automatically
and was locked) and, as it is not on the GSD national datéibasenot compulsory to
register) it proved impossible to contact the owner of the orchard.

In addition to the presence of alked groundwaters in and around the bentonite/bentonite
analogue, in Phase llsequence of samples was collected in a road cuyttiogt northerly

red pin in Figure 5.1.23cross the contact between altered autobrecciated basalt pillow lava
and interstitih sedimentbetween the basalt pillows (Figure 5)1.he sequence is cut by
tufa-lined fracturesand the sampled material was shown to be smeaathe with 100% of

the clay sized material being smectite (details in appendices 3 and 7 of Alexander and
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Milodowski, 2011) Taking these two aspects together, it was decided to focus the Phase llI
work in this area.

Figure 5.1.5 Capped borehole on edge of valieynediatelybelowand west oParsata
village. Another two boreholes follow on a straight lit@vards thevalley bottom (cf.
Figure 5.1.2
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Figure 5.1.5 A sequence of samples was collected across autobreccia and associated

samples to the NW of Parsata village

5.2 Geology

BG11-01

Over wide areas around Parsata, the Upper Pillow Lavas are often stekpéd, whereas
the disposition of the overlying chalk strata is Rlearizontal. The palaerelief beneath the

chalk at this angular unconformity is uneven, partly due to the undulations in the subjacent
lava surfaces. These were deeply weathered enstibmarine environment before the
bentonites ana@halks were laid dowicf. Christidis, 2006), but also appear to have been
faulted sinceln places, these faults can be seen to be parallel to the valley sides and may

represent some form of gravitatiortattonics (cf. the Yarmouk Valley in Jorddrifty and

Alexander, 201}, slumping the entire valley walls down to the valley floor.

In addition to this large scale earth movement, it quickly became clear that large areas of
the Vasilikos valley have suffeed bentonite debris flow (see section 3.3.1) and, following
detailed inspection of several candidate sites (e.g. around the boreholes mentioned in

section 5.1), they were ruled out as being too disturbed to be dfhiseseverely restricted

the relevanareas for sampig.

5.3 Geomorphology

Figure 5.3.1Generalised geologffeft) and relief(right) of the Vasilikos catchment

Parsata is one of the many deserted villages in the foothills of southern Cyprus. It is some

26 km NE of Limassol, and lies juabove 400 m contoyfFigure 5.3.1)Here, the white

chalks and limestones of the plateau give way to outcrops of dark brown bulbous pillow
lavas. Some of these rounded forms can be quite large. Because of their rapid cooling in
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seawater when initially ésuded, they have a very firgrained surface that breaks up and
weathers easily. They may also be heavily breccidtedto rapid cooling in seawatand
crushed and fragmented by faulting during earth movements.

‘ ’n‘f:-'&li_

Fig 5.3.2 Central gully, looking upsipe towards the Parsata hilltdpillage just visible on
the hill crest)

The Parsata hilltop is close to the eastern watershed of the Vasilikos Valley, where a couple
of headwater ravine® tone of its tributaries begilthough streamflow only occurste
intermittently in winter, these two ravines are the site of active erosion, with incised valley
sides as steep as®3dFigure 5.3.3).The flanks of the upper reaches of the northern ravine
expose bare chalk-igure 48.1). In contrast, between the twavines, there is the dry
Central gully, with its gently concave floor, where olives traeswell established (Figure
5.3.2). Based on tree girth and estimated growth rates, some of these olivewebégen
established for generatiorisigure 5.3.4.

A striking feature of the southern ravine is tkrdckpointin its channel floor. This is a

locally steeper reach or waterfall marking the point reached by regressive eFigime (
535),achieved by a Ohosepipebd ef ltmmontothhen an
channel floor below.Channel incision accelerates erosion at the foot of vaildy slopes,
afeaturereferredto asparallel retreabf slopes. Exposure of the roots of mature olive trees

on the ridge confirms that parallel retreat hasrbgignificant, remains currently active, and

that the recent incision may postdate the time when the grove wasstablished Kigure

5.3.9. The interfluve on the left bank of the ravine also suggests active erosion. Here, the
remnants of a former beh, capped by a resistant stratum, survive as a miniature but
conspicuous, flatoppedbutte (Figure5.35).
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Figure 5.34: Ancient oliwe tress are common around Parsata. Some, such asxamsple
just to the north of the villagevere probably planted by the Romans.

51



BG11-01

Figb.35Sout hern gully showing the &édknickpointo
view, and tthteed soh at leel Dbyl i ne.

g
/
¥

N
Figure 5.3.6 Exposure of roots of olive trees showing scale of recent soil erosion.
Data from the Gialias River illustrates the rate at which this erosion might have progressed.

This major watershed rises on the northern flahkhe basaltic massif of Machairas, only
10 km north of Parsata. Overalldanudation rate of 5 15 mma' has been reported here
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(Devillers and Leuyer, 2003 However, the mean annual rainfall (MAR) is only 340 mm
for this rainshadow catchment, compar with the estimated 560 mm MAR for Parsata
(Table 4.} onthe windward side of the Machairas. Therefore, an erosional rate of at least
15 mma might be a useful guideline for present purposes. This compares well with the
rate of 20 mm3, reported in te classic badland study (Schumm, 1956). Notionally,
therefore, the edges of the Parsata busambolisng the featheedge of the chalk
overlying the pillow lavas, may have retreated by soremiper century.

5.4 Environmental changes

There is still ingfficient information to compile an environmental history of Cyprus, so the
following notes are merely a disjointed illustration of some of the topics on which more
information is needed. Some of the major uncertainties are also highlighted. These include
the difficulty of distinguishing between the impact of higlagnitude rains from the stress

of excessive landise, and doubts about the scale and timing of deforestation.

5.4.1 Holocene

Present day

Contemporary natural hazards include dust storms thi&eone in February 2008 and the
incursion from the Middle East in October 2002, carried by winds blowing west from
Syria, which engulfed the entire island. Recently, too, winds blowing from Africa carried
millions of locusts across Cyprus, obliging farséo protect their crops (The Times,
2004). Tke swarm was attracted by unaiy hot weather and heavy rain. The impact of
such natural disasters can be great, as experienced when locusts ravaged Lebanon (1914
1918), causing a famine that triggered a wafvemigration to the America®epopulation

has many causes.

Extreme temperatures are a growing risk, with the heatwave in August 2010 resulting in 46
deaths in Nicosia. Major anthropogenic impacts relate to water supply and quality.
Groundwater mining icreases, with some boreholes which were heavily pumped during
the fidryd season eventually yielded water
groundwater reservoirs which are not readily recharged. Prior to abstraction, the rivers
originally discharged spring water during dry seasons (Boroseinal, 2005a). Lowering

of groundwater levels even has a direct impact of the present research programme, as the
spring west of Parsata is now dry in all but the very wettest periods (&lexaand
Milodowski, 201). Pollution is also a risk to water quality, with some springs in villages

like Agros and Agious Theodorous being already contaminated with petrol and sewage.

Perhaps the 2August 2010 fire in Machairais Forest reflects increasing recreatiosal
but, like exhaustion of water supply or debilitating midsummer heat, such phenomena
could have influenced human responses in the past. In particular, fires and wildfires are
always favoured by the long dry summers and high temperatures. All the etaweles
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highlight the intrinsic risk in attributing environmental changes and human responses to a
single cause.

20" Century

Many contemporary changes had already been evident in the last century. For instance,
groundwater resources in sedimentary ateat becoming sporadic. Of 73 boreholes drilled

for irrigation in thel97€1990s, 70% were unsuccessful (Boronetaal, 20053. Also,
seasonal changes in spring flow became no longer systematic, depending rather on
pumping regimeA worldwide feature whih complicates the study of fluvial processes
became apparent after 196Q, when reservoir construction began. This not just traps silt,
but results in inevitable stream incision downvalley, as the sedifrenbverspill water

takes up bedload from chagirfloors. This explains why a sediment plume from ribev
dammedRiver Kouris can still be observed offshore.

Global trends in climate change became apparent, too. In Nicosia, average annual
temperatures in increased from T&9in the first 30year peiod of the 28' C, to 19.7 in

the last 30 years, with a very severe heat wave in August 1998. Precipitation has decrease
by an average of 1 mrtamainly during the second half of the century, due to an increase
in the number of years with beleawerageprecipitation and droughts, amounting to a
decrease of 17% in the last 30 years.

Largescale quarrying of serpentinite went on at Pano Amiandos throughout most of the

20" C, a reminder of the millennia of axpl oite
the shorlived railway era (1922952), where an extension was designed to ¢aeawood

from the Troodos foothills to the copper mine at Skouriat{t®e and Lee, 1973). At least

the avenue of eucalyptus trees, planted to protect rolling stocktfr@sun, demonstrates

greater awareness of afforestation which was a positive feature of the British colonial era.

The invasion of the island in the 2@ sounds like an emphatic echo of its past. It is

important, for present purposes, to reiterate thathmof past changein Cyprus, in so

many ways, arebservable at the present.

The Little Ice Age (LIA)

The LIA is known as a cool and humid climatic period, between thel6fido mid 19" C.

I't was | inked | argely wi NAO (Bomdket ab M8, and At | an't
was characterised by increased fluvial activity and flood frequency. In Cyprus, this episode

also coincides with increased agricultural activity, and a link between fluvial changes and
land-use variability was identified in Gias watershed near Potamia village (Devillers and

Lecuyer, 2008). As there was a decrease in flash floods of aasehulimate, the higher
sedimentation rates are due to the larger number of temyodimagge floods.

The Gialias River is a major watbesd in Cyprs, with a MAR of 340 mm. Here,
excavations at Paleomylos mill, which operated during the French Lusignan peried 1190
1480 AD, revealed that sedimentation accelerated greatly betw8emda.&' C (Ottoman
period, 157601870). Also, a greaterrgportion of sediments frorthe upper basin were
transported downstream during the LIA (kers and Lecuyer, 20080verall, the impact
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was adenudation rate of -85 mma, based on terrace materials some 7 m thick
accumulating at a mill in the histonieriod after its abandonment in thé"1@. The effect

of the cooler, more humid environment of the LIA in Cyprus is not, however, readily
translated into human impact because of additional factors, mainly the abandonment of
villages (Grivaud, 1998).. Thigzeaked at the end of the Venetian period (c.1570) and again
at the end of the Ottoman period (1878). In addition, and probably a factor in village
abandonment, too, was invasions of locusts during the warmer climate which prevailed
immediately before thelA, and was reestablished soon afterwards (Grivaud, 1998).

Politically, the Ottoman era (1571878) was insecure and oppressive which led to
emigration and depopulation during the"iZ and 18 C. However, there was no large
scale deforestation, asetftondition and limits of forests reported 172&36 are similar to
those observed during the British era (1:8B80). In fact, dendrochronology suggests
forest regeneration in the late"16 to early 1¥' C and again in the late & (Butzer and
Harris 2007).

Middle Ages 1191571

After the Roman period, settlements were destroyed during Arab raid91849ncluding
KalavasoKopetrac.650 AD which was severely damaged and abandoned soon afterwards
(Rautmann, 2003). Other coastal sites were abatt@amd villages established inland,
particularly within easy reach of routes along watersheds. By {h€ 1the construction of

new churches indicates a gradual recovery. The rule of a Crusader kingdom by the French
Lusignan dynasty (1192489) and Ven&n era (1489571 AD) then saw continued
exploitation of human and natural resources, but with investments in monastries and
cathedrals, too. Timbeautting for shipbuilding might again be inferred. Further population
decline partly reflected pillaging dnthe Black Death (1348438), and Limassol was
destroyed in 1538, but total population grew to about 197,000 by the end of'tBe 16

Natural extreme events included the flood of November 1330, which engulfed Nicosia to
depths of up to c.4.5nButzer aml Harris, 200, and a locust invasion in 1351 which
caused surprise and terror (Jennings, 1988yeral major floodplains emerge from W and
SW Troodos, with most sedimentary units faIIingll1 witkhie last millennium i.e. Medieval

to Ottoman, suggestingzgiable populations in 113" C. Slope stability, soil formation and
low-energy flooding were more typical during the few centuries around perhaps 1000 CE.
Also older fills under Late Medieval deposits might relate to earlier-a@igdrgy floods,
perhaps irLate Roman times (Decker, 2006).

Roman era 58 B€ 649 AD

Prior to Roman occupation, wealthy city kingdoms (c.7588 BC) grew up, based on
copper extraction and export, and the Romans took possession of the island because the
copper was so valuableh@y also used asbestos for lamp wicks, and commerce flourished.
Timber was cut for shipbuilding and mine supports, and smelting at Roman copper mines
required large quantities of charcoal for fuel. However, as little is recorded about forest
history in Cypus, a close similarity between the Akrotiri tomboligure 32) and the
evolution of the Bay of TunidHgure5.36) may be instructive.
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Figure 5.3.6The Holocene evolution of a coastal lagoon, Lake of Tunis, illustrating the
scale and chain reaction ehvironmental repercussions from human impact (after Pitty,
1984).

Originally, Akrotiri was a small number of lelying offshore islands, of which the two
capes are relicts. These becaneraboloi a tied island’ as the islands were gradually
joined bya pebble and sand spit linked to the cliffs near Episkopi. The Limassol side of the
bay then became a bay sheltered from westerly winds and wave action. Maps of Cyprus,
dating from the 18C and 17thC, show the salt lake as a lagoon, still open to the eas
before its closure over the past 400 years.

In the case of coastal lowlands of Tuniskag(re 5.36), a chain reaction of accelerated
erosion began after the Romans had defeated the Carthaginians in North Africa in 146 BC.
Deforestation in the Medjda watershed accelerated denudation which then caused delta
progradation. This supply of sand then increased longshore drift which eventually
obscured the peninsula on which Carthage had been built. By abolt @éb, barrier

spits began to develop @y the 18 C a barrier bar completely sealed the lagoBme
similarity between these two histories might suggest that, as in Tunisia, increased sediment
flux, due to deforestation of watersheds, was very significant in southern Cyprus during the
Romanera, and lagged into later times.

Pre-Roman times

In earlyprehistoric (Neolithic) time$c.8.87 3.8 ka)economies were too locadig to affect

fluvial activities and to cause agropastoral dam@yezer and Harris, 20Q07However, by

the Bronze and ¢m Ages (e. 3800750 BC) almost pure bands of copper and iron pyrites
were mined as early as 3000 BC. Their export brought great wealth to the island. Some of
the ores were smelted on the spot in primitive furnaces burning wood and charcoal,
suggesting gpreciable impact.

More locally, the Lower Vasilikos Valleyo the south of Parsatiaas been the site of long
standing archaeological research (Todd, 1989). The two units of flood siltstone which rest
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on igneous cobble gravels include a charcoal dat®36D B.C. which falls within the
Aceramic Neolithic (Gomez, 1987) which may reflect Neolithic disturbaAteDhali-
Potamia, beyond confines of the Troodos, at junction of the Gialias and Alykos rivers, 3
Holocene fills totalling 8 m have been attributedatcelerated erosion. Alluviation ceased
with depopulation at end of Bronze Age, but then briefly resumed.

Conclusions

Over the last few thousand years the energy expended by people and their technologies has
been a signi fi canttngdenudatiop. Hadveverydatmg sudh mpagts cel er
is imprecise, partly because denudation does not accelerate instantly. Equally, the transport

of the greater sediment yields may be halted for long periods between extreme events. The
Cyprus environment has irapted by human attrition rather than devastation, with long

intervals of partial ecological recovery, followed by periods of pressure on land use and
resources, of which the preseataty is a clear example. This impression compares well with

land use in Mascco, where an earlier Roman phase of deforestation and soil erosion was
followed by restoration of woodland (van den Brink and Jungerius, 1983).

5.4.2 Quaternary

Distinctively, Cyprus was well beyond the limits of Quatenary glaciation, but the climate
was much wetterThis generally positive reconstruction of the hydrological balance agrees
with postulated more southerly position of the jet stream, and the associated westerlies,
during glacial maximaRrentice at al, 192). Heavier rainfall, combined withontinuing

uplift of the Troodos, gave the rivers extra power to dissect and erode the mountain mass
more effectively. This impression is supported by-gethaological field studiesvhich
suggest that most of the slope and stream deposits in CyprosQuaternary age (Butzer

and Harris, 2007). By Late Quaternary time, erosion was exceeding deposition in peripheral
areas around the margin of the mBssesulting in progressive downcutting into the
sedimentary valley fills.

Late Quaternary

The Northen Hemisphere deglaciation began between 19 and 20 ka (&lalk 2009),
but the subsequent Interglacial, the Holocene, was not established until 10 ka-fldalley
sediments of the Vasilikos Rivgust5 km S of Parsata, suggests greater denudatiamgdu
a wetter period in latest Pleistocene times (Gomez, 1987)., Eleaese unsorted debris
funnels out on to alluvial terraces from tributary valleys, ltke Parsata headter
drainage (Figures 3.3.3 and 3.

Last Glacial Maximum (LGM)

Like many cimaterelated issues, the LGM was a very complex system, relating
fundamentally to the strength of the Eartho
being 41 ka for obliquity, 23 ka and 19 ka for precessions, and 100ka for eccentricity. The
greatest ®tent of nearly all LGM ice sheets corresponded to a minimum in these
astronomical forcing functions, and was greatest from 26.5 ka-20 k. (Clarket al,

2009). Precipitation variability was controlled, like today, by Mediterranean cyclonic
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disturbares. A more southerly position of the jet stream and the associated westerlies is
postulated, leading to relatively wet conditions in the Mediterranean &weec{en et al.,
2009).

Penultimate Interglacial

The combination of higlprecision Useries datig of corals with eustatic séevel models
indicates the Penultimate Interglacial period occurred from at least 130 to 117 ka (Stirling
et al.,1995). Climatically, this comparatively brief period would have been similar to the
preserdday, but is too faback in time to have left any discernible imprint. With the higher
temperatures, however, greater mineralisation of groundwaters might be envisaged.

Cooler transition periods

The last clearly discernible geomorphological changes in the Parsata ateadgepdsition

and lobe switching of the alluvial fans at Valisko. These have been dated at a time about
midway between the LGM and the Last Interglacial. Watdre. (2010) equate the
deposition of conglomerates and ogeamework gravels to increasedver discharge
during wetter summers, and attribute this change to increased activity of west
Mediterranean depressions. The explanation offered for this slight climate change is that it
coincides with grecessiominima. Spelothems in Israel caves alseesd wetter climatic
conditions at precession mimima (Bdathewset al, 2000). Precession is the change in

the orientation axis of a rotating body, like the Earth, which completes a gyration
approximately every 26k yr. During this cycle, the amount tdrsenergy received in the
Northern Hemi sphere varies, depending on
towards, or away from, the Sun.

Probably all that might be surmised for geohydrological conditions at this transition time
relates to glacial mama and interglacials being comparatively short periods of Quaternary
time. Longer periods of slightly cooler periods must have persisted in which, inevitably,
damper conditions prevailed simply because evapotranspiration.was reduced and effective
precipitation increased.

Earlier Quaternary

Some of the fluvial features of the northern flank of the Troodos (Figure 3.13) appear to be
early Quaternary age. The bedrock channels have changed their sinuous and entrenched
channel configurations very slow(Butze and Harris, 200 The Karyotis tectonic valley

was once a major channel from the core of the Troodos to the sea. Early Quaternary
sediments then accumulated in and beyond such valleys, notably the thick and extensive
alluvi al fans orfoupée (OFamlgd oamed aR®b er t son,
fans is evident today near Orounda, where about 30 m ofstlpported gravels are
exposed on Peristerona valley side, some 45 m above the ptageartannel.

Streams developed on this Fanglomeratefase in a northwesterly direction, with
knickpoints indicating three stages of incision. The river then cut due north across the
inclination of the fan, but following an old fault line in the Troodos basement éBatm
Harris, 2007. With the reworkingof the Fanglomerate clasts, terraces and channel fans
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were formed. These include a cobble lag near the town of Peristerona and an extensive
valley fan. This now forms a-8 m alluvial terrace, similar to those at Kikitari and in the
Karyotis Valley.

Thefour catchments on the northern flank of the Troodos demonstrate phases of erosion or
deposition alternating with episodes of stability and soil development, attributable to
climatically induced environmental change (Butzer and Ha20€7. Such cyclicchanges

in the Aegean sphere are documented by marked rhythms in deep pollen cores from
Greece. These correlate with Quaternary marine isotope stages (MISs) (Tzedakis et al.,
2003).

5.4.3 Pre-Quaternary

At Marido on the northwest coast of Syria, studidspalaeoflora in coastaharine
sediments suggested four periods of alternating humid and arid conditions (Gefoalna

1996). Marine transgressions, coinciding with increase®iest area and hydrophilous
vegetation on land, occurred at the endhef early Pliocene and at the latest Plioeene
earliest Pleistocene. The regressions in the late Pliocene correspond with maxima of steppe
vegetation, reflecting aridification on landClearly, such conditions have no direct
relevance to Quaternary and Hatoe Cyprus. However, the impression is further
confirmed that alternating humid and more arid conditions are endemic to this part of the
world.

5.5 Hydrogeology

N I S ST S AK Argakitis Kamilas
£ A o AY Aylos Yeoryios
- H > AN /7 N e T FARSATA K Kalavasos
l‘- 1 Lo me VAN ..,-‘__,..l"‘.s_b"
3 ¢ b AA  Argaki tis Asgata
“& N ; .- EV Exo Vounous
E S TS M Megas

y TN [ ™ . "
7 4 5
17 I r YL M. \\
\ 4-». o N TNy 7 \
<

Figure 5.51: Drainage networlof the Vasilikos catchment (after Gomez, 198I6te that
the former tributaries, to the NW of Aylos Yeoryios, no longer reach the main river, due to
groundwater abstraction.
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The Parsata area, on the eastern watershed of the Vasiliko drainage basin, is clearly an area
of high drainage densityF{gure 5.5.1). This is an expression of the impermeability of
surface materials, sparse vegetation, and moderately steep slopes. It also reflects runoff
from the high intensity of rainfall of see of the occasional downpours terms of
groundwatersimportant local charaeristicsmight be inferred from detailed studies in the
nearby Kouris catchment, local tectonic structures, and regional relief. Groundwater
models, deduced for the Kouris catchment, suggest that the main springs of the ophiolitic
complexes had lengths op to 5 km, originating in areas of higher discharge. In plan, they
appear narrow, due to the regional piezometric field being controlled by river valleys. In
addition, conduit flow may feature, too, as the Loumata springs rcbigites have a
different hydrcchemistry, although less than 200 m apart (Boroeinal, 200%). In the

Parsata area, the apparently close relation between E atibiling faults and the ore
bodies in the Kalavasos mine suggests that the fractures acted as natural conthets for
mineralising fluigd from depth (Greensmith, 1998Groundwaters, therefore, might be
assumed to follow a similar direction, particularly since Quaternary deformation has been
dominated by strikslip faults along NE and NW trends (Harrisenal, 2001). Finally,

since the Parsata area is remote from the Troodos Forest massif, and separated from it by a
col and lower ground, groundwatexcharge may well come from the adjacent Machairas
Forest upland&lthough deeper groundwaters may be controlleth®ATF)

5.6 Discussion

Three phases in the interaction between tectonic uplift and denudation have been suggested
from extensive data collections in Japan. Yoshikawa (1985) suggests that initially uplift
exceeds denudation, and then the two forces apmroximately in balance. Finally,
denudation prevails. Thus, it can be argued hypothetically that, if uplift of Taiwan ceased
now, the island would be leveled within 0.5 Ma.

In Cyprus, four phases of geomorphic activity can be recognized during tieMast

1 first, weathering of a recently emerged land mass began. This was a prolonged
phase, as the ferromagnetic minerals, when eventually exposed, were altered and
oxidized only slowly. With further situ weathering and soil formation, haematite
was tlen formed (Weber et al., 2011). This probably accounts for the reddish colour
of reworked soils, regolith and debris that accumulated later in lower valley
locations on the northern flank of the Troodos

1 second, with continued uplift, radial drainage pateand faukguided channels
began to develop on the central dome of the Troodos. Fluvial incision then
advanced along these drainage lines by knickpoint recession. This mechanism is
evident at the deep bedrock knickpoint in the Atsas valley near Ayiesdbinos. A
rate of longterm knickpoint recession has been accurately calculated for the 100 m
thick Cover Basalt in th&armouk Valley in northern Jdan at 18 rka® (Pitty,

1998). For several reasons, it could be justifiable to apply this rate to tbdobro
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dome. Taking an average distance of drainage of 15 km from its crest to the
southern boundary of the Mesaoria Basin, suggests that incision could have reached
the core by about 0.8 Ma ago. In some locations, such knickpoint retreats may be
attributedto the periodic fd$ in sea level by as much asOl& at glacial maxima,

due to orbitally forced climate changes. At such times, too, it seems that Cyprus, in
a cooler but extrglacial environment, would have been dominated by snow
accumulation on the nomtains and by substantial snowmelt floods in spring.

7 third, knickpoint recession inevitably slows down, since stream incision
progressively reduces the catchment area of headstreams as it approaches a
watershed. Concurrently, valley sides begin to eeladye to increasing tributary
stream action and by hillslope processes. Trunk valleys then become conduits for
the storage and/or evacuation of huge volumes of sediment.

1 fourth, alluvial fans were dissected and valflypr sediments incised, leaving
terrace flights. Evacuation of the sediment eroded may have been accelerated by
human activity from the mitHolocene onwards.

Due to limited chronological data, the controls on denudation by tectonic upldgwssa
oscillations, and climate change arelyopartially understood (Kinnaird et al., 2011).
Another uncertainty is the time lags that almost certainly elapse between inputs and
responses. There is also a circular argument to accommodate, that uplift generates increased
sediment yields and that, tiedore, greater sedimentation rates are an indicator of
accelerated uplift!

Nonetheless, it remains possible to estimate when groundwaters around Mt Olympus might
have begun to circulate. This would have been when knickpoint recession approached the
core of the massif, towards the end of the second notional phase of geomorphic activity.
This phase was preceded by a long period Hitin weathering, and followed by another,

in which huge volumes of sediment were deposited, weathered and reworked, and
subsguently dissected. Therefore, intuitively, some midway point over the last 2 Ma might
be inferred, such as the start of the Brunhes chron about 0.8 Ma ago, perhaps during a
severe glacial maximum, or two.

For Parsatathe situation is complicated by tlpeesence of thérakapas Transform Fault

(ATF) just to the north of the site (Gass et al., 1994). There are unpublished
hydrogeological data which suggest the ATF acts as some form of hydraulic barrier (C.
Constantinou GSDpers. com. February, 2009between the Troodos Massif and the
Parsata are#lexander and Milodowski (2011) argue that this is discernibkbe limited

stable isotope data for the groundwaters, suggesting that the Parsata area is disconnected
from the regional flow originating in thEroodos Massif.

Otherwise,a similar argumento the Troodos groundwater flow initiatiamould apply to
the original incision of the Vasilikos Vallem which Parsata sitsvith valley widening a
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longerterm change, too. Here, the pillow lavas, epiclastand bentonites/analogue
bentonites are currently becoming more exposed, metre by metre. Deeper groundwater
systems may have been initiated whilst the valley floor approached its present level, which
is now some 260 m below the Parsasta hilltop. Howesteallowdepth groundwaters

could have been modified in more recent times, when effective precipitation was greater
than today.

Several episodes of groundwater recharge might be envisaged in the Parsata area, most
recently during the cooler and damper ditions of the Little Ice Age mid.6" to mid-19"

centuries (when the River Thames in London froze over). This had &dldlae lengthy

Roman period 2.4 ka ago, when much effective precipitation was lost to runoff on
deforested terrain, with groundwateherefore depleted.

Groundwater recharge was also probable during the Last Glacial Maximum. iThermo
watershed of the Machaganassif(Figure 3.2.1) is a ridge rather than a dome, so there
was little flatter ground on which snowfields might builg. The greater insolation on its
southfacing flank, inclined towards Parsata, would also ensure that greater proportion of
rain falling would infiltrate into the ground, instead of accumulating as snow and then
runoff as snowmelt flood. The same argunmegmtlies to the long, cooler interval identified
and dated at about 5D ka ago when the Vasiliko alluvial fans were deposited (Walters et
al., 2010).

The Parsata hilltop is at least 13 km inland and there is a local baselevel, just downvalley
from Kalavasos, where the outcrop of the Lefkara Formation crosses the Vasilkos channel.
Nonetheless, sea level changes and oscillations might have influenced groundwater regimes
beneath the Parsata hilltop, with dewatering associated wHlewsdall. This wouldhave

been relatively abrupt during glacial maxima, and as recent as the Last Glacial Maximum
c.20 ka ago. It could also have been on a large scale as local Mediterranearséalevel

of as much as 150+10 m have been reported (Rabineau et al., 2006).

In addition toglacio-eustatic changes in sea level, a kbagn progressive fall in relative

sea level is a feature of stretches of Cyprus coastlands, particularly near the focus of uplift
in the Troodos. However, the highest marine terrace in the kmhasea is about 65 m asl,

and an uplift rate of only 8 cm Raover the last& 0.8 Ma is calculatedKinnaird et al.,

2011).
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6 SAMPLING AND ANALYTI CAL METHODS

6.1 Groundwater and solid phase sampling
6.1.1 Groundwater samples

The Parsata site wasampled during the CNAP Phase Il field campaign (details in
Alexander and Milodowski, 2011), but it was decided tesample the site fonatural
decay serieanalysis to aid site interpretatio@nly one groundwater sample was collected

in this field canpaign: a bulk water sample from tAédmond Orchard ar mer 6 s we |
NW of Parsata village (see chapter 5 for the site details) was collegtdee GSD The

water was pumped from the well into a polyethylene bottle through a 0.45-|ume ifilter

and was otherwise untreated in any walyollowing transhipment at BGSBritish
Geological Survey)a subsample was taken for a limited chemical analysis before the bulk
sample was sent on to SUERScottish Universities Environmental Research Ceritre)
analpsis.

Groundwater data from CNAP Phase Il i€luded in the discussion and the standard
sampling and handling procedures for these samples are detasiection 6.50bviously
the Phase Il sample was not treated to the same standards as the Paagadk, but the
data may still be used qualitatively for comparison etc.

6.1.2 Solid phase samples

Figure 6.1.1: The sampling sités approximately 150 m SW of Parsata (Parsada) village
(from Figure 5.1.2). The aerial photograph covers an area of@pprately 300 x 300 m.
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Figure 6.1.2 Parsata sampling site: thaea was partially leveled for rig access

The samplingsite (Figure 6.1.1)was first cleared and partially leveled for rig accesth a
bulldozer (Figure 6.1)2before solid phase swles were collected by a combination of
drilling (rock chip logging and coring) and trenching. In the former, the mobile rig and
associated support equipment of Geoinvest Ltd (Nicosia, Cypmsy.geoirvest
cy.org/index.htm)l was used on site toiliifour boreholes (Figure 6.1)3Drilling was with

air to avoid disturbing any geochemical signatures in the bentonite/analogue bentonite and
the majority of samples were collected as rock chips duringngenfithe returned air from

the borehole neck. When an interesting feature was encountergty was employed
(Figure 6.1.4, but this could only be for a short duration due to overheatnagcomplete

lossof the downhole equipment. The full core logs presented in appendix 1.

Figure 6.1.3Geoi nvest 6s mobil e dri-kittatRagsatai g and
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Figure 6.1.4 Bentonite/analogue bentonite core material from the boreholes at Parsata.
Note Swiss Army Knife for scalis approximately 10 cm long.

Once target horizons had been identified by the drilling, a JCB mechanical digger with
backhoe then dug sampling trench (Figure 6.} .for more detailed investigations and
sampling by hand.

6.1.3 Description of the lithological profile from the trench

As described above, most of the material from the four boreholes was recovered as
fragmented drill cuttings, with only very limited and short lengths of core. The core
samples that were recovered were also highly deformeddetdrted by the drilling
process. Consequently, the boreholes could not provide a detailed picture of the lithological
characteristics of the bentonitic sedimentary sequence. However, the profile exposed in the
Parsata trench enabled the lithlogical &aon, and sedimentological, fracturing and
alteration fabrics of the sequence to be examined in {Etgure 6.1.6. A summary of the
lithological sequence in the trench is illustratedFigure 6.1.7 and described in detalil
below.

Figure 6.1.5 A JCB mechanical digger excavated a trench at the site of Parsata borehole
3 (see appendix 1Y he full trench log is presented in appendix 2.
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