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Abstract

DECIPHERING CLIMATIC CONTROLS ON SEDIMENTATION
IN ATECTONICALLY ACTIVE AREA, CYPRUS

Jennifer Victoria Waters

Abstract

The late Neogene to Quaternary of Cyprus is considered to be a tectonically active
period coeval with major climatic change. Uplift, associated with the activities of the
supra-subduction zone to south of island was concomitant with global cooling, the
expansion of the Northern Hemisphere Ice Sheets and the Middle Pleistocene
Transition. Despite the globally significant climatic events during the period of
deposition, the Plio-Pleistocene climatic record in Cyprus is largely unknown and for
the most part ignored. The objective of this study was therefore to investigate the
stratigraphical record of the ‘fore-arc’, with the intention of elucidating the mechanisms
controlling the cyclicity on sedimentation, in an attempt to understand the uplift history.

Sequence stratigraphical, palaeohydraulic, micropalaeontological and architectural
analyses were conducted to provide an understanding of the sedimentary cyclicity, at
key stratigraphical intervals. Correlation of the results to global patterns provided a
robust method for deducing climatic controls on sedimentary deposition, thus leaving
the residual record of tectonic uplift.

Cyprus is critically located in a region sensitive to climatic perturbations and is
positioned between two major oscillatory atmospheric cells (Hadley and Ferrel Cells).
The position of the boundaries of these cells is governed by the Inter Tropical
Convergence Zone, which is controlled by latitudinal temperature gradients and ice
volume. The effect of the Northern Hemisphere Ice Sheets and its influence on the
climate belts over the eastern Mediterranean has been examined and has allowed the
recognition of distinct climatic and oceanographic conditions.

The results indicate that the sedimentary evolution of the Cyprus ‘fore-arc’
responded to the progressive development of the Northern Hemisphere Ice Sheets and
the orbitally controlled meridional movements of the Inter Tropical Convergence Zone.
Tectonics created the relief and source necessary for deposition, whilst climate provided

the overriding control on internal architecture within the depositional systems.
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Chapter 1: Introduction

Chapter 1

Introduction

The purpose of this study is to understand the uplift history of the Cyprus ‘fore-arc’ and
to gain insight into the mode of uplift related to the activity of the supra-subduction
zone to the south of Cyprus (Fig. 1.1). This was instigated to provide a test of current
subduction models (Induced Nucleated Subduction Zone versus Spontaneously
Nucleated Subduction Zone), since current perspectives on how subduction zones

initiate and become self-sustaining still remains relatively unclear (e.g. Stern, 2004).

Structural features

Eastim '\_\ e | DST - Dead Sea Transform Fault

Mediterranean
" e S ES - Eratosthenes Seamount

CT - Cyprus Trench

Levantine Basin

MR - Misis Ridge

Source: Google maps (2010)

Figure 1.1 — Structural setting and positioning of Cyprus in the eastern Mediterranean Sea

Southern Cyprus was considered an ideal area for elucidating this information,
primarily due to its status as a world class and rare example of an intact, relatively
undeformed ‘fore-arc’ succession. It was envisioned that by de-convolving the climatic
controls on sedimentation throughout the evolution of the ‘fore-arc’, that the residual
record of tectonic uplift would be revealed. This could be achieved through employing
techniques such as sequence stratigraphy, stable isotopic, palaeohydraulic, lithological,
architectural and micropalaeontological analyses, with correlations to global climatic

patterns.
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Chapter 1: Introduction

The study focuses on the upper Neogene and Quaternary sedimentary deposits of
the ‘fore-arc’ succession, a period considered to be tectonically active, although with a
largely unknown and for the most part ignored climatic record. During this timeframe
the sediments (predominantly siliciclastic) record a regressive sequence and a cyclical
mode of deposition (e.g. Poole & Robertson, 1991), a sedimentary pattern that could
have been influenced by tectonics and/or climate (including interrelated eustacy). If
tectonism were an important control on sedimentary architecture, then it might be
expected that Cyprus would be the place to see this. However, ongoing and lengthy
debate exists on the relative roles of tectonics and climate on sedimentary sequences in
tectonically active areas, particularly with respect to non-marine settings such as alluvial
and fluvial deposits, due to ‘a climatic ambiguity’ of lithofacies (Miall, 1996).
Differentiating between climatic and tectonic signatures and their respective influences
upon sedimentation is challenging, as many researchers acknowledge (e.g. Ritter et al.,
1995; Chough & Hwang, 1997; Frostick & Jones 2002; Hartley et al., 2005; Pope &
Wilkinson, 2005; Shanley & McCabe, 1998).

A detailed review of the controls on sedimentation is beyond the scope of this
introduction and is therefore only briefly outlined as follows. In general, tectonism is
regarded to primarily influence sedimentation through the creation of accommodation
and relief (Miall, 1996; Quigley et al., 2007), impacting upon the gradients and
instability of systems, thus generating the potential for increased sediment flux (Frostick
& Steel, 1993; Allen & Hovius, 1998; Jones, 2002; Dadson et al., 2004; Quigley et al.,
2007). The cyclical sedimentation of clastic systems has therefore been extensively
attributed to episodic tectonic movements (Frostick & Reid, 1989; Miall, 1996; Thamo-
Bozso et al., 2002). Although the role of tectonics on sedimentation is well-established,
other processes such as glacio-eustatic sea level change, autocyclicity and climatically
controlled sediment flux can produce similar depositional patterns (e.g. Dorsey et al.,
1997; Overeem et al., 2001; Stouthamer & Berendsen, 2007; Massari et al., 2007; Kim
& Jerolmack, 2008; Van Dijk et al., 2009) and are consequently frequently overlooked.
For example, the association between sediment yield, precipitation (runoff) and
vegetative stability is becoming increasingly recognised as a particularly important
relationship (e.g. Langbein & Schumm, 1958; Frostick & Reid, 1989; De Boer et al.,
1991; Jones, 2002; Pope & Wilkinson, 2005; Massari et al., 2007; Suresh et al., 2007;
Jones & Frostick, 2008; Blechschmidt et al., 2009; Van Dijk et al., 2009).
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Chapter 1: Introduction

It is critical to be able to distinguish between the influence of autocyclic (e.g.
avulsion) and allocyclic (tectonics, climate and eustacy) processes to effectively
elucidate the primary control(s) on the cyclicity within the ‘fore-arc’ deposits. This
depends upon an understanding of the relative timescales of deposition that are
involved. Tectonic processes tend to occur irregularly over large timescales and would
not be correlatable to the predictable and regular patterns that would be characteristic of
climatic Milankovitch scale cycles. Autocylic responses on the other hand operate
locally (intrabasinal) and thus would not be recognisable on a basin wide scale, unlike
extrabasinal tectonic, climatic or eustatic controls (e.g. Miall, 1996;Yang et al., 1998).
Therefore by taking into account the above criteria, this research attempts to establish
the allocyclic and/or autocyclic controls on the Upper Neogene and Quaternary basin
fills of southern Cyprus. Key localities have been identified (Fig. 1.2) to help elucidate

the relative controls and provide an understanding of the uplift history of Cyprus.

Key localities

@ Vasiliko Quarry (34°43.63N 33°18.23)

KYRENIA MOUNTAINS
Mesaoria
Basin

« Lefhosia

@ Pissouri (34°40.33.9N 32°42.01.6E)

(® Khirokitia (34°48.25.7N 33°19.88.7E)
rftia-Psemantismenos

Basin . . 2
2 @ Episkopeio-Arediou (35°02.82N 33°13.28E)

Pissourl
Basin

Sub-basin

Figure 1.2 — Location of main study localities in northern and southern Cyprus

1.1 Geological context
The tectonic history discussed in the following section represents the understanding at
the beginning of the study. The subsequent findings in this research will test the prior

understanding.

1.1.1 Tectonic setting

Cyprus is the third largest island in the Mediterranean and the most easterly, located
within the Levantine Basin, ~25 km to the north of the Cyprus supra-subduction zone,
where the present day boundary between the converging African and Eurasian plates is
located (Fig. 1.1).
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Chapter 1: Introduction

The Troodos Massif, identifiable as an imposing feature across the centre of the
island, is located on the hanging wall of the supra-subduction zone. It is composed of an
oceanic crustal sequence, the highest point of which is denoted by Mount Olympus
(1951 m a.p.s.l.). Uplift of the Massif is thought to have occurred in stages, gradually
occurring from the late-Cretaceous to late-Oligocene followed by a more rapid phase
during the late Miocene, in association with the initiation of the northwards dipping
subduction zone (Orszag-Sperber et al., 1989; Poole & Robertson, 1991; Robertson et
al., 1991; Stow et al., 1995; Schirmer, 2000; Davies, 2001). It is generally regarded that
the most significant uplift occurred at the Plio-Pleistocene boundary, where focused
uplift of the Troodos was coeval with emergence of the Kyrenia Range to the north
(Robertson, 2000; Schattner, 2010). This phase has been related to the collision of the
Eratosthenes Seamount (a continental fragment) with the Cyprus trench and was
concomitant with serpentinite diapirism (Robertson, 2000). It is considered that uplift
and extension has continued from the Plio-Pleistocene to the present day (Robertson,
1977; Poole et al., 1990; McCallum and Robertson, 1995), exemplified through a
‘staircase’ record of raised beaches. These deposits occur at heights of 100-110 m, 50-
60 m, 8-11 m and <3 m suggesting uplift of the region was episodic (Poole et al., 1990;
McCallum and Robertson, 1995) and indicating tectonically or climatically induced
eustacy. Presently, only the western part of the island is considered active (Paphos area),
whilst eastern Cyprus (Agia Napa area), is now thought to be virtually aseismic (Makris

et al., 2000), indicating an eastward decrease in activity across the island.

1.1.2 Neogene to Recent geological context of Cyprus
The modern day configuration of the Mediterranean Sea was established in the early
Miocene with the closure of the Levantine-Arabian connection (Rohling et al., 2009).
Since the closure the only connecting point to the open sea is to the west through the
Strait of Gibraltar, thus resulting in a semi-enclosed basinal arrangement, imposing
significant impacts on oceanic circulation.

One of the consequences of the narrow connection to the open ocean (Atlantic
Ocean) is revealed in the late Miocene geological record; where a thick sequence of
evaporates denote a geologically momentous event in the history of the Mediterranean,

known as the Messinian Salinity Crisis.
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Chapter 1:

Generalised geological

Introduction

It is believed this event was induced
by the tectonic closure of the straits (Betic
and/or Rifian straits, Krijgsman, 2002;
Rohling et al., 2009), severing the
connection between the Mediterranean Sea
and the Atlantic Ocean. The subsequent
tectonic opening of the Strait of Gibraltar
in the early Pliocene (Rohling et al., 2009)
and ensuing marine transgression (Lord et
al., 2000; Rouchy et al., 2001; Soria et al.,
2008) signifies the initiation of
sedimentation pertinent to this study
(marine, grey clayey silts). Since this event
a general pattern of regression is recorded
in the sedimentary succession of Cyprus,
reflected in the transition from marine
clayey silts through to fan delta deposits,
eventually culminating in raised beaches
and alluvial fans (Fig. 1.3). It is considered
that ~2 km of uplift since the latest
Pliocene to earliest Pleistocene (Eaton and
Robertson, 1993; Stow et al., 1995;
Schirmer, 2000; Davies, 2001), provided
the relief and source necessary for the
building of these clastic depositional

systems.
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Figure 1.3 — Lithological column of southern
Cyprus (late Miocene to Recent). Key
localities are depicted on Fig. 1.2

These sediments have not been
extensively investigated, the key texts that
have been published include, Stow et al.
(1995) and McCallum & Robertson (1995)
for the fan deltas, Schirmer (2000) for the
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debrites and Bagnall (1960) and Poole & Robertson (1991, 2000) for the terraced raised
beaches. Gomez (1987) documented alluvial terraces in southern Cyprus whilst the only
prominent research on the alluvial fans is by Poole & Robertson (1998).
Palaeontological studies have been carried out for the marine clayey silts e.g.
Krashneninnikov & Kaleda (2005) and Houghton et al. (1990), whilst only a brief study
on the lowermost deposits addresses the lithology (Orszag-Sperber & Rouchy, 2000).
Generalized studies, which comprise the Upper Neogene to Quaternary, include
Robertson (1977) and Lord et al. (2000).

1.2 An overview of the Mediterranean climate: Why was Cyprus the chosen

study area?

The critical location of Cyprus within a semi-enclosed basin and positioning between
two major oscillatory atmospheric cells (Fig. 1.4) makes the area inherently sensitive to
the smallest of climatic perturbations (Casford et al., 2003; Marino et al., 2007; Rohling
et al., 2009). Characteristically mild, wet winters and warm, dry summers (Giorgi &
Lionello, 2008; Rohling et al., 2009) typify the Mediterranean climate today, influenced
by the seasonal migrations of the Intertropical Convergence Zone (ITCZ) and associated
climate belts. In the summer the northerly migration of the ITCZ brings the
Mediterranean under a high-pressure regime, attributable to the descending portion of
the northern Hadley Cell, thus leading to dry conditions, particularly over the southern
Mediterranean (Fig. 1.4, Cramp & O’Sullivan, 1999; Giorgi & Lionello, 2008; Tzedakis
et al., 2009). Conversely a southerly deflection allows moisture laden mid-latitude
westerlies (associated with the Ferrel Cell) and winter cyclogenesis to be established
(Cramp & O’Sullivan, 1999; Tzedakis et al., 2009).

Deviations from this modern day regime are evident within the Levantine Basin,
where organic rich sediments termed ‘sapropels’ are found. These occur in discrete and
regularly spaced bundles and are directly related to periods of enhanced freshwater flux
(Rohling & Hilgen, 1991; Bar-Matthews et al., 2000; Kallel et al., 2000) during periods
of strong summer insolation (compared to the present day, Rohling, 1994). Increased
insolation promoted the development of Atlantic born Mediterranean depressions,
which tracked eastwards towards Cyprus and enhanced rainfall during summer seasons
(Fig. 1.4).
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This study focuses on the Pliocene to Recent deposits in Cyprus, a period during

which dramatic, global climatic events occurred as the probable consequence of a

downturn in atmospheric carbon dioxide concentrations (De Conto et al., 2008). This

resulted in the expansion of the Northern Hemisphere Ice Sheets (NHIS) ~ 2.7 to 3.0
mya (Maslin et al., 1998; Willis et al., 1999; Marlow et al., 2000; Lisiecki & Raymo,
2007) and the Middle Pleistocene Transition (MPT) ~0.8 to 1.2 mya (e.g. Clark et al.,
1999; Head & Gibbard, 2005). The Pliocene to Recent climates were therefore
characterized by glacial (expansion) and interglacial (ablation) periods (e.g. Lambeck et

al., 2002; Joannin et al., 2007), which had inevitable impacts upon the global eustatic

sea level, oceanic circulation and latitudinal temperature (Fig. 1.5). Crucially, this

affected thermally sensitive atmospheric phenomena such as the ITCZ, Hadley and

Ferrel Cells, determining their intensity and meridional positioning (Rind, 1998; Lu et

al., 2007; Armstrong et al., 2009).
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It has long been established that the NHIS have waxed and waned with the same
periodicities as the Earth’s orbital parameters of eccentricity (~100 and 400 kyr),
obliquity (~41 kyr) and precession (~19-23 kyr). Changes in the configuration of these
astronomical forces have driven global climate change throughout the Neogene and
Quaternary (Pillans et al., 1998; Clark et al., 1999), primarily controlling the seasonal
and latitudinal distribution of solar insolation (Clark et al., 1999; Rind, 2002).

Prior to the permanency of the NHIS the Mediterranean responded to low
latitudinal precessional variations, reflected in a continuous sapropel chronology (Van
Vugt et al., 1998; Tzedakis, 2007). However, with the expansion of the NHIS, climate
became sensitised to high latitude insolation changes, reflected as obliquity scale
glacial-interglacial variability (a linear response to orbital forcing), until a critical ice

sheet threshold was attained at the MPT. Ice sheets began to respond non-linearly to
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orbital forcing complicated by the interaction of internal feedback mechanisms such as
CO; and albedo (Clark et al., 1999; Maslin & Ridgwell, 2005). Thereafter, 100 kyr
(short) eccentricity became the dominant orbital parameter, modulating the amplitude
envelope of precession (e.g. Maslin & Ridgwell, 2005).

Numerous studies across the Mediterranean postulate a climatic control on cyclical
alternations in marine and terrestrial successions, invoking a linkage with the
changeable variations in the Earth’s orbital parameters (e.g. Postma et al., 1993; Weltje
& De Boer, (1993); Kroon et al., (1998); Van Vugt et al., (1998); Wehausen &
Brumsack, (1999); Foucault & Mélieres (2000); Lourens et al., (2001); Joannin et al.,
2007; amongst others). These studies implemented a multitude of techniques including
mineralogical, geochemical and computational approaches, faunal and floral analyses
and correlations of high-resolution chronostratigraphy to astronomically forced
cyclicity. The sediments of Cyprus should therefore provide a relatively intact archive
of past climatic variability, likely to be recognisable on orbital timescales, as an
abundance of literature for the surrounding area suggests. This theory is tested using a
primarily sedimentological and micropalaeontological approach using sedimentary
structures, faunal assemblage variations and palaeohydraulics to understand changes in

climatic conditions.

1.3 Problem identification and hypothesis formulation

The key problem approached in this study is to decipher to what extent climate
influenced the depositional cyclicity throughout the evolution of the Cyprus ‘fore-arc’.
Once this has been deduced the record of tectonic uplift should be evident. As
previously indicated the Plio-Pleistocene is regarded to be a tectonically active period
and sedimentary cyclicity is frequently attributed to tectonic movements. However, the
climate record in Cyprus, during this period, is largely unknown and for the most part
ignored. From the discussion above it is clear that globally significant climatic events
occurred during the Plio-Pleistocene, reflected as predictable frequencies in sedimentary
successions across the Mediterranean (in a variety of tectonic settings). Despite this no
climatic controls have been convincingly identified in the Cypriot sedimentary
successions of comparable age. This may perhaps be the result of over emphasis on the
role of tectonics. Furthermore, the lack of chronostratigraphic control made connections
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with cyclical climatic perturbations problematical and inference rather than detailed
attempts at understanding the cyclicity were made.

The location of Cyprus between two major oscillatory atmospheric cells (each
carrying a characteristic climatic signature, section 1.2) and the climatic sensitivity of
the eastern Mediterranean should be signatures evident in the sedimentary record of the
‘forearc’ succession. It may perhaps be expected that key periods will be dominated by

specific climatic modes leading to the following hypotheses:

Hypothesis 1: Upper Neogene to Quaternary sedimentary cyclicity in Cyprus occurred
on orbital periodicities, providing climate was the overriding control on sedimentary

architecture.

This hypothesis leads to a set of predictions, listed below. Each prediction is

addressed in separate chapters of this thesis and will be discussed shortly.

Prediction 1: Obliquity scale cyclicity (~ 41 kyr) will be expressed in the stratigraphical
record of the mid Pliocene to early Pleistocene succession, directly related to glacial-

interglacial variations of the NHIS.

Prediction 2: During the mid Pleistocene to late Pleistocene short eccentricity (~100
kyr) will control sedimentary cyclicity as a consequence of the MPT. Lowstand deposits
will dominate sedimentary sequences, the result of rapid deglaciations and long-lived

glacial build-ups.

Prediction 3: Sedimentary cyclicity in the late Pleistocene to Recent successions will

reveal precessional variations (~ 23 kyr), strongly modulated by short eccentricity.

The second hypothesis is related to Hypothesis 1, continuing with the theory that

climate is controlling the internal sedimentary architecture of the successions.

Hypothesis 2: Oscillations in the positioning of the Hadley and Ferrel atmospheric cells,
and their distinctive climatic characteristics, will be evident within the climatically

sensitive eastern Mediterranean marine and terrestrial environments.
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Prediction: Wetter and drier and/or cooler and warmer periods will be reflected on an

orbital cyclicity within foraminiferal assemblages and facies changes.
The final and key hypothesis is addressed in Chapter 5 and is proposed as follows:

Hypothesis 3: During the Upper Neogene and Quaternary tectonics provided the relief
and source necessary for sedimentation, whilst climate was the overriding control on

sedimentary architecture.

Prediction: Sedimentary evolution of the Cyprus ‘fore-arc’ will record the progressive
and climatic variations of the NHIS and MPT. This will be reflected through an overall
lowering of sea level and distinctive orbitally controlled, cool, warm, wet and dry

periods.

These hypotheses are tested in key stratigraphical intervals represented by the
chapters of this thesis; each chapter progresses in chronostratigraphical order and are
discussed below. The main test of the hypotheses lies in the correlation of the deposits
to the known Plio-Pleistocene climatic record. If no correlation is evident a tectonic

driver may be implied.

Chapter 2: Eastern Mediterranean foraminiferal palaeocological responses to Plio-
Pleistocene climate change

The marine, grey, clayey silts of the Nicosia Formation could be the product of the
transgressive re-flooding event; post the Messinian Salinity Crisis (e.g. Houghton et al.,
1991) or perhaps a much earlier Miocene age (e.g. Schirmer, 2000). In this study, the
identification of age diagnostic foraminifera, in the uppermost part of the formation
suggests a maximum late Pliocene to early Pleistocene age (1.8-2.1 mya, Globorotalia
inflata and Globigerina cariacoensis biozones; laccarino, 1989), thus conforming to the
post Messinian re-flooding hypothesis. It was envisioned that the lithological cyclicity
and abundance of foraminifera within the formation could be used to provide an
understanding of the climatic controls on deposition. The recognition of age diagnostic
foraminifera provided an accurate timeframe for the correlation of lithological cycles to

the global eustatic sea level curve and 8*°0 record, thereby testing Hypothesis 1
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(Prediction 1). The identification of foraminiferal assemblages diagnostic of specific
ecological and hence climatic conditions was used to reconstruct ocean-climate

interactions in the eastern Mediterranean, testing both Hypothesis 1 and 2.

Chapter 3: Sedimentary evolution of a braided fan delta complex (Pissouri Basin,
Southern Cyprus) during Pleistocene sea level change

The Pissouri Basin in southern Cyprus exhibits a shallowing upward succession in the
hanging wall of the Cyprus supra-subduction zone, where a progression from shallow
marine silts to fluvio-deltaic sandstones culminate in raised beach and alluvial fan
deposits. Previous studies have hypothesized tectonism to be the dominant control on
the depositional architecture of the fan delta succession (e.g. Stow et al., 1995), however
it is notable that the deposits are coeval with a phase of major climatic change,
coincident with the MPT (chronostratigraphical constraints indicate deposition between
~1.8 and ~0.42 mya). In order to be able to establish the controls on relative sea level,
detailed interpretation of the facies and sequence stratigraphical analysis was required.
The identified parasequences are systematically correlated with the global eustatic sea
level curve and Mediterranean wide successions, in an attempt to understand the main
controls on the depositional architecture, a process which tests Hypothesis 1 (Prediction

2) and to some extent Hypothesis 2.

Chapter 4: Climatic controls on late Pleistocene alluvial fans, Cyprus

Previous work on the alluvial fans (fanglomerates) across Cyprus suggests the deposits
are predominantly the product of tectonic activity (especially the older fans; Poole &
Robertson, 1998), in accord with the traditional view of the primary control on alluvial
fans, where climate is frequently neglected (e.g. Frostick & Reid, 1989; Allen &
Densmore, 2000; Densmore et al., 2007). Tentative assertions have been proposed
suggesting: i) (humid) climate may have played a modifying role on the sedimentary
architecture of the fans (Poole & Robertson, 1998) and ii) the fans may be the product
of heavy pluvials that occurred during the Pleistocene ice ages (Bagnall, 1960;
Houghton et al., 1990). However, no detailed studies on the internal cyclicity within
these deposits have been undertaken to resolve such theories. This study approaches this
issue through the palaeohydraulic reconstruction and architectural analysis of the

deposits, with the aim of understanding the controls on the abrupt cyclical alternations
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in the facies, in view of testing Hypothesis 1 (Prediction 3). It is hypothesized that
patterns of increasing and decreasing palaeoflow dynamics are reflected in the facies
changes, with coarser deposits symptomatic of wetter conditions and finer deposits

indicative of drier modes (testing Hypothesis 2).

Chapter 5: Deciphering climatic controls on sedimentation in a tectonically active
area, Cyprus

This chapter collates the evidence from the preceding chapters and places the findings
into the broader context, thus testing Hypothesis 3. The tectonic and climatic controls
on the basin fills throughout the Upper Neogene and Quaternary evolution of the
Cyprus ‘fore-arc’ are evaluated and the original aim of the study is re-addressed, based

upon the findings in the research.
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climate change

Chapter 2

Eastern Mediterranean foraminiferal palaeoecological responses to

Plio-Pleistocene climate change

Abstract

Age diagnostic planktonic foraminifera from the upper Nicosia Formation, Cyprus yield
a maximum late Pliocene to early Pleistocene age (1.8-2.1 mya, Globorotalia inflata
and Globigerina cariacoensis biozones). Deposition of the formation is therefore
coincident with the re-flooding of the eastern Mediterranean following the Messinian
evaporate crisis and concomitant with the expansion of the Northern Hemisphere Ice
Sheets (a consequence of atmospheric downturn in COy). The grey clayey silts of the
Nicosia Formation exhibit a lithological cyclicity and contain an abundance of
foraminifera, thus leading to the hypothesis that sedimentary cyclicity and foraminiferal
palaeoecology can be used to reconstruct the ocean-climate interactions in the eastern
Mediterranean.

The hypothesis is tested through the correlation of the sedimentary cyclicity to the
global eustatic sea level curve where an orbital control on the deposits is indicated.
Furthermore, foraminiferal palaeoecological analysis has allowed the recognition of two
specific ocean-climate states; i) cool subtropical, dominantly eutrophic oceanographic
conditions, influenced by minor runoff to the north of the Troodos Massif and greater
runoff to the south and, ii) warm subtropical, oligo-eutrophic oceanographic conditions
under the influence of high runoff.

Cyprus is positioned between two major oscillatory atmospheric cells (low latitude
Hadley Cell and mid-high latitude Ferrel Cell) and should consequently be an ideal
location for deducing perturbations in the palaeoclimate. It is therefore proposed that the
lithological cyclicity and changing foraminiferal ecology is consistent with orbitally
induced shifts in the latitudinal location of the atmospheric cells and associated climate
belts. Cool subtropical conditions indicate the dominance of the mid-latitude westerlies
of the Ferrel Cell, whilst warm subtropical conditions are reflective of Hadley Cell

dominance.

Deciphering climatic controls on sedimentation in a tectonically active area, Cyprus
Jen Waters
26
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2.1 Introduction
The grey clays of the Nicosia Formation across Cyprus represent a significant shift
towards deeper water facies, when compared to the underlying Kalavasos Formation.
The Nicosia Formation provides the basement to and maximum age control of the
overlying poorly fossiliferous fan delta complex of the Pissouri Formation (Chapter 3).
The deposits in the vicinity of Khirokitia and the Amala Mountains area (southern
Cyprus; Fig. 2.1) have previously been attributed an early-middle Miocene age
(Schirmer, 2000). This was based upon regional mapping and lithostratigraphical
relationships using, i) the presence of overlying gypsum, mapped as the Kalavasos
Formation (late Miocene, Messinian age) and, ii) apparently grey clays lying
topographically beneath limestones containing the age diagnostic foraminifera
Discospirina (late Miocene). Schirmer therefore places the grey clays within the Pakhna
Formation, consequently pre-dating the early Pliocene re-flooding of the Mediterranean
following the Messinian Salinity Crisis. However gypsum bearing deposits occur in the
Pleistocene-Holocene of southern Cyprus and the Discospirina limestones lie in faulted
contact with the grey clays, therefore these criteria cannot provide an age constraint.
Alternative hypotheses indicate the basal grey clays are early Pliocene in age (Di
Stefano et al., 1999; Orszag-Sperber & Rouchy, 2000, Rouchy et al., 2001), where Stow
et al., (1995) and Orszag-Sperber & Rouchy. (2000) compared the basal deposits of the
Pissouri area to the white and blue “Trubi” marls of Sicily. Krasheninnikov & Kaleda
(2005) verify this through foraminiferal biozonal evidence, where the Zanclean
Sphaeroidinellopsis zone (Mediterranean specific) was identified. Furthermore, studies
on the uppermost Nicosia Formation indicate a late Pliocene to early Pleistocene age.
For example, Houghton et al. (1990) recorded Discoaster triradiatus (NN17-NN18;
1.85-2.35 mya) an age assignment consistent with unpublished palaeomagnetic data of
Kinnaird (2008) and foraminiferal identification of Davies (2001). Davies (2001)
reported Globigerina cariacoensis from the grey clays just beneath the alluvial fans in
Vasiliko Quarry (~9 km to the southwest of Khirokitia), indicating an early Pleistocene
age (~1.8 mya). In this study the presence of the Plio-Pleistocene planktonic
foraminiferal biozones G. inflata and G. cariacoensis (NN21-NN22, 1.8-2.1 ma), within
the upper part of the Nicosia Formation, is confirmed. The top of the grey clays can
therefore be considered part of the post Messinian succession, conforming to the re-

flooding hypothesis.
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The grey clay succession spans a critical interval coincident with a major period of
climatic cooling and significant growth of the Northern Hemisphere Ice Sheets
(Zachariasse et al., 1989; Maslin et al., 1998; Willis et al., 1999; Lambeck et al., 2002;
Miller et al., 2005; Lisiecki & Raymo, 2007; Clark et al., 2008). It is widely recognised
long-term cooling began in the early late Pliocene ~ 2.7 to 3.0 mya (Maslin et al., 1998;
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Lambeck et al., 2002; Capozzi & Picotti, 2003; Ravelo et al., 2004; Billups, 2005;
Raymo et al., 2006), coincident with a downturn in atmospheric CO, (Pearson &
Palmer, 2000; DeConto et al., 2008), a fall in relative sea level of ~ 45 m and coeval
with a globally progressive enrichment of 520 in benthic foraminifera (Fig. 2.2, Raymo
et al., 1992). The general growth and decay of the ice sheets and the associated relative
sea level changes were partially controlled by the interaction of periodic climatic
variations, which determined the timing of glacial episodes and intensified the effects of
the NHIS (Maslin et al., 1998; Willis et al., 1999; Marlow et al., 2000; Miller et al.,
2005). These variations were related to incoming solar radiation, waxing and waning
with the same regular periodicities of the orbital parameters of eccentricity, obliquity
and precession (Clark et al., 1999). It is generally accepted that obliquity predominantly
affects higher latitudes and changes in ice volume, whilst precession is related directly
to insolation, exerting a control on mid to low latitudes, with a particular influence on
monsoonal intensity (Kroon et al., 1998; Raymo et al., 2006; Tzedakis, 2007). It is
considered that between 2.6 and ~0.8 mya obliquity was the dominant orbital parameter
(Pillans et al., 1998; Roveri & Taviani, 2003; Raymo et al., 2006); thereafter precession,
modulated by (short) eccentricity became the principal control (Lourens & Hilgen,
1997; Rohling & Thunell, 1999; van Vugt et al., 2001; Head & Gibbard, 2005; Lisiecki
& Raymo, 2007). From a Mediterranean perspective, climate change from the Miocene
until the onset of the NHIS was fundamentally controlled by precession. At this critical
turning point, obliquity became superimposed on the precession signature (deMenocal,
1995; Tzedakis, 2007), becoming the dominant controlling mechanism throughout the
mid Pliocene to mid Pleistocene (particularly strong between 1.9-1.0 mya; Kroon et al.,
1998).

The mid- to low- latitude positioning of Cyprus within the eastern Mediterranean
places the island between high latitude obliquity and mid to low latitude precessional
influence. Climatic conditions are regulated by two major atmospheric cells, which
oscillate meridionally across the Mediterranean. Presently, the Hadley Cell promotes
warm to hot summers, although deviations from the present day (warm and wet
summers) are documented and are explained in the following section. The Ferrel Cell
and mid latitude westerlies, on the other hand, bring cool to mild, wet winters across the
region (Cramp & O’Sullivan, 1999; Giorgi & Lionello, 2008; Fisher et al., 2009;
Rohling et al., 2009; Tzedakis et al., 2009). This climatic regime may have been
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Figure 2.2 — Trends within the global eustatic sea level curve and benthonic oxygen isotope record for
the mid Pliocene to early Pleistocene (representative timeframe of the mid to upper Nicosia Formation
grey clayey silts). Oxygen isotope record from Kroon et al. (1998), eustatic sea level curve from Miller et
al. (2005).

initiated by the expansion of NHIS (Suc, 1984). Cyprus therefore provides an ideal area
for examining climatic perturbations in these phenomena. The marine record documents
these responses particularly well due to the climatic sensitivity of the Mediterranean Sea
(explained below). It is therefore envisaged that any such climatic responses would
affect the hydrography of the Mediterranean (i.e. changes to the thermohaline
circulation, ocean stratification and ventilation) and will be identifiable in the pelagic

and benthic microfauna of the Nicosia Formation.

2.1.1. Pliocene to Recent circulation and foraminiferal ecological record of the
Mediterranean Sea

At the present day the semi-enclosed Mediterranean Sea is connected to the Atlantic
Ocean at the narrow Strait of Gibraltar, and is strongly influenced by North Atlantic

climatic changes (see Rohling et al., 2009 for an overview). The Mediterranean Sea
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exhibits a unique anti-estuarine or inverse water circulation (Astraldi et al., 1999;
Cramp & O’Sullivan, 1999; Krijgsman, 2002; Monaco & Peruzzi, 2002), which results
in the sea acting as a concentration basin (Béthoux & Pierre, 1999). It is not clear when
the anti-estuarine circulation became a permanent feature; one view is this initiated in
the late Miocene (Kouwenhoven & Van der Zwaan, 2006), whilst a second suggests it
has been present since the Pleistocene and possibly as early as the Pliocene (Hayward et
al., 2009).

Currently the Mediterranean Sea is characterized by temperate warm conditions,
even at depth temperatures fall no lower than 11°C (Cimerman & Langer, 1991). The
basin is considered to be distinctly oligotrophic i.e. a food limited environment with low
nutrient content and well oxygenated conditions (Murray, 1991; Crise et al., 1999;
Duarte et al., 1999; Turley, 1999; Schmiedel et al., 2003). This oligotrophy increases
eastwards with the most oligotrophic conditions evident within the Levantine Basin
(Azov, 1991; Zohary & Robarts, 1992; Turley, 1999; Abu-Zied et al., 2008; Hayward et
al., 2009). The nutrient poor conditions are attributed to the current deficit of freshwater
runoff into the basin (Duarte et al., 1999). During the summer, oligotrophic conditions
prevail in the eastern Mediterranean, typified by the high abundance of the planktonic
foraminifera G. ruber (constituting ~80% of the assemblage, Pujol & Vergnaud-
Grazzini, 1995), whilst in the winter, there is a presence of eutrophic species such as G.
bulloides.

Studies of benthic foraminifera have successfully demonstrated that the
Mediterranean Sea (with particular reference to the eastern basin) is extremely sensitive
to climatic forcing and responds rapidly to abrupt climatic changes compared to the
open ocean (Crise et al., 1999; Turley, 1999; Casford et al., 2003; Schmiedel et al.,
2003; Marino et al., 2007). The semi-isolated nature of the basin from the open ocean
contributes to these rapid and amplified responses (Rohling et al., 2004). For example, it
has been documented that a drop in temperature can result in the onset of deep-water
formation and subsequent ventilation of the mid-low latitude, semi-enclosed, small
volume deep basins of the Mediterranean (Casford et al., 2003; Schmiedel et al., 2003;
Stefanelli et al., 2005). Conversely, strong climatic warming often induces water
column stratification and an associated decline in oxygen in deep bottom waters (Kroon
et al., 1998; Emeis et al., 2003; Pérez-Folgado et al., 2003; Stefanelli et al., 2005). An

example of such a climatic regime is clearly demonstrated as basin-wide events across
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the whole of the Mediterranean Sea where black, organic rich deposits termed
‘sapropels’ were deposited. These are particularly well developed in the Levantine
Basin (eastern Mediterranean) and have been an intermittent feature from the Miocene
up to the Holocene. Sapropels develop in response to minima in the precession index
(Rohling & Hilgen, 1991; Kroon et al., 1998; Bar-Matthews et al., 2003; Capozzi &
Negri, 2009) and are associated with wetter and generally warmer periods (i.e. summer;
Bar-Matthews et al., 2000; Kallel et al., 2000) and have been connected with increased
activity of Mediterranean depressions (Rohling & Hilgen, 1991). The resulting increase
in freshwater flux into the Levantine Basin enhanced nutrient content within the water
column, promoted marine surface productivity and water column stratification. The
consequent flux of organic matter to deeper water and decomposition of detritus
reduced the oxic content of the bottom waters (e.g. Rohling & Hilgen, 1991; Nijenhuis
& de Lange, 2000), instigating sluggish deep-water circulation and the development of
eutrophic conditions.

Foraminifera are sensitive indicators of seafloor and water column ecology and
therefore provide important archives of climate and ocean state interactions. Planktonic
species in particular are sensitive to sea surface temperature, the degree of water column
stratification and nutrient availability (Kucera, 2007; Pujol & Vergnaud Grazzini,
1995). Benthic foraminifera are similarly regulated by food availability (nutrient
content), however demonstrate greater sensitivity to organic flux (Van der Zwaan et al.,
1999; Stefanelli et al., 2005) and are consequently particularly excellent indicators of
bottom water oxygenation (Seidenkrantz et al., 2000).

Given the introduction above it is predicted lithological cyclicity in the Nicosia
Formation will record obliquity scale variations, whilst changes in foraminiferal
ecology will reflect the orbital variations in atmospheric cells. An initial hypothesis,
using the modern day climatic conditions as analogy, would predict that warm, dry
conditions would be reflected through a dominantly oligotrophic foraminiferal
assemblage, whilst cool, wet periods would favour the proliferation of eutrophic
species. If warm, wet conditions prevailed it may be expected that both a mixture of

oligotrophic and eutrophic species will be present.
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2.2 Methodology

Data has been collected systematically through logged sections of the Nicosia
Formation, from both north (Episkopeio-Arediou) and south (Vasiliko Quarry) of the
Troodos Massif (Fig. 2.1). Sampling was focussed in the upper 2.5 m at Episkopeio-
Arediou and upper 5 m at Vasiliko Quarry; the samples were taken at 0.5 mand 1 m
intervals respectively. Reconnaissance samples were taken at Pissouri (~ 5 m below the
contact) and Khirokitia (~ 2.5 m, 10.5 m and 11.5 m below the contact) with the
primary aim of confirming the age of the deposits.

Samples were processed for foraminifera using standard separation techniques.
Boiling water was sufficient to disaggregate the grey clays and foraminifera were
picked and identified from the 125 um size fraction. The sample was split into fractions,
1/8", 1/16™ or 1/32™ depending on sample size. A minimum of 300 complete specimens
were collected and identified and photographs were taken using an SEM (Hitachi TM-
1000 Tabletop). Identification of foraminifera was based upon key texts such as Kennett
& Srinivasan (1983), Loeblich & Tappen (1988), Bolli et al. (1989), Hemleben et al.
(1989) and Cimerman & Langer (1991). Abundances were normalised to number of
specimens per gram of rock and identified species were expressed as percentages (%) of
the total number of planktonic (benthonic) foraminifera (Appendix A & B).
Foraminifera species with abundances >2% in at least one sample were considered
representative enough for assessing palaeoecological trends (Becker et al., 2005; Drinia
et al., 2005; Drinia et al., 2008). Specific assemblages were identified and are defined
through the grouping of ecologically similar species (> 2%) and fluctuations in their
abundance, presence and absence (Tables 2.1 & 2.2). Appendix A exhibits all of the
species identified in this analysis. First Appearance Datums (FAD) were used to give
the maximum possible age and minimize errors associated with reworking. These were
compared to published Mediterranean biozonal schemes (laccarino, 1989).

Diversity indices were calculated using PAST (version 1.91; Hammer et al., 2001).
The indices for each sample have been measured using the following parameters, i)
Fisher -alpha index, this provides the relationship between the number of species and
the number of individuals in each sample (Fisher et al., 1943; Drinia et al., 2005;
Murray, 2006), ii) Equitability or Evenness, measures how the species are evenly
distributed among the other species within a sample (Buzas & Gibson, 1969). High

equitability (approaching 1) indicates a nearly equal distribution of species in a sample,

Deciphering climatic controls on sedimentation in a tectonically active area, Cyprus
Jen Waters
33



Chapter 2: Eastern Mediterranean foraminiferal palaeoecological responses to Plio-Pleistocene
climate change

Stratigraphical level below the contact (m)
2.5 2.0 1.5 1.0 0.5
G. bulloides 7.56 14.73 6.50 6.87 8.41
G.inflata 0.00 0.00 0.00 6.87 6.55
W G. sacculifer 0.00 0.00 3.25 0.00 1.1
g O. universa 5.66 0.00 0.00 6.87 8.41
E G.ruber 54.73 20,94 21.14 34.37 28.97
E G. tenellus 11.32 14.73 21.95 1312 0.00
& | G.rubescens 3.78 17.83 22.76 19.37 13.08
G. glutinata 7.56 10.85 8.95 3.13 4.67
G. siphonifera 0.00 3.87 4.87 0.00 6.55
C.pachydermus 3.04 6.29 15.99 18.22 11.65
U. mediterranea 0.00 0.00 0.00 5.91 0.00
M. labradoricum 0.00 0.00 0.00 3.45 2.46
G.umbonata 7.58 378 2.85 5.41 0.00
M. barlesanus 4.55 3.15 285 3.94 2.46
G. affinis 4.55 252 3.43 1.94 2.46
u A.parkinsona 9.09 0.00 6.29 5.91 0.00
=z V. bradyana 6.08 5.04 8.00 541 4,29
E C. carinata 4.55 252 5.72 2.96 6.7/4
E G. orbicularis 6.08 252 5.72 3.94 4.29
E B. exilis 7.58 0.00 2.85 246 3.68
B.spathulata 3.04 252 228 3.45 4.90
A.mamilla 0.00 315 4.57 0.00 11.65
H.boueana 0.00 6.29 2.28 0.00 2.46
T. saggitula 0.00 378 2.85 0.00 3.68
5. bulloides 3.04 5.04 0.00 0.00 2.46
R.rotundiformis 0.00 252 0.00 0.00 0.00

Table 2.1 — Foraminifera in Episkopeio-Arediou with abundances >2% in at least one sample. Note: only
foraminifera with ecologically well-known habitat characteristics were considered in this analysis

low equitability (approaching zero) indicates the dominance of one particular species in
the faunal assemblage, iii) Dominance, has a converse relationship with equitability.
Low dominance (high equitability) indicates no species domination whereas high
dominance (low equitability) is indicative of an assemblage dominated by a few specific
species, iv) Shannon Index is dependent on the number of species and the number of
individuals (of each species) in the sample. Rare species of low abundance will
contribute little to the value of this index (Abu-Zied, 2001) and v) Planktonic:
Benthonic (P:B) ratio is often regarded as a crude bathymetric indicator, nevertheless it
was used to provide an indication of potential depth variations and calculated using the

method of Van Der Zwaan et al. (1990). In general terms lower diversity and higher
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Stratigraphical level below the contact (m)

5.0 4.0 3.0 2.0 1.0

; G. bulloides 9.7 57.51 3749 33.30 20.00
E G. inflata 0.00 2.50 0.00 14.81 10.00
E G. sacculifer 5.83 2.50 16.68 25.93 20.00
E Q. universa 6.80 32.51 12.50 1.1 0.00
B.aculeata 6.02 4,55 8,59 25.69 14.58

E. bradyl 2.4 0.00 4.30 3.67 417

G. affinis 0.00 568 2.46 0.00 0.00

G. lamarckiana 8.43 10,23 6.14 459 0.00

E N. terguemi 25.30 4,55 15.95 15.60 18.75
O | H.balthica 0.00 5.68 3.07 0.00 5.21
|=_: B.spathulata 13.66 9.09 22,09 15.60 .29
E M. barleeanus 3 10,23 3.68 8.26 312
U. mediterranea 2.81 682 2.46 i.67 312
B.striata 2.0 227 0.00 0.00 2.08
R.spinulosa 5.62 0.00 0.00 2.75 312

Q. limbata 0.00 227 0.00 275 417

Table 2.2 — Foraminifera in Vasiliko Quarry with abundances >2% in at least one sample. Note: only
foraminifera with ecologically well-known habitat characteristics were included in this analysis

dominance is often representative of either a shallow shelfal area or restricted, perhaps
stressed and unfavourable environmental conditions (Drinia et al., 2005; Kouwenhoven,
2000).

The predictions are tested by correlation of the lithological cyclicity and changing
foraminiferal ecology to the global eustatic sea level, oxygen isotope curve and

insolation parameters.

2.3 Geological setting, biostratigraphical and lithostratigraphical framework of the
Pliocene to early Pleistocene in Cyprus
The Pissouri, Vasiliko and Khirokitia-Psemantismenos Basins in southern Cyprus and
the Mesao