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Abstract

During the last millennia, North African and Arabian palaeoclimatic records
indicate a number of important climatic transitions. As a direct consequence,
terrestrial ecosystems experienced significant changes. Although
palaeoenvironmental records do exist in proximity to the north-western Arabian Sea,
they remain sparse and provide little insight into environmental and climatic change
of this region during the Late Holocene (the dating here is from 2300 cal. yr BP to
present). Additionally, the north-western Arabian Sea is prone to natural disasters
including recent cyclones and tsunamis such as the Makran tsunami, 1945 and
Cyclone Gonu, 2007, which may leave a signal in the sediment.

This thesis presents the results of detailed pollen and dinoflagellate cyst
analysis in concert with a range of sedimentological techniques from sediment cores
recovered from southern Iran (Chabahar Bay, Sea of Oman, Iran, 25° 20’'N, 60°
30’E).

The data reveal the patterns of vegetation and oceanographic response to
climatic change during the Late Holocene in the north-western Arabian Sea.
Zonation on pollen and dinoflagellate results divides the last 2300 years into three
distinct climatic phases: a wet period (2300 - 1830 cal. yr BP), a dry period (1830 -
1500 cal. yr BP) and a wet period (1500 - 120 cal. yr BP). The wet period (2300 -
1830 cal. yr BP) corresponds with well-known phases of intensive agriculture,
including the Sassanid Period. The dry period (1830 — 1500 cal. yr BP) corresponds
well with the end of the Beysehir occupation phase in southern Turkey. Moreover, an
abrupt event is preserved in a single core and is dated at AD <1808. Palynological
evidence constrains the source of the sediment to be inner-continental but not of

coastal origin, with a fluvial flood being the most likely mechanism of transportation.

C. S. Miller, 2010
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1. Introduction

In the northern Arabian Sea, tsunamis, cyclones and coastal storms are
known historically to have had shattering effects on local population centres.
However, the absence of a posteriori evidence means that the recurrence times
of these events remain unclear. Numerous historical records are available but,
due to the biases involved in subjective human observations, the need for palaeo-
tsunami research in this region is clear. In the northern Arabian Sea, palaeo-event
records (e.g. Brookfield et al., 2006; Donato et al., 2009) reveal the preservation
of distinct events. However the pattern of events over time has never been
recorded from an oceanic record.

In regions depending on monsoonal rains for agriculture, small climatic
changes may easily affect large numbers of people. Globally, marine records
provide detailed information on the behaviour of both ocean and terrestrial
systems. Previous studies have shown that pollen and dinoflagellate cyst analysis
of well-dated continental and marine records allow the reconstruction of past
environmental conditions on the continents (Hooghiemstra and Agwu, 1988;
Lézine and Hooghiemstra, 1990; Gasse and Van Campo, 2001). Prior to this
study no record existed which provided evidence of the terrestrial response to
global climate change from sediment taken along the southern Iranian coastline
(in the Baluchistan Province of Iran), the region selected for this study.

Rapid economic growth on the Makran coastline consequently brings
population increase. In addition, in 2006 93% of all oil exported from the Persian
Gulf was transported by oil tanker through this area as there are few alternative
routes and most of these are closed due to geopolitical or economic concerns in
the region. The area’s crucial location means that it is becoming increasingly
necessary to assess palaeoclimatic and environmental change within the region,
as well as to reconstruct palaeo-events.

The aims of this project are therefore twofold; to reconstruct the effects of
tsunami and storms in the northern Arabian Sea and to provide insight into the
ocean and vegetation response to global climate change along the southern
Iranian coastline in the Late Holocene. Five cores were taken offshore Iran (Fig.
1.1), of which, two were selected for further study using fossil pollen and

dinoflagellate cyst analysis plus grain-size investigations to provide insight into
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the effects of past tsunami and cyclones on the Makran coastline and to assess
both vegetation and oceanographic changes (salinity, temperature, upwelling

strength) over the last 2300 cal. yr BP.

26°

24°

22°

18°

56° 59° 62° 65° E

Fig. 1.1. Location of study region along the Makran coastline, southern Iran (Google Earth Image).
Red box highlights the study region.

1.1 Tsunamis, cyclones and coastal storms

Tsunamis, cyclones and coastal storms are amongst the most devastating
and frequent events to affect population centres and economic infrastructures.
Although these events are short-lived, they often cause death and destruction,
especially in low-lying coastal regions.

Recent catastrophic tsunamis, such as that of the Indian Ocean (Sumatra-
Andaman) in 2004 where 237,000 people lost their lives and in Papua New
Guinea in 1998 (McSaveney et al., 2000) where over 2000 people died, have
focused scientific attention on ways to predict the frequency, intensity and
possible effects of these future disastrous events. Cyclone Gonu (2007), the
strongest tropical cyclone on record in the Oman Sea, caused $4 billion in
damages and nearly 50 deaths in Oman (Fritz et al., 2010). It then went on to

affect Iran where flooding caused 23 deaths and $215 million in damage (Fritz et
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al., 2010). To derive the frequency and intensity of these events requires
extending the historical record back using palaeo-event analysis within the
stratigraphic record.

Over the recent years much research has focused on distinguishing tsunami
and storm deposits in the geological record (Kortekaas, 2002; Tappin, 2007;
Morton et al., 2007; Dawson and Stewart 2007; Kortekaas and Dawson, 2007).
Tsunami events are well documented from recent times but looking back in the
geological record they are seldom described. There are two explanations for this
obvious rarity of tsunami deposits in the geological record put forward by Dawson
and Stewart (2007). Firstly the evidence may indicate a tendency for tsunami
deposits to be easily eroded as they typically affect regions which undergo
constant reworking for example floodplains, coastal regions and submarine
canyons (Einsele et al, 1996; Clifton, 1998; Dawson and Stewart, 2007).
Secondly, tsunami deposits may have geological characteristics which are similar
to those produced by other high energy phenomena (Shiki, 1996; Shiki et al.,
2000; Dawson and Stewart, 2007). This problematic issue requires additional
sedimentary evidence from recent tsunamites in the stratigraphic record.

The growing body of literature concerning tsunamites and tempestites criteria
including grain size, grading, deposit thickness and number of beds will be used to
distinguish the event horizons in the marine cores. Tsunami and storm deposits are
simple to differentiate when the depositional features are for very extreme events
such as the emplacement of mega-blocks where a tsunami is the most likely
explanation. The study of mega-blocks emplaced by tsunami may be achievable
east of Chabahar Bay where caves are located offshore. However, in some
regions, for example Chabahar Bay and the surrounding coastline, the material
available for reworking is restricted to sand and silts which makes the deposits
produced by high energy events difficult to differentiate without some a priori
evidence (Morton et al., 2007).

The southern Iranian coastline has been affected by numerous historical
natural disasters in the recent past both in terms of tsunamis and tropical cyclones.
Previous studies in the vicinity on the coasts of Pakistan and Oman have
highlighted the preservation potential and occurrence of tsunami and storm
deposits both in recent times and in the geological past (Brookfield et al., 2006;
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Donato et al., 2009), therefore it is possible that tsunami and storm deposits may

also be preserved in the sediment cores taken offshore southern Iran.

1.2 Past vegetation, dinoflagellate cysts and climate change

Past climate change is mainly the result of variations in the Earth’s orbital
parameters, feedbacks and on longer scales, tectonic activity (Zachos et al., 2001).
The earth has experienced continuous climatic change moving from extremes of
ice-free polar regions to extensive continental ice-sheet build up. The majority of
the high-frequency change in climate is caused by oscillations in the earth’s orbital
parameters, eccentricity, obliquity and precession that affect the distribution and
amount of incident solar energy (Zachos et al., 2001). A comprehensive
understanding of the factors controlling climate change of the recent geological past
is crucial as knowledge of how the earth’s environment has transformed the heat
input from the sun into climate variations will assist in the prediction of future global
climate change. Of particular importance in the tropics are shifts in the latitudinal
position of the intertropical convergence zone (ITCZ). The position of the ITCZ is
controlled by the amount of incoming solar radiation and has been associated with
climate variability in both Africa and Asia (Dupont et al., 2008).

Vegetation in the tropics is very sensitive to precipitation change both in terms
of the amount and distribution (Arens, 2001; Hoek, 2001; Shichi et al., 2007; Zhao
et al., 2009; Bonnefille, 2010). Increases in the frequency, duration and severity of
drought are well known to alter the structure, composition and biogeography of
vegetation in many regions not only in the tropics, but globally (Allen et al., 2010).
Fluctuations in climate can affect not only the terrestrial but also the oceanographic
systems. Investigation of ocean sediments for their dinoflagellate cyst assemblages
can be used to provide evidence for the palaeo-environmental characteristics of the
overlying water column, in terms of salinity, pH and oxygen content, possibly

indicating changes in monsoonal strength and associated upwelling intensity.
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1.3 Research objectives

A review of the literature highlighted several gaps in the current knowledge, such

as:

1. The impact of past tsunamis and storms is unknown on the southern Iranian
coastline

2. Late Holocene vegetation change along the southern Iranian coast is unknown

The palaeoenvironmental history of the southern Iranian coastline is poorly
understood, possibly associated with political tensions in Iran resulting in a lack of
adequate records available for palaeoenvironmental study. Access to sediment
cores off southern Iran make it possible in this project to advance the

understanding of past environmental change in present day arid systems.

Specific scientific aims:

1.  To use published literature to assess whether tsunamis and/or cyclonic storms
have had an effect on sediment accumulation in Chabahar Bay in the late
Holocene.

2. To correlate any abrupt marine events found in the cores with events found in
historical archival data.

3. To reconstruct the vegetation history of the region over the late Holocene,
using pollen analysis and a range of sedimentological techniques.

4. To reconstruct the oceanographic history (upwelling intensity fluctuations) of
the region over the late Holocene, using dinoflagellate cyst analysis and a
range of sedimentological techniques.

5. To relate the palaeoenvironmental implications of this thesis to wider-scale

studies.

1.4 Thesis structure

Following this introduction chapter there are six further chapters. In chapter 2,
the background and study region are discussed. The background includes the
geography and present day environmental conditions (including atmospheric and
oceanic circulation and current day climatic settings). The geology of the region and

how this generates earthquakes is presented as well as the historical record of
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earthquakes and tsunamis in the Makran region. The mechanism of cyclone
generation is examined in addition to historical records within the Arabian Sea.
Additionally, present day vegetation and palaeoenvironmental change since the
end of the Holocene Humid Period are stated as well as key phases of human
occupation. Chapter 3 contains information on the practical methodology used in
this investigation. Each method is discussed individually, giving information on the
technique and equipment used. The results are presented in chapter 4. The results
are comprised of stratigraphy and core description, the Iranian National Centre for
Oceanography (INCO) data, magnetic susceptibility, grain-size and geochemistry
results. The chronological profiles of 21%pp and radiocarbon dating are presented in
addition to pollen and dinoflagellate cyst data for two cores, OS55 and OS73.
Chapter 5 contains an interpretation of the results presented. Chapter 6 discusses
the results and compares the findings of this study with the wider literature. Finally,
chapter 7 summarises the major findings and assesses how well the thesis has met
the original research objectives and aims of the study. Potential areas for further

study are also discussed.
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2. Study region

In chapter 1 it was established that it is important to derive an accurate
palaeoenvironmental reconstruction of the southern Iranian coastline. This section
investigates the suitability of the coring region, Chabahar Bay, southern Iran (Fig.
1.1; 2.1) for such a study. The section begins by explaining the significance of
Chabahar Bay and its geographical location. The tectonics of the region and
consequent tsunami are then discussed. Atmospheric and oceanic circulation of the
northern Arabian Sea is explained and how this gives rise to the production of
cyclones in the region. Historical tsunami and cyclones and their probability of
occurrence are then critically examined. The section then details the present day
vegetation and palaeoenvironmental change from the end of the Holocene humid
period to present. The section ends by stating the key phases of human occupation
over the last 2300 cal. yr BP.

2.1 The significance of Chabahar Bay (Baluchistan Province,
southern Iran)

The study area was selected because of its significance in terms of industry
and trade in Iran. Since Chabahar Bay was declared a free-trade zone in 1992, it
has undergone rapid economic growth (Pak and Farajzadeh, 2007). It is also the
closest and best access point of Iran to the Indian Ocean. Large economic sectors
of fishing and commercial industries exist in the port of Chabahar, compared to the
rest of the relatively unpopulated southern coast of Iran. Through the development
of transit routes to countries situated around the Indian Ocean and in central Asia,
Chabahar has become the focal point of the south of the country. Identifying the
frequency and intensity of past natural disasters in the region is crucial in terms of
Chabahar’s future development. The assessment of tsunami, cyclone frequency
and/or extraordinary monsoonal rains and their consequences is becoming
increasingly necessary as little has been done relating to disaster research in the
region.

Additionally, the Arabian Sea region was selected for study because it
experiences a monsoonal climatic regime, with people depending on rainfall to
develop essential irrigation infrastructure for agriculture. In addition, the reversing

monsoons generate upwelling. Unusually high seasonal primary productivity in the
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ocean makes it an ideal locality for dinoflagellate cyst analysis (Quasim, 1982; Sen
Gupta and Naqvi, 1984; Cowie and Levin, 2009). The export of organic debris to
depth combined with limited deep water ventilation (Wyrtki, 1973; Cowie and Levin,
2009) result in well preserved pollen and dinoflagellate cyst assemblages and
laminations with little evidence of bioturbation from benthic organisms. Good pollen
and dinoflagellate preservation will help assess changes in sedimentation rate for
palaeoevent  reconstruction and also help elucidate changes in

palaeoclimatic/environmental conditions.

2.2 Geographical location

Pozm and Chabahar Bays are found on the coast of the Baluchistan province
in SE Iran (Fig. 1.1), north of the Arabian Sea (latitude 25.348, longitude 60.253).
Both Pozm and Chabahar (Fig. 1.1 and 2.1) are situated on the narrow semi-desert
Makran coastline. The coastline consists of low-lying alluvial plains which then rise
quickly into the Makran mountain range (Fig. 2.2), trending east-west parallel to the
Iranian coastline (Page et al., 1979). The Makran region is a 1000 km section of the
Eurasian-Arabian plate boundary, where continental-oceanic collision has caused
uplift of around 1800 m and in a small number of places to over 2400 m. This
continuous consumption of the oceanic crust since the Early Cretaceous along the
northerly dipping subduction zone has caused the topography seen in Iran,
Pakistan, India and Afghanistan today (Fig. 2.2). The Makran coastline stretches
from the Strait of Hormuz in Iran to the Indus River in Pakistan (Page et al., 1979).

The Makran coastal plains are 5-20 km wide and occur where the ephemeral
streams have eroded into the siltstone and claystone bedrock of the area (Page et
al., 1979). Locally the coastal plains are covered over by sand dunes. The Makran
coast consists of uplifted terraces and at least nine of these have been preserved
on the south side of Konarak headland (Fig. 2.3). The headland separates Pozm
and Chabahar Bays and is connected to the mainland by a tombolo (Page et al.,
1979). The terraces on Konarak are associated with wavecut platforms (which have
subsequently been covered by marine coquina), sandstones, wave-cut cliffs,

boulder breccias and swash troughs.
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Fig. 2.1. Location and bathymetry of Oman Sea Cores taken offshore southern Iran.
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Fig. 2.3. Map of Konarak headland and tombolo, separating Pozm and Chabahar Bay (Modified
from Page et al., 1979).

2.3 Geology

The Makran mountain range forms the leading region of crustal deformation
along the southern edge of the Eurasian plate above the Makran Subduction
Zone (MSZ) (Fig. 2.4). Crustal faults within this zone typically trend east-west and
have both thrust and strike-slip components. The compressional deformation and
resulting seismicity are widespread and not limited to a few major faults (Chen
and Scawthorne, 2002).

The tectonics of the region are governed by the convergence of the Arabian
and Eurasian plates (Jackson & McKenzie 1984). The majority of seismicity
associated with this collision occurs at depths less than 20 km (Jackson and
McKenzie, 1984). A subduction zone off the Makran coast that formed the margin
between the Eurasian and the Arabian plate was first proposed by Stoneley
(1974). Shearman (1976), Farhoudi and Karig (1977) and Page et al. (1979) then
presented data to support Stoneley’s hypothesis. Page et al. (1979) used the
existence of raised beaches and created models of uplift along the Makran
coastal region to estimate the average rate of uplift (1-3 m) (Heidarzadeh et al.,
2008).

The Makran accretionary prism (MAP) (Fig. 2.4) associated with the MSZ is
regarded as one of the most extensive subduction complexes in the world, and is
thought by many as an ideal example of an accretionary prism to study the

processes related to subduction at plate boundaries (Grando and McClay, 2007).
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Fig. 2.4. Tectonic map of the Arabian, Indian and Eurasian plates, showing the location of the
Makran Accretionary prism in southern Iran and Pakistan. Black triangles indicate the position of
Pleistocene volcanoes related to subduction of the Arabian Plate underneath the Eurasian Plate.
White arrows indicate convergence velocities and black GPS velocities. From Grando and McClay
(2007).

The MAP has grown by frontal accretion where the sediments have been
scraped off the subducting crust at the trench or formed by the result of
underplating (partial melting of subducted sediment and subducted oceanic
crust). This accretionary prism extends for approximately 1000 km from 57°30' E
in south eastern Iran to approximately 66°30' E in southern Pakistan (Fig. 2.4).
The topography of the prism fluctuates from <3000 m below sea level to heights
of 1500 m above sea level (Grando and McClay, 2007). Active thrust faulting
occurs within the MAP and the prism contains structures such as the imbrication
of sediments scraped off the subducting Arabian Sea plate and underthrusting of
sediments carried beneath the prism (Platt et al., 1985) and accreted to its
underside (Grando and McClay, 2007).

Subduction of the Arabian oceanic plate underneath the Eurasian continental
plate is not simple and uniform along the entire subduction zone (Fig. 2.5) At
either ends of the zone exists a complex tectonic array of differing subduction
systems (Fig. 2.4, 2.5). The eastern boundary of the Makran system is a zone of
major transpressional strike-slip systems (Ornach-Nal and the Charman fault

regions), which accommodates the motion between the Eurasian plate and the
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Indian plate (Byrne et al., 1992). Sinistral slip and thrusting along these fault
zones is well documented by Quittmeyer and Jacob (1979). At the western
boundary of the MSZ is the Zendan-Minab fault system (Fig. 2.4). This is the
transition zone between the Zagros continental collision and the Makran oceanic
subduction (Heidarzadeh et al., 2008). According to Gordon and DeMets (1989),
the Murray Ridge delineates the Arabian-Indian plate boundary and extends from
the northern tip of the Owen Fracture Zone to the eastern MSZ (Byrne et al.,
1992) (Fig. 2.4 and 2.5).
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Fig. 2.5. Interpretation of the Makran subduction zone based on the seismic signature of
sedimentary reflectors in the abyssal plain from Kopp et al. (2000) cdp = common depth point.

The convergence velocity along the MSZ (assuming completely rigid plate
motion) varies from east to west. It increases from around 36.5 mm yr~' near the
Strait of Hormuz to 42 mm yr~"in the east (DeMets et al., 1990). A recent study by
Vernant et al. (2004) used 27 global positioning satellite (GPS) sites in Iran and
northern Oman to measure displacements in this region of the Alpine-Himalayan
mountain belt. The results show that east of 58°E, most of the shortening is
accommodated by the MSZ (at a rate of 19.5 +2 mm yr™') and west of 58°E, the
deformation is been distributed in fold and thrust belts separate from the main
MSZ (Vernant et al., 2004).
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Fig. 2.6. Geological map showing rock ages, types and the eastern and western drainage basins
draining into Pozm Bay, modified from Pollastro et al. (1997).

The geology of the Makran coast consists of low lying alluvial plains of
Quaternary-Neogene age (Fig. 2.6). The Makran mountain range rises irregularly
from the coastal plain in a series of ridges underlain by folded sedimentary rocks
(Page et al., 1979). Highly resistant metamorphic and igneous rocks make up the

central mountain chain creating exceptionally irregular topography (Fig. 2.2).
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2.3.1 Tsunamigenesis

Tsunamis are generated by large and shallow earthquakes at many
subduction zones around the world (e.g. 1960 Valdivia-Chilian tsunami; 1945
Makran tsunami). The risk of a widespread tsunami is low for earthquakes with an
M., <8.5 and then becomes significantly higher for earthquakes with a large
moment magnitude of >9 (Stein and Okal, 2007). In the past 30 years there has
been around one magnitude >8 earthquake and approximately 10 magnitude 7
submarine earthquakes per year around the world. However, only around 20 of
these have induced a noticeable tsunami (Synolakis, 2003; Heidarzadeh et al.,
2008). Tsunamigenesis can only occur under certain geological and
oceanographic conditions. One of the factors needed for a tsunami to be
generated is that the earthquake occurs at a relatively shallow depth of <30 km
(Synolakis, 2003). A deeper earthquake generally does not provide enough
crustal deformation to produce a tsunami as tsunamis are only generated when
great segments of the sea floor elevate or subside. Large displacements of the
earth’s crust can occur on any plate margin but subduction zones are particularly
effective at generating tsunami (Furumoto and Fukao, 1985).

Raised beaches and elevated wave cut platforms on the Makran coast were
first observed by Blanford (1872). By taking into account eustatic sea level during
the Late Quaternary along the Makran, rates of episodic uplift along the Iranian
and Pakistan coastlines were calculated (varying incremental uplift of 1 - 3 m
resulting from the November 28, 1945 earthquake). This was achieved by
observing present elevation above sea level (asl), previous elevations of marine
terraces and raised beaches and by using *C and U-Th dates obtained on shells
from the elevated wave-cut terraces (Page et al., 1979). During the 1945 Pasni-
Ormara earthquake (epicentre located just sea-ward of the village of Pasni) the
the uplift occured as discrete increments along different parts of the coast at
different times. Page et al. (1979) estimate that the recurrence time of a
magnitude >8 earthquake along the Makran coast is approximately 125-250 years
with the east end of the coastline appearing more likely to have a large-magnitude
earthquake than the west. Reviewing the seismicity of the MSZ undoubtedly
demonstrates that large and shallow earthquakes (those ideal for tsunami

generation) are common within the Makran region.
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2.4 Bathymetry

It proved especially difficult to find a bathymetric map of the study region, with
the only map available unable to provide full, extensive coverage of the coring
region. A bathymetric map of the coastline provided by the Iranian National Centre
for Oceanography (INCO) is shown in Fig. 2.1. It provides a general coastal
bathymetry, however does not show any possible small-scale local bathymetric

lows or highs in the topography.

2.5 Present day climatic settings

The coring sites (Oman Sea; latitude 25.348, longitude 60.253) are positioned
below the northernmost extent of the ITCZ (Fig. 2.7b), placing it in the zone of
climatic transition between the system from Indian summer monsoon (ISM) and the
Mediterranean depressionary system (Fig. 2.7a), giving it a highly monsoonal
climatic regime consisting of wet and dry seasonal rainfall generally occurring
between November and May and between June and October, respectively. The
climate of Iran as a region is defined as subtropical with hot and dry weather in the
summer, with the primary cause of annual rainfall variability been the changing
position of synoptic systems and year-to-year variation of the frequency of cyclones
passing through the region (Modarres and Rodrigues, 2007). Dinpashoh et al.
(2004) estimated the average annual precipitation (Fig. 2.8) of Iran from 1956-1998
to be around 241 mm (using the isohyetal method). Over half of the country
receives less than 200 mm yr' with over 75 % receiving less than 300 mm yr’
giving most of the country an arid to sub-arid climate (Dinpashoh et al., 2004).

Iran’s two main mountain chains the Alborz and Zagros ranges (Fig. 2.2) play
a crucial role in the non-uniform spatial and temporal distribution of precipitation in
the whole country (Dinpashoh et al., 2004). The Alborz mountains lie from the
northwest to northeast rimming the Caspian Sea (Fig. 2.2), preventing
Mediterranean moisture bearing systems crossing through the region to the east
(Modarres and Rodrigues, 2007). The Zagros mountains (Fig. 2.2) extend from the
northwest to southwest and are responsible for the majority of rain producing air
masses which enter the region from the west and northwest, giving these regions
reasonably high rainfall values (Sadeghi et al., 2002; Alijani et al., 2006).

C. S. Miller, 2010 Chapter 2: Study region



16

30° 35° 40° 45° 5p° 55° 60° 65° 70°
30° 30 °

250 2hi"

20° 20°

15# 152

10 ® 10°

50
30° 35° 40° 45° g5pe 55° 60° 65° V0° 02 60 ° 90 ° 60 °© 90 °

5o

Fig. 2.7. a) Precipitation regimes (modified from Gasse, 2000 and Fleitmann et al., 2007).
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Fig. 2.8. Mean annual precipitation (mm). Data series taken from 77 weather stations over Iran,
gathered from 1956 to 1998 (adapted from Dinpashoh et al., 2004). Red box marks study region.

The temporal variability of precipitation in Chabahar and the surrounding
regions produces significant hazards, including both droughts and floods. The hot
summers along the southern Makran coasts are almost void of rain due to ‘capping’
by subtropical high pressure. Occasionally, the subtropical high weakens and the
warm moist air at the surface rises to generate extremely strong convective rains
(Alijani, 1997 in Dinpashoh et al., 2004).

From 1960 to 2003 the annual precipitation around Chabahar averaged at
approximately 100 mm per year and does not appear to have a trending increase or

decrease during these years. The average annual temperature dataset is
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incomplete. However, there is a peak at 1980, with annual temperatures rising to
33.5°C (data from the lIranian Meteorological Organisation website). Seasonal
precipitation is shown in Fig. 2.9, which clearly demonstrates the seasonality of the

region, with low summer/autumn precipitation and high winter/spring precipitation

(New et al., 2000).
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Fig. 2.9. A.) Monthly precipitation records in Chabahar from 1898 yr BP to present (2000). B.)

Monthly precipitation records in Chabahar from 1898 yr BP to present (2000) with curve smoothed
(data from New et al., 2000).

As a consequence of the semi-arid to arid climatic regime around both

Chabahar and Pozm Bay, the southern Iranian coastline is made up of ephemeral
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streams and rivers, flowing only in times of torrential downpour during the monsoon
months. The intense ‘baking’ of sediments during the dry months greatly influences
the porosity and permeability of the channel beds and in many ephemeral channels
a layer of fines is found in the upper few centremetres of riverbed sediments
reducing the hydraulic conductivity of the channel bed (El-Hames and Richards,
1998). The lack of fluvial input into the northern Arabian Sea, indicates that most of
the sediment deposited in the coastal regions is of aeolian origin, or initially of

aeolian origin and subsequently redeposited by infrequent flash floods.

2.6 Atmospheric and oceanic circulation of the Arabian Sea

The atmospheric and oceanic circulation of the Arabian Sea is strongly
influenced by the seasonal migration of the intertropical convergence zone (ITCZ),
a narrow region of wind convergence and precipitation. The position of the ITCZ
determines the onset and the termination of the monsoonal systems in the tropics
and sub-tropics (Fleitmann et al.,, 2007). The Indian summer monsoon (ISM)
interacts closely with the ITCZ and it is the conventional view that the ISM is driven
by the land-sea thermal contrast between the Eurasian landmass and the southern
Indian Ocean creating a ‘giant sea breeze’ (Webster et al., 1998). Recent studies
have suggested that the ITCZ and ISM are more coupled than previously thought
and that the ISM is a manifestation of the seasonal migration of the ITCZ (Chao
and Chen, 2001; Gadgil, 2003). The seasonal migration of the ITCZ and the
associated semi-annual reversal of wind patterns, the SW monsoon in the boreal
summer, and NE monsoon in the boreal winter (Zonneveld, 1997a) are key
components of the climatology in the Indian Ocean. In the boreal summer (Fig. 2.7b
and 2.10a), the ITCZ moves to its northernmost position and differential heating of
continental and oceanic regions leads to the development of areas of low
atmospheric surface pressures over Pakistan, India and Oman and relatively high
surface pressures over the cooler Indian Ocean. A wide region of south westerly
wind develops (Fig. 2.10a) with the prominent east African coastline intensifying the
wind near the surface and directing it parallel to the coasts of Somalia, Yemen, and
Oman (Honjo and Weller, 1997). This intense wind (Findlater Jet) causes the ocean
to respond with the development of the Somali Boundary Current (Fig. 2.10b), with
a north-northeastward current speed of about 150 cm s (speed decreasing to
about 10 cm s™ at 100 m depth) (Schott et al., 1990; Brock et al., 1991). The
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Somali Boundary Current transports high salinity water from the equator northward
(Schott et al., 1990; Zonneveld, 1997a). The current induces the upwelling of cool,
nutrient rich water along the Somali and Arabian coasts (Brock et al, 1991;
Zonneveld, 1997a). The nutrients introduced into the euphotic zone with the cold
upwelling waters enhance levels of primary productivity which ranges from <2.5 gC
m? day™ in near-coastal waters to <0.3 gC m™ day in oligotrophic waters outside
the region of upwelling (Qasim, 1982; Brock et al., 1991; Zonneveld, 1997a).
Chlorophyll a concentration, indicating planktonic activity, within the surface waters
of the NW Arabian Sea are highest during the SW monsoon (Qasim, 1982). The
observation of Chlorophyll a and the distribution of pigments were estimated using
Coastal Zone Colour Scanner images (Brock et al., 1991). The high level of
planktonic productivity induces the development of an oxygen minimum zone
(between 150 - 1200 metres in depth) which exists because of the tectonic situation
of the northern Arabian Sea where it is closed to the north limiting ocean circulation
(Schulz et al., 1996). Low oxygen concentrations (0.05 ml") limit any biological
productivity to the sediment-water interface (Von Rad and Schulz, 1995). The
Somali/Findlater Jet (Fig. 2.7b and 2.10b) transports a large quantity of moisture
northward which is deposited as precipitation over southern Arabia and the India
subcontinent (Fleitmann et al., 2007). This latent heat release strengthens and
further maintains the low pressure situation over the Arabian landmass (Webster et
al., 1998).

In midwinter (Fig. 2.7c) the ITCZ moves southwards (25°S in January) and the
Eurasian continent cools, consequently a high pressure region develops on the
seasonally snow-covered Tibetan plateau and northeast winds (Fig. 2.7c) persist
over southern Asia and the Arabian Sea, cooling the NW Arabian Sea surface
temperature to 23°C (Wyrtki, 1973). The relatively dry NE monsoon is not as strong
as the summer monsoon flow and has an observed net northward flow of 20 - 30
cm s™ (Schott et al., 1990). Nevertheless, combined with a high amount of surface
cooling, the NW monsoonal flow causes a deepening of the mixed layer in the
central and western Arabian Sea (Honjo and Weller, 1997). The cool winds from
the north-east (Fig. 2.10c) induce increased mixing and cooling of the ocean near
the Gulf of Oman and on the Pakistan shelf (Makran coast), which results in
exceptionally high bioproduction in these regions (Fig. 2.10d) (Qasim, 1982;
Zonneveld, 1997a).
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Fig. 2.10. (a). General wind pattern in the Arabian Sea area during the SW monsoon - compiled and
modified from Zonneveld (1997a); McCreary and Kundu (1989) and Brock et al., (1991). (b) General
surface-water circulation of the Arabian Sea during the SW monsoon - compiled and modified from
Zonneveld (1997a); Quraishee (1984); Schott et al., (1990). (c) General wind pattern in the Arabian
Sea area during the NE monsoon - modified from Zonneveld (1997a); McCreary and Kundu (1989).
(d) General surface-water circulation of the Arabian Sea during the NE monsoon - compiled and
modified from Zonneveld (1997a); Wyrtki (1973), McCreary and Kundu (1989), Schott et al., (1990)
and Naidu (1993). Green arrows show wind patterns. Yellow arrows show surface water circulation.
Purple arrows show Findlater Jet. Green regions show areas of coastal upwelling. White striped
region shows areas of open ocean upwelling.

The Arabian Sea contains a variety of waters including both the Gulf of Oman
and the Red Sea outflow waters, which dissipate gradually southwards at a depth
of 600-800 m and then mix with the other water masses (Wyrtki, 1973; Grindlingh,
1985; Shapiro and Meschanov, 1991). Furthermore water enters the Arabian Sea
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from the south as bottom waters into the Somali Basin (Wyrtki, 1973; Barton and
Hill, 1989; Johnson et al., 1991a; 1991b; Zonneveld, 1997a). It is conceivable that
some of these bottom waters in the Somali Basin splay out, travelling north past the
Owen Fracture Zone and becoming incorporated into the currents along the
Carlsberg Ridge (Zonneveld, 1997a). Additionally the Arabian Sea flows into the
Persian Gulf via a significant current flowing westerly along the Iranian coast. This
current is driven by density differences caused by river outflow having a
comparatively low density (baroclinic forcing) (Reynolds, 1993). The inflow into the
Persian Gulf is weakened by the Sharmal winds in the winter, but strengthened in

the summer (Reynolds, 1993).

2.6.1 Cyclogenesis

Tropical cyclones are storm surges which gain energy by the release of large
amounts of latent heat from water vapour condensing at high altitudes, with solar
heating the initial source for evaporation. The development of a tropical cyclone
depends on sea surface temperatures (at least 26.5°C), a strong decrease of air
temperature with altitude and low wind shear in the upper troposphere, permitting
strong convection and condensation (Krishna, 2009 and Arpe and Leroy, 2007).

There are several ocean basins which support tropical cyclone development
for example; North Atlantic (90° to 20°W, 5° to 25°N), western North Pacific (120° to
180°E, 5° to 20°N), eastern North Pacific (90° to 120°W, 5° to 20°N), South Indian
(50° to 115°E, 5° to 20°S), North Indian (55° to 90°E, 5° to 20°N), and Southwest
Pacific (155° to 180°E, 5° to 20°S) (Webster et al., 2005). It is the eastern part of
the Arabian Sea that generates tropical cyclones and none are generated in the
western part of the Arabian Sea (Fig. 2.11). There are two cyclone seasons in the
Arabian Sea namely the pre-monsoon (April, May, June) and the post-monsoon
(October, November and December). Intense tropical cyclones like Cyclone Gonu,
2007 (Fig. 2.11) are relatively rare over the Arabian Sea, with approximately four
times more cyclones occurring in the Bay of Bengal (Singh et al., 2001). The Bay of
Bengal has experienced several large cyclones with devastating socio-economic
impacts, for example Cyclone Nargis (2008) in Myanmar where damage estimates
were over $10 billion and official death toll estimates exceeded 138,000 fatalities,

making it the eighth deadliest cyclone ever recorded worldwide (Fritz et al., 2010).
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Fig. 2.11. Storm track data from the Arabian Sea from Fritz et al. (2010), modified from the IBTrACS
database. The track of the 1890 cyclone is based on historical documents. Cyclone Gonu in 2007 is
the only confirmed, instrumentally recorded category 5 storm on record. (TD=tropical depression,
TS=tropical storm).

2.7 Historical earthquakes and cyclones in the Makran region
2.7.1 Historical earthquakes in the Makran region

The desert coast of Makran (southern Iran and Pakistan) has remained a
remote region from the early Islamic period, AD 500 (and presumably before)
through to the seventeenth and eighteenth centuries. This has lead to a short
historical record of earthquakes in this region compared to that of adjacent
civilizations to the east and west (Ambraseys and Melville, 1982; Byrne et al.,
1992). Even today the population of the Makran remains small with an even
smaller population to be found inland. The first telegraph cables across the
Makran regions were laid in AD 1864 and the coastal towns were connected to
the international telecom network in the First World War (Byrne et al., 1992).
Although the populations have been small and communication was poor, large

earthquakes over the past 500 years have been recorded in the region with large-
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magnitude earthquakes reported from the more populated east end of the Makran
(Page et al., 1979 and references therein). Ambraseys and Melville (1982) state
that since the middle of the nineteenth century the historical record appears to be
complete for large (Ms>7) earthquakes. However, looking back over the last
millennia the historical record is clearly not complete indicating the need for
palaeotsunami research. In a review of Makran seismicity, Heidarzadez et al.
(2008) have compiled references of tsunami studies of the Makran (Table 2.1).
Table 2.1 shows locations of the tsunami events, the confidence factor (CF), year
of event and the recorded loss of life. This confidence factor has been assigned to

each event after a review of the literature by Heidarzadez et al. (2008).

Table 2.1. Historical tsunamis recorded from MSZ from Heidarzadez et al. (2008).

Year Lonsqltute Lat:tude Morr!ent Type of CF Deaths
(°E) (°N) magnitude source

’3;325 67.30 24.00 ? Earthquake 1 ?

1008 60.00 25.00 ? Earthquake 2 1000

1524 ? ? ? Earthquake 1 ?

1897 62.30 25.00 - Volcanic 1 ?

1945 63.00 24.50 8.1 Earthquake 3 4000

CF = Confidence factor: (1) probable tsunami; (2) definite tsunami but the type of tsunami source
or its location is not certain; and (3) instrumentally recorded tsunami.

The following is a detailed discussion of each individual tsunami event recorded

over the past 3000 years in the Makran (Fig. 2.12).
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Fig. 2.12. Location of historical tsunamis recorded from MSZ locations mapped from Heidarzadez
et al. (2008). Red box highlights Pozm and Chabahar Bay (study region).
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2.7.1.1 Makran tsunami of November, 326 BC

The tsunami event of 326 BC (Table 2.1) (Fig. 2.12) possibly generated on
the Makran subduction zone is historically fascinating as it involves the activities
of Alexander the Great (Dominey-Howes et al., 2006). It is significant to the
research because it was said to have generated a large enough wave to destroy
an entire navy fleet, therefore it is possible that it could be preserved within the
sediment record of the cores. However, there is little documentary evidence for
the tsunami of 326 BC thus Heidarzadez et al. (2008) have assigned a confidence
factor of 1 to the event (Table 2.1). No information is available on the location or
type-source of the earthquake. Confusion surrounds this event with arguments
both for and against the classification of this event as a tsunami. Lisitzin (1974)

has given an entry for the event as:

‘World famous strategists were also unable to escape it. Various
historical authors have mentioned the amazement of Alexander the
Great and his army, when during the illustrious campaign to India in
325 BC they experienced for the first time in their lives sea-level
variations caused by tide and noted the disastrous consequences of
this phenomenon on the Macedonian fleet, anchored in the estuary of
the River Indus’. (Lisitzin, 1974, pp. 259-260).

Lisitzin (1974) appears to be describing the event of tidal variations on the
Macedonian fleet and not the occurrence of a tsunami event, making it illogical to
classify this event as a tsunami event. This view is supported by Dominey-Howes
et al. (2007), who believe that tidal variations would have been an entirely new
experience for Alexander the Great and his Macedonian fleet because they would
have been more familiar with regions of restricted tidal variation for example the
Aegean Sea. The normal tidal range within the Arabian Sea is extremely variable,
but in Pakistan and along the Iranian coastline the difference between high and
low tide is 3.7 m (National Ocean Survey, 1973). This value is large considering
the tidal range of the Aegean Sea is far smaller, for example in Bodrum
(southwestern Aegean Region of Turkey) the mean spring tidal range is 11.3 cm
and only 20.3 cm at Bozcaada (Alpar and Yuce, 1996). Heidarzadez et al. (2008)
disagree with the interpretation of Dominey-Howes et al. (2007) and believe that

regular tides do not have the potential to destroy a military fleet and have used
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another reference which is an account of Alexander the Great’s military expedition

to western India.

‘About dawn they put out to sea and were met by so violent [sic] ebb
that three of the ships ran ashore and were held hard and fast on dry
land and the rest only just sailed through the surf and got safe into
deep water. The ships, however, which ran aground, were floated off
when next flood came, and arrived next day where the main fleet
was’. (Robson, 1933).

Although, it is possibly too early to regard the event of 326 BC as a non-
tsunami event (Heidarzadez et al., 2008), it is clear that more palaeo-event
analysis must be done in the region to find possible evidence for this tsunami

event.

2.7.1.2 The Makran tsunami AD 1008

Murty and Bapat (1999) and Ambraseys and Melville (1982) report a tsunami
in the Indian Ocean affecting the southern coast of Iran, from an earthquake in
AD 1008 (Fig. 2.12). The earthquake is said to have sunk ships and killed a
number of people in the area. Rastogi and Jaiswal (2006) report that the
epicentre of the earthquake was at 25°01’ N, 60°01" E (western MSZ). If this
report is correct then the earthquake occurred just 50 km from Chabahar Bay

(study site).

2.7.1.3 The Dabhol tsunami of AD 1524

The tsunami catalogues of the Indian Ocean have listed this event, but do
not include any detail. For example, nothing is known regarding the generation
mechanism or epicentre location. Numerical modelling by Heidarzadez et al.
(2008) has shown that the MSZ is most likely to have been the source locality for
the Dabhol tsunami, giving it a low confidence factor of just 1. Owing to the large
distance from epicentre (MSZ) to Dhabul (over 1000 km) Heidarzadez et al.
(2008) speculate that an earthquake source would be a reasonable explanation
(Synolakis and Okal, 2005).
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2.7.1.4 The Makran Tsunami of AD 1897

The Makran tsunami of AD 1897 (Fig. 2.12) differs from the other tsunamis
in that it was generated not by an earthquake but probably from a volcanic
source. This tsunami provides evidence of the potential for tsunami generation
from volcanic sources along the Makran coastline. None of the Indian Ocean
tsunami catalogues show any record for the event of 1897. Ambraseys and
Melville (1982) do not class the event of 1897 as a tsunami and state that the
large ocean waves produced could perhaps be the result of just oceanic storms
near Gwadar in December 1897. It is reported that the event caused substantial
damage to coastal regions of the Makran with the waves transporting hundreds of
tonnes of fish onto the Makran coast (Heidarzadez et al., 2008). No evidence for
earthquake activity around 1897 exists, thus Heidarzadez et al. (2008) speculate
a volcanic source for the tsunami, with the death of the fish attributable to volcanic
gas emissions from mud volcanoes present all along the MSZ. It seems
unreasonable to be certain of the existence of a tsunami event in 1897, with only
speculations from Heidarzadez et al. (2008) and no real evidence found. It seems
other causes may be responsible for the death of tonnes of fish, for example a
harmful algal bloom resulting in the production of neurotoxins or oxygen depletion
of the water column from cellular respiration and bacterial degradation, both
causing mass mortalities in fish populations. Algal blooms are possibly associated
with strong monsoonal winter rainfall resulting in enhanced river run-off, thus

higher oxygen and nutrient availability in the shallow seas.

2.7.1.5 Makran tsunami AD 1945

This tsunami (Fig. 2.12) is the first instrumentally recorded in the Indian
Ocean, thus Heidaradez et al. (2008) has assigned it a confidence factor of 3.
The tsunami occurred on 28" November 1945, from an Mw 8.1 earthquake with
the epicentre just off the southern coast of Pakistan in the town of Pasni at 25°15’
N, 63°48 E (Quittmeyer and Jacob, 1979). A study of p-wave motion, s-wave
polarisation and surface wave amplitude ratios conclude a normal faulting focal
solution was responsible for the earthquake of 1945 (Laane and Chen 1988 and
Byrne et al, 1992). The earthquake caused widespread damage along the
sparsely populated coast and generated a large tsunami. On the coasts adjacent

to the epicentre at Pasni, the tsunami wave heights are estimated to be 5-10 m
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high. The tsunami wave heights vary, with the city of Karachi (360 km away)
experiencing 1.5 m high waves, and Bombay (1100 km away) having a 2 m high
wave (Ambraseys and Melville, 1982). It was reported that the transoceanic cable
between India and England broke in eight places and a portion of the town of
Pasni moved 100 m as a result of submarine slumping (Byrne et al., 1992). In
addition, intense mud-volcano activity and reactivation was recorded, which also
resulted in the creation of four new volcanic islands (Byrne et al., 1992 and
references therein). This volcanic activity resulted in a large volume of methane
escaping and igniting near Hinglaj (Byrne et al., 1992). Only a small number of
aftershocks were measured associated with the earthquake of 1945 according to
the International Seismological Summary. Just five additional events were
recorded, the largest of these events occurred in 1947, with an epicentre

immediately south of the main 1945 shock (Quittmeyer and Jacob, 1979).

2.7.1.6 Synopsis of the historical tsunami in the Makran region over the last
2.5 ka cal BP

The research of Heidarzadez et al. (2008) indicates the recognition of five
historical tsunamis with varying confidence factors assigned to each event. Due to
the lack of evidence supporting most of the events, the need of more palaeo-
tsunami research is clear. There is a requirement for field evidence to support the
listed tsunamis and most of the evidence currently obtained is from relatively
subjective historical documents. The Makran 1945 earthquake indicates that the
MSZ has great potential for generating large destructive earthquakes. However,
the lack of convincing evidence for the earthquakes prior to 1945 makes
generating an average tsunami return period for the region problematic. Although
dubious, using the list of the five earthquakes above, the average return period for
a tectonic tsunami is approximately 800 years (Heidarzadez et al, 2008).
However, the lack of evidence for these tsunami indicates the need for more field

evidence.

2.7.2 The historical record of cyclones in the Arabian Sea

Most storms which do occur over the Arabian Sea tend to be small and

dissipate quickly. However, historically, large, highly destructive cyclones have
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occurred in the Arabian Sea, the most recent, Cyclone Gonu in 2007 (2.12).

2.7.2.1 Arabian Sea cyclone AD 865

Limited information is available about this cyclone, although just like the
cyclone of 1890, the AD 865 storm affected areas in Oman between Gobrah and
Sohar and is said to have been comparatively devastating (Bailey, 1988; Blount et
al., 2009; Fritz et al., 2010).

2.7.2.2 Arabian Sea cyclone AD 1890

The storm of 4™ and 5™ June 1890 (Fig. 2.12) is the deadliest natural disaster
in Oman’s history with a reported 727 fatalities (Bailey, 1988). The storm inundated
the coastline from Soor to Suwayq and caused extensive inland wadi flooding. The
hardest hit regions were Matrah and Muscat, where numerous ships were wrecked

and agriculture losses were huge (Blount et al., 2009).

2.7.2.3 Cyclone Gonu, 2007

From 2" to the 6™ June 2007, Cyclone Gonu, the strongest tropical cyclone
on record in the Arabian Sea developed affecting India, Oman and Iran (Fig. 2.11).
It developed from a persistent area of convection in the eastern Arabian Sea,
strengthening to category 5 strength on 4" June with a pressure of 909 mbar and
sustained winds of 263 km h™' approximately 475 km east of Masirah Island off the
coast of Oman (Fritz et al., 2010). Gonu reached the Arabian Peninsula on the 5t
June with winds of 164 km h™, reaching the Makran coast of Iran as a tropical
storm on the 7" June. The cyclone caused immense damage costing up to $4
billion in Oman and $250 million in Iran. It resulted in 49 fatalities in the Sultanate of
Oman and 23 deaths in Iran. In Oman, Gonu caused heavy rainfall reaching up to
610 mm in places, resulting in flooding and heavy damage, especially to
infrastructure. Along the Omani and Iranian coastlines storm surge caused a large
amount of damage (Fritz et al., 2010). In addition, it was reported that the strong
winds associated with the cyclone induced phytoplanktonic blooms, caused by
storm induced mixing and intense upwelling along the coastlines (Wang and Zhao,
2008). Both Oman and Iran contain mountainous and arid terrain in close proximity
to the coastline. High amounts of rainfall generated by the cyclone in a relatively

short period of time falling on the mountainous regions resulted in wadi flooding,
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this, combined with storm surge, posed an additional threat to the populations on
the coastline (Fritz et al., 2010).

2.8. Vegetation and sources of pollen

Little research has been conducted concerning vegetation reconstruction
along the southern Iranian coastline, it may have always been presumed a dry
environment, with little vegetation change. Most vegetation-environmental research
focuses on northern Iran (Kazanci et al., 2009; Arpe and Leroy, 2007; Leroy et al.,
2007; Djamali et al., 2008).

In 1963, Zohary published a general account of the vegetation of Iran
(Leonard, 1993) (Fig. 2.13). With the study region consisting of Acacieta flavae
iranica and Nubo-Sindian classes as well as pockets of littorial saltland vegetation.

Fig. 2.14 shows the modern-day vegetation settings for Pakistan from Ivory
and Lézine (2009). It is useful to have a broad overview of the regional vegetation,
as monsoonal winds may transport pollen thousands of miles into the study region.
Large variations in seasonal precipitation and elevation over the region have a
strong impact on vegetation distribution. The western slopes of the Himalaya in the
east receive up to 2000 mm of rain per year, with the Balochistan plateaus and the
Makran coast, too far north for summer rain, and receive extremely little rainfall
(less than 200 mm per year) during the winter months (lvory and Lézine, 2009) and
around 100 mm per year in Chabahar (lranian Meteorological Organisation, 2009).

In close proximity to the study region are mangroves, extending E-W along the
Makran coastline, occurring in restricted pockets. The majority of the mangrove
trees are Avicennia marina, a species well adapted to high salinity and dry
environments (Spalding et al., 1997). Rhizophora mucronata, Ceriops tagal, and
Bruguiera conjugata occur closer to the mouth of the Indus River, and are adapted
to more brackish waters and wetter environments. Two species of mangrove,
(Avicennia marina and Rhizophora mucronata) have been recorded as far west as
the Strait of Hormuz, 137 km east of Bandar Abbas (Danne-kar, 2005) and 410 km
west of Chabahar. It has been reported that these mangroves found in the Strait of
Hormuz were cultivated (Majid Akhani, pers. com.). In addition, Google Earth
images indicate the modern day presence of Avicennia in Pozm Bay. Mangrove
species found in the study region would provide evidence for the native
characteristic of Rhizophora in the region.
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Afghanistan

Pakistan

Littoral saltland vegetation of Salicornietea europaeae and Irano-Turanian
saltland vegetation of Halocnemetea strobilacei and Saharo-Arabian
saltland vegetation of Suadetea deserta.

Acacieta flavae iranica and Nubo-Sindian classes (e.g. Euphorieta laricae
etc.)

Supposed climax of Pistacia-Amygalus steppe forest.

Iranian steppes of Artemisieteherbae albae iranica.

Xerophilious deciduous steppe-forest of Quercetea brantii.

Juniperus polycarpos steppe forest remnants

Empty deserts with very sporadic occurrence of Acacieta flavae iranica.

N N N N

I[rano-Turanian psammophilous vegetation including, saxual forests of
Haloxylon persicum and sand vegetation of Stipagrostis pennata.

Fig. 2.13. A simplified sketch map adapted from Zohary (1973) detailing present day pollen zones in
Iran. The study site is highlighted by red box, with pollen zones and vegetation types coded
according to key.
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Fig. 2.14. Present-day vegetation zones in Pakistan (adapted from Ivory and Lézine, 2009 and
Roberts, 1991). Seasonal monsoonal winds and location of study region are shown in relation to the
Indus Delta and Himalayan Mountains.

Directly north of Chabahar Bay, in the Himalayan foothills (below 1200 m) and
along the Balochistan Plateau, tropical thorn forests are present (Roberts, 1991).
These regions, subject to extremely dry desertic conditions, contain typical species

such as Olea ferruginea (Indian olive), Acacia modesta, species of Artemisia
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(Ansari and Vink, 2007), Acacia sp., Prosopis cineraria, Tamarix dioica, and
Salvadora persica, associated with Euphorbia sp., xerophytic species of
Amaranthaceae, Calligonum polygonoides, Cassia sp., and halophytes such as
Suaeda fruticosa and Salsola foetida (Ivory and Lézine, 2009).

The Himalayas contain four main vegetation belts, related to altitude and
precipitation received. At 1000 - 1500 m asl the vegetation consists of dry
subtropical scrub forest largely composed of Olea cupidata, Acacia sp., and
Dodonaea viscose. Additional components include sub-tropical pine forest and
Himalayan moist temperate forest with Pinus gerardiana, Cedrus deodorata, Picea
morinda, and Abies pindrow (sometimes associated with Quercus incana, Quercus
dilatata and Quercus semecarpifolia). Alnus sp., and other broad-leaf deciduous
trees occur between 1500 and 3300 m asl. Dry coniferous forest begins above
3300 m asl and contains Cedrus deodorata, Picea morinda, Pinus gerardiana,
evergreen oak (Quercus ilex) and Betula. The final zone, above the tree-line
consists of alpine scrubs with Juniperus sp., Artemisia sp., and Ephedra intermedia
(Ivory and Lézine, 2009).

The coring sites are situated 15 - 35 km off the Makran coastline (Fig. 2.1) and
receive some sediment input from rivers draining the Makran mountains and the
Makran coastline (Fig. 2.6); thus any pollen in the rivers would be mostly tropical
thorn forest, sand dune desert, dry sub-tropical and temperate semi-evergreen
scrub forest vegetation type. Mangrove vegetation may provide an additional pollen
input to the coring locations.

Buring boreal winter (Fig. 2.7c), the strong NE monsoonal winds may transport
pollen across Pakistan, to the study region. However, a reversal occurs in boreal
summer (Fig. 2.7b) when SW monsoonal winds are more prominent possibly
transporting pollen from Oman across the Gulf of Oman. While arid conditions
prevail throughout the mountain ranges of northern Oman, studies at several
different elevations within the mountain ranges such as, Balad Seet (950 — 1020 m
asl), Maqta (930 — 1180 m asl) and Al Jabal al Akhdar (1750-1930 m asl.), have
shown that the mountains of northern Oman contain several different agro-climatic
conditions (Gebauer et al., 2007) with over 107 diverse crop species belonging to
39 families. Due to the hyper-aridity of the Arabian Peninsula, the agriculture of
Oman depends heavily on intense irrigation (Norman et al., 1997). Amongst the 39

families of cultivated species identified, Leguminosae, Gramineae, Rosaceae,
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Rutaceae and Solanaceae were the most common (Gebauer et al., 2007). Grazing
pressures on the desert have increased across the whole Arabian Peninsula over
the past decades (Oatham et al., 1995) and now overgrazing is considered to be a
serious problem (Ghazanfar, 2003). Goats, sheep, cattle and camels in northern
Oman preferentially browse on certain plant species, resulting in a decline in some
species, with those species avoided by the livestock increasing (Ghazanfar, 2003).
The natural vegetation of Oman is extremely sparse and is characterised by
communities dominated by tree and shrub species such as Acacia ehrenbergiana,
Acacia tortilis, Nerium mascatense, Prosopis cineraria, Ziziphus spina-christi,
Acridocarpus orientalis, Dyerophytum indicum, Ficus palmata, Grewia erythraea,
Moringa peregrine, Dodonaea Viscose, Juniperus excelsa, Olea europaea,

Sageretia thea and Sideroxylon mascatense (Gebauer et al., 2007).

2.9 Palaeoenvironmental change from the end of the Holocene
humid period (9 - 5.5 ka cal BP) to present (~5.5 ka cal BP)

In extremely arid environments, continuous records of past environmental
change are exceptionally rare with most continental records often discontinuous,
with hundreds of years missing at the top of some lacustring sedimentary cores.
Long continental sedimentary cores are rare, due to the lack of permanent lakes in
these extremely arid regions. Frequently the top of lacustrine sedimentary
sequences are absent, or hiatuses may exist in speleothem isotopic records
(Fleitmann et al., 2003). It appears that the only continuous records available come
from marine sedimentary sequences (lvory and Lézine, 2009). Most of the studies
concerning environmental reconstructions have focused on Africa and pollen data
from both lake and ocean records have proved a useful tool for reconstructing both
vegetation and hydrological conditions. Records focusing on large-scale changes in
the Holocene will be used to assist in the interpretation of small scale fluctuations

seen offshore southern Iran in the late Holocene record.

2.9.1 The Atlantic monsoonal system and its influence on vegetation and
upwelling in the Holocene

Considerable changes in vegetation have occurred on the African continent
coinciding with the end of the HHP (Holocene Humid Period), with discrepancies in
timing from West Africa to the northern Sahara desert. The HHP is attributed to a
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strengthening of the African monsoon due to gradual orbital increases in summer
seasonal insolation. However, the onset and termination of the HHP (whether
abrupt or gradual) remains controversial. Results from ODP 658c (offshore Cap
Blanc, Mauritania, Fig. 2.15) show that the onset and termination of this humid
period were extremely abrupt, occurring within decades (deMenocal, 2000). Results
have shown that during the period between 4500 to 1300 cal. yr BP forests
between 4°S and 7°N were gradually replaced by open landscapes and grasslands
(Lézine, 2009). The timing of this event varies locally depending on local
hydrological conditions, with some lakes experiencing total desiccation, e.g. Lake
Sinnda (Congo, Fig. 2.15) whilst other regions, e.g. Lake Bosumtwi (Ghana, Fig.
2.15) remaining forested, showing little change in vegetation (Talbot et al., 1984;
Maley, 1991). In Mesopotamia, the event was abrupt and caused the aridification of
the flood plains and is recorded by Aeolian and archaeological deposits
accumulated in the Gulf of Oman (Weiss et al., 1993). The lack of long lacustrine
material preserved on the African continent limits high-resolution
palaeoenvironmental reconstruction over the Holocene period. However, Lake Yoa
(N. Chad, Fig. 2.15) provides a high-resolution record showing the gradual step-like
transition of aridification from 4700 to 2700 cal. yr BP (Kropelin et al., 2008). The
results show that after 2700 cal. yr BP progressive drying has taken place with an
abundance of dry steppic vegetation, e.g. Amaranthaceae/Chenopodiaceae,
Artemisia and Ephedra (Lézine, 2009). The results from Africa indicate a general
gradual aridification from the end of the HHP until present.

Evidence is available to support enhanced productivity associated with
intensified upwelling during glacial periods off the NW African margin (Berger et al.,
1978). The upwelling phenomenon is related to a decrease in sea-surface
temperatures associated with glacial periods (Van Zinderen Bakker, 1982 in Marret
and Turon, 1994).
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Fig. 2.15. Main latitudinal belts of vegetation zonation across south-west Africa and the location of Lake
Bosumtwi (Ghana), Lake Yoa (Chad), Lake Sinnda (Congo) and ODP core 658c (offshore Mauritania).
Modified from (White, 1983) and (Lezine and Vergnaud-Grazzini, 1993).

2.9.2 The Indian monsoonal system and its influence on vegetation and
upwelling in the Holocene

In a comparison between the African and Indian monsoons, recent results
show that variations in continental aridity (on time scales of 10* years) for both
Africa and China have been roughly synchronous over the last 140 ka. Similarities
include dry intervals recorded both in Africa and China between 7000 and 5600 yr
BP and the onset of severe aridity at 4000 yr BP. These droughts were caused by
weakenings of both the African and Indian monsoonal systems resulting in
conditions almost emulating those experienced during glacial intervals (Guo et al.,
2000).
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An abrupt weakening in the Asian monsoonal strength occurred at 5000 -
4500 cal. yr BP (Morrill et al., 2003). Vegetation change associated with this abrupt
shift has recently been documented by Lézine (2009) in a 6000 year long
sedimentary sequence from the eastern Arabian Sea, Kwar al Jaramah (Fig. 2.16
and 2.17).
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Fig. 2.16. Simplified pollen diagram for Kwar al Jaramah (Oman). This diagram shows percentages
for the main pollen types. In grey x 10 exaggeration. From Lézine, 2009.

The pollen results undoubtedly display the dry conditions which have
characterised the region over the last 6000 years with a dominance of semi-desert
herbaceous plants from semi-desert communities (Chenopodiaceae, Artemisia,
Asteraceae and Poaceae). Marine records encompassing the end of the transition
from wet to dry at the end of the HHP show a gradual change associated with the
decline of summer insolation and convective forcing by the surrounding highlands
(Lézine et al., 2010). The results are contrary to those observed off West Tropical
Africa in core ODP 658c (Fig. 2.15) where an abrupt humid-arid transition marks
the end of the HHP (deMenocal et al., 2000). This abrupt transition was the result of
summer seasonal insolation crossing a threshold value which was 4.2 % greater

than the present (deMenocal et al., 2000).
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Core SO90-56KA situated off the Pakistan coast (Fig. 2.17) has been studied
for geochemical, sedimentological and palynological information and provides us
with small-scale fluctuations in climatic/environmental change from 5400 cal. yr BP
to present. The pollen record of this core indicates that semi-arid conditions
prevailed in the Makran region from the beginning of 5400 cal BP to the present,
with the occurrence of steppic herbaceous pollen species (Ivory and Lézine, 2009).
From 5400 - 4200 cal. yr BP, there was an increase of freshwater algae and
mangrove vegetation such as Rhizophora to the coring locality, suggesting
increases in river influx. Between 3200 and 2890 cal. yr BP, 1830 and 1090 cal. yr
BP, and approximately 615 cal. yr BP the lack of freshwater indicators suggest
lower influxes of freshwater flow (lvory and Lézine, 2009). The aridification
observed in core SO090-56KA (Fig. 2.17) is consistent with other
palaeoenvironmental records of the region, showing complete desiccation of lakes
after 5500 cal. yr BP in southern Arabia (Lézine et al. 2009), the Thar Desert (Fig.
2.17) north western India (Enzel et al. 1999) and geochemical and sedimentological
records in the region of the expansion of dry environmental conditions (Ansari and
Vink, 2007). The results indicate that the aridification to modern environmental
conditions was gradual and mirrored the orbitally-induced long-term decrease of

summer monsoon fluxes (Ilvory and Lézine, 2009). The aridification was not
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localised to Arabia and India as African records also show the end of the humid
stage and the onset of more arid conditions. The lowering of lake levels also
occurred at approximately 5.5 ka cal BP (Gasse and Van Campo, 1994; deMenocal
et al. 2000; Gasse, 2000). The timing of the contraction of lake basins are roughly
dispersed between 6 - 5 ka cal BP, but show some basin-to-basin variability
(deMenocal et al., 2000 and references therein).

In the NW Arabian Sea intense upwelling is directly related to boreal summer
SW monsoonal winds. Past research has primarily focused on large-scale changes
in the Holocene for example the Last Glacial Maximum. These changes will be
used to assist in the interpretation of small scale fluctuations seen offshore
southern Iran in the late Holocene record. Previous studies have suggested that
during the Last Glacial Maximum biological productivity in the NW Arabian Sea was
reduced and productivity maxima were reached during the early Holocene when
sea surface temperatures (SST) increased (Overpeck et al., 1996). Records from
the NE Arabian Sea show similar glacial-productivity relationships with maximum
productivity reached during interglacial periods (von Rad et al., 1999) and minima
occurring during the Younger Dryas and Heinrich Events H1 - H3. However this
differs in the SE Arabian Sea where increased strength in the winter monsoonal
winds during glacial periods lead to enhanced convective ocean mixing, nutrient
injection and resulting in an increase in primary productivity (Thamban et al., 2000).
In the SE Arabian Sea a reduction in surface planktonic productivity is identified
during the early Holocene. This may have been the result of the complex oceanic
circulation patterns existing along the SW coast of India (Thamban et al., 2001).

Over the last 3000 years it has been reported that upwelling conditions in the
Arabian Sea have remained relatively constant. Long-chain 1,14-alkane diols,
specific lipids of diatoms of the genus Proboscia, were used by Rampen et al.
(2008) as new proxies to reconstruct upwelling conditions in the Arabian Sea. A diol
index record was obtained from a piston core taken on the Somali slope (site NIOP
905, Fig. 2.17). The records show a dramatic increase in upwelling following the
Younger Dryas, supporting previous findings of Overpeck et al. (1996), with
upwelling remaining stable until 8.1 cal. ka BP. Upwelling increased again from 8.1
until 6.7 cal. ka BP. Levels of upwelling have remained at this high level from 6.7

cal. ka until the present day (Rampen et al., 2008).
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2.10 Archaeological and historical context from 2300 cal. yr BP to
present

The eastern Mediterranean, Africa, Persia, Mesopotamia and Arabia have a
long history of human occupation and exploitation of the natural environment
(Eastwood et al., 1998). Human occupational phases will be narrowed down to
those present over the last 2300 cal. yr BP since this study focuses on

palaeoenvironmental change on these timescales (Fig. 2.18).
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Fig. 2.18. Archaeological and historical timescale over last 4000 years (chronologies from Eastwood
et al., 1998 and Djamali et al., 2008).

The Seleucid Empire (312 — ¢. 140 BC) (Fig. 2.18) encompassed modern
Afghanistan, Iran, Iraq, Syria and Lebanon together with Turkey, Armenia,
Turkmenistan, Uzbekistan and Tajikistan (Kuhrt and Sherwin-White, 1993). The
Parthian Empire (160 BC — AD 221) (Fig. 2.18) was a major cultural and political
power in Mesopotamia. Parthian history is only known through external sources,
including Greek, Roman and Chinese documents of trade.

The Sassanid Period (AD 224 — 651) (Fig. 2.18) was the last pre-Islamic
Persian Empire ruled by the Sassanian Dynasty. This period witnessed the peak of
ancient Persian civilisation. The Sassanian kings made a large effort to extend
settlement and cultivation and managed to construct irrigation systems on

Mesopotamian floodplains which provided them with a wealthy material base
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(Christensen, 1998). Pollen diagrams from Lake Almalou (northern Iran) indicate a
phase of intensive tree cultivation which coincides with the Sassanid Empire (Fig.
2.18). Extensive infrastructure and irrigation management hugely increased crop
productivity. The collapse of the Sassanid Period was a result of Islamic invasion,
leading to the expansion of the Islamic Empire (Fig. 2.18). The invasion had a
negative effect on the local agricultural system at the time with radical changes in
the modes of food production (agriculture to pastoralism) (Djamali et al., 2008).

The Beysehir Occupation Phase (Fig. 2.18) from roughly 3200 cal. yr BP to
1500 cal. yr BP (Eastwood et al., 1998) is seen in pollen diagrams from southwest
Turkey. The phase is an episode of increased anthropogenic activity and it is
named after Beysehir site where it is clearly expressed. The phase shows
evidence of increased crop cultivation (cereals) and aboriculture (olives, manna
and vines) and associated forest clearance. The Beysehir Occupation Phase is
better expressed in the palynological record than in the archaeological one.
Pollen diagrams from N-W Turkey (Leroy et al., 2010) and from the Levant (Leroy,
2010) show similar signals. In addition, regional pollen diagrams supported by
facies change show that the Roman Byzantine Period 2100 — 600 cal. yr BP had
a wet climate (Leroy, 2010, Neumann et al., 2010). The wet period allowed
intensive arboriculture around the Dead Sea region (Leroy et al., 2009). The wet
period was followed by a change to pastoralism at the Byzantine - Islamic
transition (Leroy, 2010).

Both archaeological and historical documents provide qualitative agreement
that moister conditions prevailed in the Mediterranean, Mesopotamia and
northern Africa during Roman times, around 2000 cal. yr BP during the Roman
Classical Period (Reale and Shukla, 2000) (Fig. 2.18). Previous research has
suggested that the moister climate resulted in the wealthy agricultural economy of
pre-Roman and Roman Africa in the areas of present northern Morocco and
Algeria, Tunisia and Egypt (Reale and Shukla, 2000).
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3. Methodology

3.1 Introduction

Palaeoenvironmental and palaeotsunami research requires a ‘multi-proxy’
approach to successfully identify and distinguish possible tsunamites and
tempestites within geological record. The methods employed in this study were
used to identify abrupt marine events and to reconstruct the past environmental
history off and on southern Iran. The proxies used include: magnetic susceptibility,
visual core logging, digital core photography, total organic carbon (TOC) analysis,
total inorganic carbon (TIC), grain size analysis, palynology (pollen and
dinoflagellate cyst analysis) combined with dating methods ('°Pb and '*C) allowing

the temporal evolution of these characteristics to be constrained.

3.2 Coring

The acquisition of the core material was performed by INCO (Fig. 3.1) in 2006
before to the start of this research project. The core locations were selected in
water depths in excess of 50 m in order to distinguish between fine background
sedimentation and any coarser abrupt marine invasions (Fig. 2.1, Table 3.1 and Fig.
4.1). The acquisition of undisturbed sediment cores was of fundamental importance
since marine cores provide a good archive yielding great potential for providing
information on seabed character, depositional history and environmental change
(Rothwell and Rack, 2006).

The Oman Sea (OS) cores were collected using a gravity corer (Fig. 3.1 and
3.2), with all the cores being taken off the southern coast of Iran during a cruise in
2006 (Fig. 2.1, Table 3.1 and Fig. 4.1). Although a number of different methods of
obtaining core samples exists, for this study gravity coring was selected. Despite
being a relatively simple method of coring, its robust nature and low
cost/maintenance make the gravity coring method particularly appealing. The cores
collected were 67 mm in diameter and ranged in length depending on the sediment
properties and the velocity of the corer when it intersects the sediment to be

penetrated (e.g. Nevissi et al., 1989).
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Fig 3.1. Colleagues from INCO collecting sediment cores using a gravity corer in the Oman Sea
(source: Majid Naderi per. com, 2007).

Table 3.1. Water depth, length and location of Oman Sea Cores.

Name Water depth (m) | Length (cm) Longitude Latitude

0834 190 90 59°48.97'E 25° 14.27'N
0S55 170 88 60° 15.36' E 25° 07.41'N
0S73 100 141 60° 49.95'E 25° 08.20'N
0S84 200 61 61° 00.06' E 25°01.20'N
0894 214 34 61°15.04'E 24° 52.01'N

Despite the simplicity of gravity coring, recent studies have highlighted a
number of inherent problems, caveats including: vertical mixing of the top layers of
sediment with those stratigraphically lower; shortening of the core relative to the in
situ sediments it represents; bulk sediment loss; and general disturbance of
unconsolidated material collected during the coring procedure (e.g. Nevissi et al.,
1989). Sediment disturbance may arise from a number of sources; however, the
majority of disturbance is evidenced at the core top. This phenomenon arises either
from the shock wave of the water preceding the corer, or from the impact of the
downward movement of the corer through the sediment (Sachs and Raymond,
1965). To minimise the impact of sediment disturbance and potential
contamination/dilution effects this disturbance may cause, sub-samples were taken
from the middle of the core and a thorough visual inspection was conducted to

avoid sampling close to any obvious disturbed intervals of unconsolidated sediment.
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Fig 3.2. Schematic of gravity corer, adapted from Lee and Clausner (1979).

3.3 Visual description & core photography

Standard visual core description was performed using a Munsell colour chart,
handlens, and a Geo grainsize card. Detailed descriptions were recorded detailing:
sedimentary structures, mineralogy and the nature of the contacts (whether sharp
or gradual). Sediment description was achieved following the ODP method and
guidelines (Mazullo et al., 1988). First the bedding variations were described noting
variations in lithology, colour, sedimentary structures and any other significant
characteristics. Subsequently, major characteristics of each bed were described,
including thickness, sedimentary structures, degree of bioturbation, contacts
separating bedding places and also the degree of any noticeable drilling
disturbance (Mazullo et al., 1988). The cores were described immediately after core
photography prior to any destructive sampling and analysis.

Individual cores were photographed using a Kodak EasyShare Z1275 camera
(12 mega-pixels), with separate images compiled to form high-resolution digital
images. Larger-scale photographs were also taken using a Nikon D3 camera with a
speed of ISO 200 and an f22 aperture to highlight the gross similarities/differences

between the cores.

3.4 Magnetic susceptibility

The magnetic susceptibility of a sample is given by the ratio of induced
(temporary) magnetization acquired by the sample in the presence of a weak
magnetic field. It is, in essence, the capability of the minerals within a material to be

attracted to a magnet (Sandgren and Snowball, 2002). The origin of the magnetism
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lies in the orbital spin motions of the electrons and how they interact with one

another. All material is magnetic however some material is more magnetic than
others. When the material contains a strong interaction between atomic moments it
has a high degree of magnetic susceptibility. The magnetic behaviour of all
materials can be classified into five major groups; diamagnetism (atoms which have
no net magnetic moments e.g. quartz, calcite, water), paramagnetism (e.g. biotite,
pyrite, siderite), ferromagnetism (e.g. cobalt, iron, nickel), ferrimagnetism (e.g.
magnetite) and antiferromagnetism (e.g. hematite) (Sandgren and Snowball, 2002).
Sedimentary deposits generally contain a range of minerals of different magnetic
properties belonging to the groups above. The technique measured the
retrospective contributions of the above groups to the bulk susceptibility signal.
Magnetic susceptibility can indicate palaeoclimatic and palaeoenvironmental
change in both oceanic (e.g. Bloemendal, 1983; Robinson, 1990; Robinson et al.,
1995) and terrestrial settings (e.g. Heller et al., 1993; Maher et al., 1994; Hounslow
and Maher, 1999). To link palaeoenvironmental change to fluctuations in the
magnetic susceptibility requires an identification of the origin of the magnetic
minerals. Susceptibility variations can occur due to changes in 1) the abundance in
detrital magnetic minerals, 2) the abundance and mineralogy of magnetic materials
formed in situ by authigenic processes, 3) the preservation/dissolution of magnetic
grains and 4) the amount of diamagnetic minerals (e.g. increased abundance of
silica or carbonates can dilute the remaining magnetic material) (Hounslow and
Maher, 1999). These factors affecting magnetic susceptibility values can indicate
various environmental phenomena, for example, fluctuations in aeolian dust influx
(Shackleton et al., 1984), changes in oceanic upwelling, productivity and monsoon
intensity and variations in erosion and weathering intensity (Shimmield et al., 1990;
Clemens and Prell, 1990; Weedon and Shimmield, 1991). Measurements of
magnetic susceptibility can be made rapidly and with little expense. It is a non-
destructive technique which leaves the core available for much more proxy
analysis. In addition the technique was used as it identifies magnetic phases within
the sediment core independently from grain size. Magnetic susceptibility was
measured on all cores at 1 cm intervals for environmental and palaeomagnetic
investigation using a Bartington MS2 magnetic susceptibly system with the MS2C
whole-core logging sensor (Fig. 3.3). The technique is also important as it can allow

correlation between cores.
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Fig 3.3. Various magnetic susceptibility sensors from Bartington (Nowaczyk, 2001; Costa, 2006)
3.5 Grain size analysis

Grain size analysis was performed by INCO in Iran at regular 4 cm intervals
throughout each of the cores. Due to the coarse resolution of the sampling, grain
size analysis was performed again at finer scale resolution on core OS55 and 73
using a Cilas 1064 laser particle size analyser for the interpretation of depositional
processes and sedimentary structures at Brunel University. The cores were sub-
sampled for grain size every cm and prepared for analysis. Initially the samples
were weighed to 0.05 g and soaked in 10 ml 10 % tetrasodium pyrophosphate to
deflocculate. The samples were then added into the Cilas using the program Size
Expert. Background measurements and rinsing were performed in between each
sample measurement to keep the results consistent and reliable. Twenty seconds
of ultrasound and fast-pumping was also used for each sample. Statistical analyses
was carried out on the data produced including mean, median, skewness, kurtosis
and standard deviation. The results were also plotted on a particle size distribution
plot (Beierle et al., 2002).

3.6 Palynology (pollen and dinoflagellate cyst analysis)

Both micro and macro-fossils can be important tools to identify tsunamites
within the stratigraphic record (Donato et al., 2009). Pollen and dinoflagellate cyst

assemblages were analysed in order to assess any potential change in
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sedimentation associated with abrupt marine events. In addition palynology is a

good tool for reconstructing past ocean and terrestrial environments.

Although pollen and dinoflagellate preservation was good with almost all
grains being in excellent preservation condition, pollen concentrations were
relatively low and with time constraints it was challenging to count >300 grains per
sample. Pollen concentration values were calculated by adding Lycopodium tablets
to weighed sediment samples (Stockmarr, 1972).

Cores OS55 and 73 were sub-sampled for the palynological analysis. From
grain size analysis and visual core description OS73 did not appear to contain
substantial variations in sediment type and thus was sampled at regular intervals
throughout the core. OS55 was sub-sampled around and through any suspected
event beds. The samples were prepared for palynological analysis using the
following procedure: 1) Volume of samples measured as precisely as possible (to
1/10 of ml) using the displacement method in tetrasodium pyrophosphate (NasP,07)
which acted as a deflocculant. 2) Two Lycopodium tablets, of known concentration,
were then added to determine concentrations of microfossils per millilitre of wet
sediment. 3) 10 % HCL. 4) Concentrated HCL. 5) 60 % HF. 6) Concentrated HCL
rinsing. 7) Sieving at 125 ym and 10 pym. 8) Residues transferred into vials using
alcohol then mounted on glass slides with glycerol and sealed with nail varnish.
Acetolysis was not used in the sample preparation as the process destroys
dinoflagellate cysts.

Pollen and dinoflagellates were counted under a light microscope at a routine
magnification of 400 X and 1000 X for special identifications. Pollen grains were
identified using Faegri and lversen (1989), Reille (1995), the online African Pollen
Database (http://medias.obs-mip.fr/apd/) and PalDat (www.paldat.org).

Dinoflagellates were identified using the papers of Zonneveld (1997a; 1997b),
Zonneveld and Jurkschat (1999), Rochon et al. (1999) and Fabienne Marret, Robert
Fensome and Henk Brinkhuis (pers. com. 2009). Pollen and dinoflagellate
concentrations were calculated using the following equation (Equ 3.1).

Equation 3.1. Concentration calculation, using Lycopodium marker spores.
Concentration =

number of counted pollen or dinos x number of Lycopodium added

number of counted Lycopodium x volume of sample
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3.7 Dating methods (**C and ?'°Pb)

Precise dating of the sediment cores was imperative in order to match
potential abrupt marine events to historical events recorded in the literature and to
establish accurate environmental reconstructions. Two dating methods were used
in this study: 2'°Pb and '*C dating. 2"°Pb and "*’Cs for core 0S55 were performed
by Andrew Cundy and Phillip Teasdale at University of Brighton in 2009. #'°Pb
dating for core OS73 was performed at Brunel University.

Radiometric dating methods have proved their reliability in a large number of
studies of lacustrine environments, whether sediment accumulation rates are
uniform or non-uniform (French et al., 1994; Cundy et al., 2000; Arnaud et al.,
2002). In the past 15 years the use of 2'°Pb to date relatively modern sedimentary
sequences has become an increasingly common approach. Although the maijority of
work to date has been carried out on lake deposits, the application of such isotope
methods to the marine environment is becoming increasingly important (French et
al., 1994; Schwab et al., 2009).

Unfortunately dating of the most recent part of the geological timescale
presents us with considerable challenges (Gale, 2009). Several techniques are
available which can be used for dating of the recent past, with **C, 2'°Pb and *'Cs
been the only widely available procedures, with each procedure having its
disadvantages. C methods are made complex by a plateau in the calibration curve
between AD 1650 and AD 1950. ?'°Pb appears to be capable of resolving the
chronological challenges of the most recent past, giving high resolution dates with
uncertainties varying from less than a year to around a decade at the chronological
limit of the procedure (Gale, 2009). However the 2'°Pb dating method is limited to
sedimentary deposits less than approximately 120 to 150 years old (5-7 half lives of
219pp) which is taken as the period over which ?'°Pbe,cess decays to negligible
activities which cannot be measured (Cundy and Stewart, 2004). In addition, '°Pb
dating becomes more problematic if the ?'°Pb has been mobilised within the

sediment.

3.7.1 2'%pp

21%pp js a naturally occurring radionuclide in the 28U decay series (Fig. 3.4).
The major source of 21%pp to rivers, lakes, peatlands, polar ices, and the ocean is
direct atmospheric ?'°Pb deposition (El-Daoushy, 1988). Atmospheric 2'°Pb or

‘unsupported’ is created through the emanation of 222Rn from continental lands
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devoid of glaciers and permafrost (El-Daoushy, 1988) at an average rate of 4 x 107"

Ci cm? sec™ (Wilkening et al., 1974). Supported 2'°Pb originates from the decay of
238 in the sediments (Lund-Hansen, 1991). The amount of radon emanation from
the land fluctuates and is mainly influenced by changing meteorological conditions
(Pearson and Jones, 1966). Once in the atmosphere where it has a residence time
of 9.6 days to few weeks (Burton and Stewart, 1960; Peirson et al., 1966; Francis et
al., 1970) it is removed from the atmosphere in a process called wash-out. Upon
entry to the water column eventually 2'°Pb is removed by settling particulate matter
at the sediment-water interface by sedimentation and exchange processes (Eakins
and Morrison, 1978). In the marine environment there is an additional source of
2P in the sediment coming from ?*Ra which is present in the overlying water
column (Eakins and Morrison, 1978). Providing the input and residence time of
2% remains constant and there is little migration within the sediment, the
concentration of unsupported 210pp within the sediment will decrease as a function
of depth due to radioactive decay enabling the age of the sediment at any particular

depth to be calculated and thus the sedimentation rate.
Uranium-238 (a) (4,460,000,000 years)
Thorium-234(B) (24.1 days)
Protactinium-234 (B) (1.17 minutes)
Uranium-234 (a) (247,000 years)
1
Thorium-230 (a) (80,000 years)
1
Radium-226 (a) 1,602 years

Radon-222 (a) (3.82 days)
1

Polonium-218 (a) (3.05 minutes)

1

Lead-214 (B) (27 minutes)

1

Bismuth-214 (B) (19.7 minutes)

1
Polonium-214 (a) (1 microsecond)
1
Lead-210 (B) (22.3 years)
1
Bismuth-210 (B) (5.01 days)
1

Polonium-210 (a) (138.4 days)
Fig 3.4. Uranium-238 decay series.

“The ?"°Pb method relies on an estimation of the lingering

radioactivity arising from the presence of unsupported ?’°Pb in the
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sediments derived from 'rain-out' onto the surface of the water body

beneath which the sediments have accumulated” (Appleby and
Oldfield, 1978).

Various laboratory techniques have been developed to estimate the residual
unsupported ?'°Pb content. Gamma emission can be used to measure total 2'°Pb
activity directly (Gaggeler et al., 1976). Emissions can be measured indirectly by
using either the beta emitting daughter isotope '°Bi (Krishnaswamy et al., 1971,
Koide et al., 1972; 1973, Robbins and Edgington, 1975) or the alpha emitting
granddaughter isotope 2'°Po (Eakins and Morrison, 1978).

In addition to 2"°Pb, "*'Cs can also be measured. *’Cs has a half-life of 30
years and is an artificially produced radionuclide. It is only present in the
environment owing to atmospheric fallout from nuclear weapons testing, reactor
accidents and deliberate discharges from nuclear facilities (Cundy and Stewart,
2004). Following the initial release of '*’Cs from nuclear weapons testing in 1954,
atmospheric fallout maxima has occurred in 1958, 1963 and 1986 (from Chernobyl).
Measurement of *’Cs within a sediment core can be used to identify subsurface
activity maxima and used to date the sediment column e.g. Ritchie and McHenry
(1990), Cundy and Croudace (1996) and Cundy and Stewart (2004).

In this study samples were measured for 2'°Pb using the Alpha Spectrometer
at Brunel University, following the methodology of Flynn (1968) which was
subsequently adapted by Teasdale (2005). "*'Cs was determined by using gamma
spectrometry at the University of Brighton by Andrew Cundy and Phill Teasdale.

Detail of the ?'°Pb dating method using the proxy method of 2"Po
determination following acid leaching and auto-deposition on Ag discs is as follows.
The top 30 cm of the core was sub-sampled at regular intervals where by 1 - 3 g
sample were weighed and then dried at 60°C. 0.5 ml of ?®Po vyield tracer was then
added and the weight of the sample was recorded immediately. 30 ml of freshly
prepared aqua regia was added to each sample and left to digest for 3 - 5 hours. A
further 20 ml of aqua regia was added and the samples were covered with a watch
glass and gently refluxed on a hotplate overnight. The samples were allowed to
cool, filtered and the residue washed 3 times with distilled water. The supernatant
was then collected and dried prior to been taken up in 55 ml of 6M HCL.
Subsequently, the solution was transferred to a Po plating cell. 1.5 g of ascorbic

acid was added to the cell and stirred until the solution changed to a pale green
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colour. A pre-prepared silver disc was added to the Po plating cell and left to plate

for 36 hours. The plating cell was washed with distilled water and left covered for 24
hours before counting on the Alpha Spectrometer. The samples were then analysed
in an Ortec Alpha Spectrometer at Brunel University. The results obtained were
then calculated based on the ‘Constant Rate of Supply model’ (Appleby and
Oldfield, 1978). This assumes that the supply of unsupported 2'°Pb to the sediment
is the same for each time interval therefore the initial concentration Cy (t) of

unsupported 2'°Pb in sediment of age (t) years must satisfy:

Equation 3.2. Constant Rate of Supply (Appleby and Oldfield, 1978).
Co(t) r(t) = const

3.7.2 Radiocarbon (**C)

Carbon has three natural isotopes, '?C and '*C (stable), with relative
abundances of 98.9 % and 1.1 %, and "C or radiocarbon (radioactive), which
occurs only in minute amounts (e.g. 1.2 x 107° % in the troposphere) (Hua, 2009).
Radiocarbon is produced continuously within the atmosphere by the interaction

between atmospheric "N and cosmic rays:

Equation 3.3. The production of radiocarbon within the atmosphere (Hua, 2009).

"N + n (neutron) = "C + p (proton)

Radiocarbon is then taken up by living organisms through the food chain and
via metabolic processes. Metabolic fixation of C is continuous throughout the
lifetime of an organism. However, when the organism dies, the fixation of
radiocarbon ceases and the "*C within the organism starts to decay at rate termed
the half-life (5730 years for C - Godwin, 1962). The time elapsed since the

organism has originally formed can be calculated from the following equation:

Equation 3.4. Calculation of the time since the formation of an organism (Hua, 2009).

T=-T,1n <N(t)>
2 \'N,

Whereby T4, is the radiocarbon half-life, Ny is the original “C concentration in the organism and N

(t) is its residual '“C concentration at time t (Hua, 2009).

Three radiocarbon dates were attained for core OS73. A 15 g sample was

collected at the bottom of the core at 147.5 - 149.5 cm. The sample was sieved
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using 125 ym mesh and gastropods were picked. The largest gastropod was sent to

Beta Analytic (Florida, USA) for analysis. Additional gastropods were picked at 86.5
and 120.5 cm and sent to the Chrono Centre at Queens University, Belfast for
radiocarbon dating. It was reported that all the gastropods provided plenty of carbon
for an accurate measurement and the analysis proceeded normally. Before the
samples were processed for dating, any contaminants (material containing carbon
that did not belong to the original sample) were removed. Without this pre-treatment
step incorrect ages may have been determined. According to Hedges (1992), the
removal of contamination can be carried out using various strategies. In this case,
acid etching was used. The calibration database MARINEO4 was used and the
dates were adjusted for the local reservoir correction from the Marine Reservoir
Correction database.

There are two methods used for radiocarbon dating; radiometric dating and
accelerator mass spectrometry (AMS) (Tuniz et al., 1998; Jull and Burr, 2006). The
AMS method counts *C atoms directly (relative to the stable carbon isotopes '*C
and '2C) while the radiometric method involves measuring “C by either gas
proportional or liquid scintillation counters (Taylor, 1987). In this study AMS dating
was used, due to its advantages in terms of measurement time (from minutes to a
few hours for AMS compared to days for the radiometric method) and the smaller

quantity of material required for dating (Hua, 2009).

3.8 Geochemical analysis (organic matter and calcium carbonate
content) and oceanographic data

Geochemical analysis was performed by INCO colleagues in Iran at regular 4
cm intervals throughout each of the cores. Whilst coring INCO also recorded
several oceanographic parameters. The data was obtained using an Ocean Seven
316 CTD (conductivity, temperature, depth) probe (ldronaut, Italy). The CTD can
measure a variety of parameters for example pressure, temperature, conductivity
and dissolved oxygen content. It was ensured that the CTD probe passed pre-
calibrations and laboratory procedures prior to the survey in order to achieve
precise estimates of conductivity (+0.003 ms cm™), temperature (+0.003 °C), and
pressure (0.05 % full scale) in deep water. Dissolved oxygen measurements were
made using a routinely calibrated polarographic oxygen sensor which is insensitive
to nitrogen, nitrous oxide, carbon dioxide and other gases. In addition, the probe

was equipped with ancillary sensors such as chlorophyll a and pH. CTD profiling
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was carried out at some stations and cores were obtained within some of the

transects (Muna Hossein Dust, pers. com.).

3.8.1 Total organic carbon

Total organic matter (TOC) was determined by wet digestion in hydrogen
peroxide (using the method described in Schumacher, 2002). This method destroys
organic matter in the sample through oxidation and involves the addition of
concentrated hydrogen peroxide (30 % or 50 %) to a known weight of sediment
(Schumacher, 2002). The samples were heated to around 90°C whilst hydrogen
peroxide was continually added to the sample until the reaction ceased. This
addition of heat increases the speed of peroxide digestion. After digestion the
sample is dried at 105°C in a desiccator and then weighed. The percentage of
organic matter is determined gravimetrically and is calculated as the difference
between the initial and final sample weights divided by the initial sample weight
times 100 % (Schumacher, 2002).

Several limitations exist for the hydrogen peroxide digestion method, which
reduce its effectiveness, rendering the method as semi-quantitative at best
(Schumacher, 2002). Prior to analysis, whilst collecting and handling the samples
loss of organic compounds may occur for several reasons including microbial
degradation, oxidation, volatilisation, sample drying and sample processing biases
(e.g. selective removal of carbon-bearing components) (Schumacher, 2002). The
main limitation of the method is that organic matter oxidation can be incomplete and
the degree of the oxidation can vary depending on the sediment type (Robinson,
1927). The loss of volatile organic compounds when samples are oven dried prior to
digestion is also a potential source of error.

3.8.2 Calcium carbonate

Total inorganic carbon (TIC) was determined rather than CaCO3; %. The TIC
content of sediments was determined by simple decarbonation. To achieve this,
aliquots of dried sample were weighed into a series of pre-weighed beakers and

reacted with a stoichiometric excess of 10 % HCI (vol. %) in the reaction below.

Equation 3.5. Debcarbonation reaction.

CaCOs(s) + 2HCl(aq) --> CaCly(aqg) + CO,(g) + H,O(l)

These beakers where left overnight, to ensure a complete reaction and dissolution
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of more resilient carbonate minerals (e.g siderite). The excess supernatent fluid was

pippetted off before the residues were dried thoroughly, prior to being reweighed.
Simple subtraction allowed the mass lost to be calculated, which assuming the HCI
only attacked carbonate phases, allowed the calculation of the TIC content
expressed as a weight percent (wt %):

TIC was determined rather than CaCO; because the HCI attacks the COs;
anion, in an acid-base reaction, and hence it is not particular about whether it
attacks CaCOgj (calcite/aragonite + exotic species), CaMg(COs), (dolomite) or
FeCOs; (siderite). It is assumed that CaCO; is the most prevalent phase in the
majority of cores, nevertheless there will always be other CO3 baring phases within

the sample.

C. S. Miller, 2010 Chapter 3: Methodology



54
4. Results
4.1 Coring
A series of cores were collected by INCO in 2006 for oceanographic research,

of which, five gravity cores were provided to Brunel University in 2007 (Fig. 4.1).
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Fig. 4.1. Spatial distribution of INCO coring locations in the northern Arabian Sea (Map provided by
INCO).

Two of these cores were subsequently selected for further study and are
described in detail, core OS55 and 73 (Table 3.1). Core OS55 was selected
because it contained a variety of sediment types (Fig. 4.2). As the material
available for reworking in core OS55 was not restricted to muds and fine silts, it
was hoped that the changes in sedimentology may be more evident and possibly
be related to abrupt marine events. Core OS73 was selected for further study
because it was the longest core in the region and also contained minimal changes
in sediment type (Fig. 4.2), therefore any changes in pollen and dinoflagellate
assemblage would be related to palaeoclimatic signals and not the changing
sedimentary regime. Subsequent to coring, the cores were stored in PVC pipes and
were halved and analysed for % of organic matter and % of calcium carbonate at
the INCO laboratory in Chabahar. The cores were also subjected to grain-size
analysis using a particle size analyser at 4 cm intervals. Half cores were then sent

to Brunel University and on arrival the cores were visually inspected and stored at
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5°C for the duration of this study, preventing the oxidation of organic matter and re-
equilibration under ambient conditions (modification of sedimentary structures and

core length).
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Fig. 4.2. Schematic lithostratigraphy of Oman Sea Cores.
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4.2 INCO data

Whilst coring INCO also collected the following oceanographic data:
temperature, salinity, oxygen saturation, dissolved oxygen, pH and chlorophyll a

(blue-green pigment) at various locations along the Iranian coastline (Fig. 4.3).

>

Fig. 4.3. Spatial distribution of locations where INCO recorded oceanographic parameters.

Fig. 4.4a-c shows temperature, oxygen saturation and chlorophyll a
decreasing with depth with both density (ot kg m™) and pH demonstrating an
inverse relationship. Oxygen saturation (Fig. 4.4a.) shows exponential decrease
with depth, with maximum values of 130 % between 10-20 m depth, decreasing to
below 10 % after 90 m depth. Chlorophyll a (Fig. 4.4b) fluctuates greatly between 1
and 12.5 ug I'" from 1 to 7 m depth. The values then remain low from 7 m to 250 m

which appears to be rather unusual.
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4.3 Sediment and core description

Standard visual core description was performed on all cores at Brunel
University. The majority of cores consist of mostly silts and clays, with little depth
variation.

Core OS34 and 94 (Fig. 4.2, 4.5 and 4.9) (the cores farthest to the east and
west of the study region) contain laminated silts and clays containing no evidence
of high energy events or any disturbance in sedimentation. Core 0S84 (Fig. 4.2
and 4.8) consisted of very fine clay material but contained two slightly coarser
horizons of silt at 17 and 35 cm with gradual transitional contacts. All three of these
cores, which demonstrate primarily continuous homogeneous sedimentation were
recovered in the deepest waters (>190 m).

Core OS73 (Fig. 4.2 and 4.7) consists of mostly silt with a single unit of sand,
with both upper and lower erosional contacts. Core OS55 (Fig. 4.2 and Fig. 4.6)
contains a large variety of sediment types, with fining upward deposition and
erosional contacts below each sand bed. Both core OS55 and 73 were taken at
water depths less than 170 m.

Core 0OS55, 73, 84 and 94 contain iron mottling staining. This is due to
oxidation of iron minerals on the surface of the core subsequent to deposition and

core aquisation and has no implications for palaeoenvironmental reconstruction.
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4.4 Chronological profiles

Both radiocarbon and #'°Pb were used to formulate an age-depth model for
core OS73. Extrapolation of the results obtained with 2'°Pb and radiocarbon dating

enabled the sedimentation rate to be established.

4.4.1 Radionuclide analysis

21%pp dating was performed on both cores, with core OS73 dated at Brunel
University and core OS55 at the University of Brighton. In the latter core '*’Cs was

also measured.

4.4.1.1 Core 0S55 ?'%pp

37Cs was measured on core 0S55. However the levels reached were below
the limit of detection. The ?'°Pb specific activity curve shows a peak at 16.5 cm and
a drop at 9.5 cm (Fig. 4.10a). The results of 2'°Pb dating for core OS55 gave an
average sedimentation rate of 2.3 mm yr' (Fig 4.10b). The dating results are

discussed in Chapter 5.

4.4.1.2 Core 0S73 ¥'%Pp

The 0S73 %'°Pb profile (Fig. 4.11) peaks at 4.5 cm with activities of 101 Bq
kg". There is a drop in ?'°Pb activities at 14.5 cm, with activities seemingly
reaching background values of constant ?'°Pb at depth. An anomalous peak in
activities is observed at 15.5 cm (one sample). The sedimentation rate varies
throughout the 2'°Pb profile (0-18 cm) from 0.3-4.4 mm yr™' (Fig 4.13).

C. S. Miller, 2010 Chapter 4: Results
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Fig. 4.11. Radionuclides profiles of ?%Pp of core OS73. A) Raw #%pp activity curve. B)
Sedimentation rate. Activity values are given in massic activities (Bq kg'1 dry weight).

4.4.2 Radiocarbon analysis of core OS73

Within core OS73, three radiocarbon dates were attained from three
gastropod shells picked at 86.5, 120.5 and 148.5 cm depth. Raw radiocarbon
measurements were converted into calibrated ages using the calibration database
MARINEO4 and IntCal04. The '*C ages were calibrated to calendar years defined
by the 20 envelope error (Stuiver et al., 1998). The calibrated radiocarbon ages
attained were 1740 cal. yr BP (86.5 cm), 1880 cal. yr BP (120.5 cm) and 2280 cal.
yr BP (148.5 cm). The data from Beta Anaytic is shown in Fig. 4.12. The
conventional radiocarbon age was 2760 +40 BP (2560 +70 adjusted for local

marine reservoir correction) (Fig. 4.12). The 20 calibrated result was 400 to 110 BC
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(2350 to 2060 cal. BP) at 95% probability (Fig. 4.12). The interception of the
radiocarbon age with the calibration curve (Fig. 4.12) occurred at 330 cal BC (2280
cal. yr. BP). The sedimentation rate from the radiocarbon results varies from 0.7 to
2.42 mm yr" accumulation which is slightly lower than the assumed sedimentation
rate from #'°Pb (Fig. 4.13), as is often the case due to ?'°Pb producing age

overestimation (Leroy et al., 2007).

CALIBRATION OF RADIOCARBON AGE TO CALENDAR YEARS

(Variables: C13/C12=0.1:Delta-R=200+60:Glob res=-200 to 500:lab. mult=1)

Laboratorynumber: Beta-246519
Conventional radiocarbon age: 2760+40 BP
(2560+70 adjusted for local reservoir correction)

2 Sigma calibrated result: Cal BC 400 to 110 (Cal BP 2350 to 2060)
(95% probability)
Intercept data

Intercept of radiocarbon age
with calibration curve: Cal BC 330 (Cal BP 2280)

1 Sigma calibrated result: Cal BC 370to 190 (CalBP 2320 to 2140)
(68% probability)

2760+40 BP (2560270 adjusted) Shell
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References:
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IntCal04: Calibration Issue of Radiocarbon (Volume 46, nr 3, 2004).
Mathem atics
A Simplified Approach te Calibrating C14 Dates
Talma, A. 5, Vegel J. C., 1993, Radiocarbon 35(2), p317-322

Fig. 4.12. Calibration of radiocarbon age to calendar years. Radiocarbon age obtained (2560 +40
BP) and the interception with calibration curve at 330 cal BC, obtained from calibration database
IntCal04 (directly from Beta Analytic Radiocarbon Dating Laboratory, Florida).
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4.5 Magnetic susceptibility

Magnetic susceptibility was conducted on half cores using the method
described in Chaper 3. Results of the magnetic susceptibility showed large
variation both within individual cores and between cores, preventing inter-core
correlation. OS34 (Fig. 4.5) showed a large peak in magnetic susceptibility at
approximately 80 cm (Fig. 4.5 and 4.14). This large peak did not correlate with any
change in sedimentation type in the log (Fig. 4.5). OS55 consisted of substantial
variations in magnetic susceptibility (Fig. 4.6 and 4.14), which could, as a first order
approximation be correlated with the sedimentary log (Fig. 4.6). Large peaks in
magnetic susceptibility roughly correlate with decreases in grain-size. Core OS73
(Fig. 4.7 and 4.14) demonstrates a gradual decrease in magnetic susceptibility
throughout, showing no evidence for the event seen in the log (Fig. 4.7 and 4.14).
0S84 and 94 (Fig. 4.8, 4.9 and 4.14) show relatively high magnetic susceptibility
values (Fig. 4.8, 4.9 and 4.14) compared to the cores further to the west. 0S84
contains a sharp decrease in magnetic susceptibility at 30 cm, but again this
decrease is not witnessed in the sedimentary log as a change in mineraology (Fig.
4.8).
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Fig. 4.14. Magnetic susceptibility of all Oman Sea cores obtained by INCO, 2006.

4.6 Geochemical analysis

4.6.1 Total organic carbon

TOC remains constant throughout core OS34 (Fig. 4.15), 84 (Fig. 4.18) and
94 (Fig. 4.19) fluctuating somewhat from 10 - 25 %. TOC in core OS55 shows a
small peak in organic matter at 76 cm and a second peak at around 13 cm (Fig.
4.16). Analysis of OS73 exhibited small persistent fluctuations in TOC throughout
the core ranging from 5 to 20 % (Fig. 4.17).

4.6.2 Calcium carbonate

Total inorganic carbon (TIC) was determined by INCO using the same
sampling resolution as for the TOC. TIC remains relatively constant for core 0S34
(Fig. 4.15), 73 (Fig. 4.17) and 94 (Fig. 4.19), showing no apparent peaks or troughs
throughout the cores. In core OS55 (Fig. 4.16) TIC increases gradually at around
57 cm and peaks again at 70 cm. Core OS84 (Fig. 4.18) shows extremely stable
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TIC concentrations throughout the core showing only one gradual peak in TIC at 25

cm.

4.7 INCO grain-size analysis

In addition to TOC and TIC, INCO also provided grain-size data. This data was
gathered by using a particle size analyser, similar to the equipment used at Brunel
University, but at a coarser resolution of 4 cm throughout the cores. The data is
presented in percentages of sand, silt, and clay. The majority of cores show
deviations in grain-size which appear to approximately correlate with the visual core
descriptions made at Brunel University.

Laser particle size analyser results for core OS34 (Fig. 4.15) shows no depth
variation in grain-size, and contains no sand. This observation is mirrored in the
visual grain-size descriptions. Core OS55 (Fig. 4.16) shows little variation in silt and
clay percentages, but sharp peaks in the percentage of sand at 53, 41 and 25 cm.
These observations are also seen in the visual core descriptions. Core OS73 (Fig.
4.17) shows a small increase in the percentage of silt at 26 cm, which coincides
with a decrease in clay at this level. The remainder of the core contains slight
fluctuations in clay and relatively stable silt percentages throughout. The
percentage of sand in OS73 varies from 5 - 25 %. At 117 cm, there is a gradual
increase in sand percentage toward the bottom of the core. There is a gradual
decrease at 42 cm, with the percentage of sand from 117 to 46 cm been very low
and stable at around 8 %. Between 42 and 9 cm, the percentage of sand is
relatively high compared to the rest of the core and shows fluctuations between 20
- 25 %. None of these sand percentage fluctuations are reflected in the visual
stratigraphic log. Core OS84 (Fig. 4.18) which contains no changes in silt and clay
percentages however shows large changes in sand percentage throughout. There
is a gradual increase in grain-size from 52 to 40 cm and a peak in grain-size from
32 to 25 cm. These changes were not evident in the visual core descriptions, with
the changes observed in the core not correlating with the changes in grain-size
recorded by INCO.

Laser particle size analyser results for core OS94 (Fig. 4.19) shows stable silt
and clay percentages throughout, but a gradual increase in sand percentage

between 13 cm and the core top. This gradual increase is not seen in the visual
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description of the core, where visually the core

throughout, with no variations in grain-size.
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4.8 High resolution grain-size analysis of core OS55 and OS73

Grain-size analysis was performed at Brunel University on core OS55 and 73
only, using a Cilas 1064 laser particle size analyser (technique described in section
3.5). The two cores were analysed at 1 cm resolution throughout, increasing the
resolution of the preliminary data provided by INCO in section 4.7. For both cores
median (D50), mean, skewness, kurtosis, standard deviation (SD), D10 and D90
were plotted. The results for each variable were plotted as a percentage of the total

sum.

4.8.1 Core OS55 — grain-size

The results for OS55 (Fig. 4.20, 4.21 and 4.22a) indicate a series of abrupt
increases in grain-size superimposed on top of continued background
sedimentation dominated mostly by silts and clays. The grain-size results indicate
four major changes in particle size, with sharp increases in grain-size at the bottom
of each bed and a gradual fining upwards throughout each of the beds. The grain-
size analysis demonstrates five events at 77-75, 71-70, 60-43, 17-15 and 11-8 cm
depth.

It is difficult to establish whether the coarse horizon at a depth of 60-43 cm
represents a single change in sedimentation or a series of transient changes
punctuated by a return to background sedimentation. The visual core description
(Fig. 4.6) indicates a sharp increase in grain-size, followed by a second increase
containing a gradual fining upwards sequence. The grain-size analysis shows
possibly two coarse beds, the first truncated by the second with the latter
characterised by a more pronounced fining upward sequence which appears to be
truncated by the next coarse horizon.

These statistical summary methods (mean, D50, kurtosis, D75 and D90) have
been used previously to describe the particle size distribution (PSD) of sedimentary
deposits, with the assumption that one or more of these parameters will precisely
describe the key components of a given distribution assisting in the interpretation of
the depositional environment (Beierle et al., 2002).

In addition to the standard statistical methods, the grain-size results were also
presented on a particle size distribution plot (PSD) (Fig. 4.20) (Beierle et al., 2002).
The benefit of a distribution plot is that it presents the raw grain-size data in its

entirety, plotting three variables on one chart (frequency, grain-size (um) and
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depth) (Fig. 4.23) as is the normal practice with other palaeoenvironmental proxy
data such as diatoms or pollen. The PSD plot indicates fluctuations in grain-size
throughout the core, showing the four events as increasing grain-size and
decreasing finer material at 76, 50 — 60, 18 and 10 cm (Fig. 4.20).
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Fig. 4.20. Particle size distribution plot for OS55 indicating fluctuations in grain-size throughout the
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Fig. 4.23. Schematic diagram of the relationship between a PSD plot and the frequency distribution
obtained from each sample. NB. Vertical scale in percentage (or frequency). Figure taken from
Beierle et al. (2002).

4.8.2 Core OS73 — grain-size

The grain size results for OS73 are shown in Fig. 4.22, 4.24 and 4.25.
Statistical methods were used to determine grain size changes throughout the core
and are shown in Fig. 4.25. The results for OS73 indicate the core is dominated
mostly by fine silts and coarse clays with a notable absence of the coarse horizons
witnessed in core OS55.

Once again in addition to the standard statistical methods, the grain-size
results were also presented on a particle size distribution surface plot (Beierle et
al., 2002) (Fig. 4.24). The particle size distribution plot highlights the transition from
coarser to finer grained sedimentation at 17 cm. Both the particle size distribution
plot and the statistical grain size analysis indicate that the majority of core OS73

consists of fine grained sedimentation with no coarser horizons.
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4.8.3 Core 0OS55 and OS73 - grain-size comparisons

Grain size was plotted on a sand-silt-clay triangular plot which enabled overall
comparisons between the two cores using Gradistat, the grain size analysis
program (Blott, 2001) (Fig. 4.22). It is evident from the triangular plot that core
0OS55 contains samples containing a larger percentage of sand, with core OS73
containing more clay sized material. Overall samples from core OS55 lie in the
sandy silt and silt regions of the triangular plot, with samples from core OS73
remaining in the mud and silt regions. A greater spread of grain sizes is evident in
core OS55.

4.9 Palaeontology

Macrofossil abundance and preservation was visually assessed throughout
core OS34, 55, 73, 84, and 94 (Fig. 4.5-4.9). OS55 demonstrated increased
fragmentation and disarticulation of shell material (mostly bivalves) in discrete
horizons correlated with the coarser intervals throughout the core (Fig. 4.6). No
apparent change in the preservation of shell material was evident throughout core
OS73 (Fig. 4.7).

4.10 Palynology (pollen and dinoflagellate cyst analysis)

Pollen and dinoflagellate cyst assemblages were analysed to assess any
potential change in sedimentation rate associated with abrupt marine events in core
OS55 and to search for overall trends in core OS73. Diagrams are presented
containing zonations obtained by CONISS (constrained cluster analysis by sum of
squares). First pollen percentages, pollen taxa concentrations, dinoflagellate
percentages, dinoflagellate taxa concentrations and finally pollen and dinoflagellate
total concentrations are presented. The ratio between these two concentrations
(P:D) are also shown for both cores.

Owing to time restrictions and extremely low average pollen (~2230 grains per
ml of sediment) and dinocyst (~3320 grains per ml of sediment) concentrations
within both core OS55 and OS73, the statistically significant number of 300 pollen
grains could not be counted in the limited time available. More pollen counts will be
counted for future publication. A minimum of 100 pollen grains were ensured for
each sample in OS55 and 200 pollen grains in OS73. This involved counting two

slides for every sample and up to four slides in several. Percentages of individual
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taxa were calculated as a percentage of the total sum of pollen or dinocysts

counted (excluding varia and aquatic pollen).

4.10.1 Core OS55 - pollen analysis

In core OS55, 17 taxa were identified within the 30 samples that were counted
throughout the core (Fig. 4.26). Samples were taken before, within and after
coarser, presumed, event horizons, to assess any changes in taxa abundance and
concentrations, associated with changes in depositional environment. Overall the
diagram is dominated by Chenopodiaceae, Artemisia and Poaceae. The sequence
was divided into four pollen zones (55Pz) by CONISS.

55Pz1 (base to 63 cm)

This zone is clearly characterised by maximal values of Artemisia (35 - 40 %)
forming a bell shaped curve, maximal values of Calligonum (10 %) and decreasing
values of Chenopodiaceae. Other taxa remain constant or show little change.
Rhizophora is present, at a constant rate throughout this zone and is the only

component of the mangrove species within OS55.

55Pz2 (63 to 43 cm)

This zone is characterised by high values of Chenopodiaceae (35 - 40%),
total arboreal pollen (AP), Betula and maximal values of Typha-Sparganium (3 -
4%). This zone is taxonomically diverse compared to the subsequent zone, with a
high level of undeterminable grains. A minor decrease in Poaceae was observed
compared to the previous zone. Both Rhizophora and Cyperaceae are low within
this zone. Both zones 55Pz1 and 55Pz2 show fluctuations in trees species, with
high values of Ephedra and Brassicaceae (cf.).

55Pz3 (43 to 13 cm)

55Pz3 contains a decrease in general percentage variability within individual
taxa, with Artemisia showing minimal fluctuations in percentage from 43 cm to the
top of the core. The percentage of Chenopodiaceae gradually increases towards
the top of the core but drops sharply at 13 cm. The onset of 55Pz3 shows a clear
progressive development of taxa such as Cyperaceae, Poaceae, Apiaceae and

Calligonum. Betula and Pinaceae percentages decrease through this zone.
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55Pz4 (13 cm to top)

Minimal values of Poaceae are reached at approximately 13 cm. Many of the
taxa including Ephedra, Apiaceae, Centaurea, Poaceae, Plantago rhizoxylon and
Calligonum peak at around 10 cm, which also coincides with a small increase in

indeterminable and undeterminated grains.

Core OS55 pollen taxa concentrations

Individual pollen counts were plotted as concentrations (Fig. 4.27) as biases
often exist in percentage data, as large increases in certain taxa percentages often
mark a significant decrease in other taxa percentages resulting in incorrect
interpretations. CONISS has given slightly different zonations for the pollen taxa

concentration (55PCz) data than for the percentage data for core OS55 (Fig. 4.26).

55PCz1 (base to 63 cm)

This zone is similar to 55Pz1 as it is clearly characterised by maximal
concentrations of Artemisia at 900 grains ml”'. The zone is characterised by
maximal concentrations of Calligonum at 378 grains per ml™". Chenopodiaceae
concentrations first decrease from 1000 to 600 grains ml™" and then stabilise at 75
cm. The concentrations of other taxa remain constant or show little change. The

concentration of Rhizophora remains at a constant rate throughout this zone.

55PCz2 (63 to 52 cm)

This zone is characterised rapid decreases and increases in the concentration
of various taxa throughout. Concentrations of Apiaceae decrease to 0, whilst
concentrations of Artemisia decrease sharply and then increase again at 57 cm to
500 grains per ml”" but do not reach pre-55PCz2 values. Chenopodiaceae peaks at
the beginning of 55Pcz2 to almost 1000 grains per ml”" and then decreases again
to 400 grains per ml”. This zone contains high variability in most of the taxa. The
zone contains maximal concentrations of Typha-Sparganium (10 grains per ml™)
and low concentrations of Rhizophora and Cyperaceae. Concentration data shows
the zone to be more taxonomically diverse compared to the subsequent zone.
Concentrations of Poaceae decrease substantially across the zone and remain low
around 200 - 400 grains per ml™".

55PCz3 (52 to 48 cm)

C. S. Miller, 2010 Chapter 4: Results
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CONISS divided the pollen concentration diagram and has produced this
zone which differs from the percentage diagram (Fig. 4.26). 55PCz3 contains
peaks in the concentrations of most taxa with Artemisia displaying the largest peak
from 300 to 800 grains per ml™'. Concentrations of Chenopodiaceae also increase
from 400 to 800 grains grains ml". A decrease in the concentration of Typha-
Sparganium is apparent falling to 0 grains per ml™'. Concentrations of AP rise to

100 grains per ml™ and then fall back to 0 grains per ml™" across this zone.

55PCz4 (48 cm to top)

At the start of zone 55PCz4 most taxa increase in concentration including
Artemisia, Chenopodiaceae, Poaceae and Calligonum. At 43 cm Poaceae reaches
high concentration values of 800 grains per ml". After the initial peak at the
beginning of the zone, all taxa appear to stabilise. A peak in Chenopodiaceae
concentrations is evident at 13 cm with values reaching 1000 grains per ml™. All
taxa appear to peak in concentration at 10 cm with the exceptions of Asteraceae,

Cyperaceae, Plantago rhizoxylon and Calligonum.

C. S. Miller, 2010 Chapter 4: Results
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Fig. 4.27. Pollen taxa concentrations for core OS55. With 10 x exaggeration curve. Legend for

lithology shown in Fig. 4.6.
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4.10.2 Core OS55 - dinoflagellate cyst analysis

Overall 30 species of dinoflagellate cysts were identified within 30 samples
(Fig. 4.28). Compared to pollen, the concentration of dinoflagellates within the
samples was relatively high, resulting in more dinoflagellates per sample been
counted (predominantly over 200 cysts) than for the pollen. On the whole the
assemblage is dominated by Bitectatodinium spongium, Spiniferites ramosus and
Brigantedinium sp. with lesser amounts of Echinidinium granulatum, Echinidinium
delicatum and Operculodinium centrocarpum. CONISS suggested dividing the

diagram into four dinoflagellate cyst zones (55Dz).

55Dz1 (base to 61 cm)
This zone is stable, with values of individual species remaining constant

throughout.

55Dz2 (61 to 44 cm)

This zone consists of large variations in most taxa especially Brigantedinium
sp., B. spongium and S. ramosus. The zone is characterised by the continuous
occurrence of Echinidinium aculeatum, Echinidinium transparantum and
Protoperidinium stellatum. Several maxima are reached within this zone including,

O. centrocarpum, S. ramosus and B. spongium.

55Dz3 (44 to 12 cm)

This zone is characterised by the continued occurrence of the dominating
species: B. spongium, S. ramosus and Brigantedinium sp. Several species re-
emerge at the base of 55Dz3 including Spiniferites belerius, E. aculeatum, E.
transparantum, P. stellatum and Quinquecuspis concreta, Selenopemphix

nephroides and Tuberculodinium vancampoae.

55Dz4 (12 cm to top)

12 cm is highlighted by a sharp decrease in B. spongium and an increase in
S. ramosus, Brigantedinium sp. Impagidinium aceulatum and paradoxum show a
minimal increase from the previous zone. The majority of species decrease at 12

cm and then recover to the levels before 12 cm.

C. S. Miller, 2010 Chapter 4: Results
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0OS55 dinoflagellate taxa concentrations

Individual dinoflagellate counts were plotted as concentrations (Fig. 4.29).
CONISS has given similar zonations for the dinoflagellate taxa concentration data
(55DCz) and for the dinoflagellate percentage data for OS55 (Fig. 4.28).

55DCz1 (base to 60 cm)
This zone is very much the same as 55Dz1. All concentrations of individual
taxa remain stable throughout the zone. Concentrations of E. delicatum decrease

slightly from 1500 to 900 grains ml™” throughout the zone.

55DCz2 (60 to 45 cm)

This zone consists of large variations in the concentrations of most taxa
especially Brigantedinium sp., B. spongium and S. ramosus. Concentrations of
Brigantedinium sp., reach maximal values of 5000 grains per ml™ in this zone at 58
cm. Concentrations of B. spongium decrease at the beginning of this zone from
2000 to 800 grains ml™". Several other concentration maxima are reached within

this zone including, O. centrocarpum, S. ramosus and B. spongium.

55DCz3 (45 to 12 cm)

This zone is characterised by high concentrations of the dominating species:
B. spongium, S. ramosus and Brigantedinium sp. There are increases in the
concentrations of several species including Spiniferites belerius, E. aculeatum, E.
transparantum, P. stellatum and Quinquecuspis concreta, Selenopemphix

nephroides and Tuberculodinium vancampoae.

55DCz4 (12 cm to top)

12 cm is highlighted by a sharp decrease in the concentration of B. spongium
which decreases from 3000 to 1000 grains ml™". The concentration of S. ramosus
increases from 1200 to 2800 grains ml". The majority of taxa concentration

decrease at 12 cm and then recover to the levels before 12 cm within this zone.

C. S. Miller, 2010 Chapter 4: Results
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4.10.3 Core OS55 — pollen and dinoflagellate cyst concentrations

Pollen and dinoflagellate concentrations were calculated using Equ 3.1, and
the results are shown in Fig. 4.30. Pollen (55Pz), dinoflagellate (55Dz) and the
pollen dinoflagellate ratio (55PDz) zonations correlate well, with four 55Pz, 55Dz
and 55PDz zones. 55PDz1 from base to 62 cm show a relatively stable
dinoflagellate concentration throughout, with a decrease in pollen concentration.
This zone is characterised by a gradual decrease in P:D (pollen: dinoflagellate
ratio). The start of 55PDz2 is marked by a sharp decrease in both pollen and
dinoflagellate concentrations, with dinoflagellates decreasing more gradually. P:D
also decreases gradually at this level. 55PDz2 is characterised by fluctuating
pollen, dinoflagellate and P:D concentrations throughout, with fluctuating pollen and
dinocysts displaying a positive correlation. Overall 55PDz2 displays a drop in both
pollen and dinocyst concentrations, with minima of both reached in this zone. At the
top of 55PDz2, both pollen and dinoflagellate concentrations show significant
increases into 55PDz3. Dinoflagellate and pollen concentrations within 55PDz3
both show a slight fluctuation. Dinoflagellate concentrations show a continuous
decrease until 17 cm, whereas pollen concentrations remain relatively constant. At
17 cm both concentrations increase progressively untili 13 cm, where
concentrations of dinoflagellates drop sharply from 4000 to 2500 grains per ml™”
and pollen concentrations from 2500 to 1500 grains per ml™.

C. S. Miller, 2010 Chapter 4: Results
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In core OS73, 19 taxa were identified within the 17 samples that were counted

4.10.4 Core OS73 - pollen analysis
throughout the core (Fig. 4.31).
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Owing to the core containing no obvious coarse horizons, samples were taken
spread throughout the core. Within this core, observations were made to assess
any long-term (over the last 2.3 ka) changes in vegetation. Once again the diagram
(Fig. 4.31) for core OS73 is dominated by Chenopodiaceae, Artemisia and
Poaceae. Unlike core OS55, OS73 contains no Rhizophora. The sequence was
divided into four pollen zones (73Pz) by CONISS.

73Pz1 (base to 108 cm)

73Pz1 (Fig. 4.31) contains a minor increase of arboreal pollen from the base
to 108 cm, increasing by just 5 %. There is evidence for a small increase in the
percentage of Pinus throughout the zone. The percentage of Chenopodiaceae is
high in this zone fluctuating between 35 and 45 % of the total pollen sum. Poaceae
shows a gradual decrease from base to 110 cm, dropping sharply from
approximately 15 to 5 %. The amount of indeterminated and undeterminable grains
remain constant through the entirety of the zone. Overall the percentages of the

majority of taxa remain constant throughout this zone.

73Pz2 (108 to 76 cm)

73Pz2 is characterised by a gradual increase to a maximum and subsequent
decrease in Chenopodiaceae throughout the zone. Artemisia displays a
progressive increase, whilst other taxa for example Betula sp., arboreal pollen, and
Calligonum all decreasing within this zone, with Calligonum reaching 0 % by the
end of 73Pz2.

73Pz3 (76 to 15 cm)

Overall, 73Pz3 shows little internal variation for most taxa. The zone is
characterised by the continued occurrence of Ephedra, Betula sp. and Artemisia.
Percentages of Artemisia, Chenopodiaceae and Poaceae remain high, dominating
any other species. There is a decrease in Chenopodiaceae from 73Pz2 into 73Pz3
with percentages dropping around 15 %. Percentages of both Artemisia and
Chenopodiaceae fluctuate but show an overall increase through the zone. Pinus,
Apiaceae and Calligonum all decrease to 0 % in 73Pz3.

73Pz4 (15 cm to top)

C. S. Miller, 2010 Chapter 4: Results
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The termination of 73Pz3 and the onset of 73Pz4 shows a sudden decrease
in arboreal pollen, with percentages of Betula and Ephedra falling rapidly to 0 %.
Cyperaceae also appears to decrease rapidly at the end of 73Pz3. In addition both
Poaceae and Artemisia percentages fall at the end of 73Pz3, but at a gradual rate.
Within 73Pz4 percentages of Poaceae and Artemisia appear to recover reaching
percentages greater than at any other time within the core sequence. There is a
peak in Calligonum (37 grains) from 0 to 10 % with a lesser peak in Plantago
rhizoxylon (10 grains). The percentages of indeterminated and undeterminable

grains peak across the three zones.

Core OS73 pollen taxa concentrations
Individual pollen counts were plotted as concentrations (73PCz) and are

shown in Fig. 4.32.

73PCz1 (base to 107 cm)

Like 73Pz1 (Fig. 4.32), 73PCz1 contains a minor increase in the
concentrations of arboreal pollen to 280 grains per ml”" from the base to 108 cm.
The concentration of Chenopodiaceae and Artemesia increases throughout this
zone up to 800 and 1200 grains per ml”". Poaceae shows a gradual decrease from
base to 110 cm, dropping sharply from 400 to 200 grains per mli". The
concentrations of indeterminated and undeterminable grains remain constant

through the entirety of the zone.

73PCz2 (107 to 76 cm)

73PCz2 is very similar to 73Pz2, however Chenopodiaceae displays generally
decreasing values throughout but continues to remain dominant dropping from
1200 to 1100 grains per ml”. Poaceae concentrations are very low in this zone

decreasing from 400 to 200 grains per ml™ at 107 cm.

73PCz3 (76 to 15 cm)

73PCz3 is again very similar to 73Pz3 and shows a gradual decrease in the
concentrations of Chenopodiaceae. The decrease in Chenopodiaceae is
pronounced dropping from 1100 to 600 grains per ml™'. Poaceae concentrations

increase in this zone to 400 grains per ml™".

C. S. Miller, 2010 Chapter 4: Results



73PCz4 (15 cm to top)
The onset of 73PCz4 shows an exaggerated peak in Artemisia reaching
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maximal concentrations of 1000 grains per ml”. Chenopodiaceae and Poaceae

also peak at 15 cm to 1200 and 600 grains per ml”". Certain taxa decrease for

example all AP drop to negligible values.
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4.10.5 Core OS73 — dinoflagellate cyst analysis

Overall 26 species of dinoflagellate cysts were identified within 17 samples
(Fig. 4.33).
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Again, analogous to OS55 the concentration of dinoflagellates was high in
comparison to the pollen found in the same samples. Thus sums of dinoflagellates
counted per sample are greater. In general the assemblage is dominated by B.
spongium, S. ramosus, Brigantedinium sp. and E. granulatum, with lesser amounts
of E. delicatum. The dinoflagellate percentage diagram was divided into 4 zones
(73Dz).

73Dz1 (base to 94 cm)

This zone is characterised by relatively stable dinoflagellate cyst percentages
within individual species. Small fluctuations are observed however with B.
spongium increasing from 50 to 55 % between base and 110 cm. A diminutive
overall decrease in percentage is present throughout the zone in a number of
species for example S. belerius, S. ramosus, Brigantedinium sp. and P. stellatum.
Some species appear to increase throughout the zone for example O.

centrocarpum, S. bentorii, E. granulatum, S. nephroides and S. quanta.

73Dz2 (94 to 50 cm)

This zone appears to become more taxonomically diverse. It shows a clear
progressive development of I. paradoxum, L. machaerophorum and E. aculeatum.
73Dz2 highlights slight changes from the previous zone with B. spongium the most
obvious change overall. The percentage B. spongium decreases gradually between
96 and 71 cm depth, stabilising then increasing by around 5 % from 60 to 50 cm.
Values of B. spongium change from 50 to 40 % through the zone. Values of both
O. centrocarpum and E. delicatatum first increase and then decrease towards the
end of the zone. Percentages of Brigantedinium sp and E. granulatum both
increase through this zone. Percentages of S. ramosus remain extremely low
throughout 73Dz2.

73Dz3 (50 to 17 cm)

73Dz3 shows continued abundance of B. spongium, with it first decreasing
and then becoming stable. S. ramosus demonstrates a dramatic increase in
percentage abundance throughout this zone. Many species show continuous
presence within the zone, e.g. S. delicatatus, Brigantedinium sp., E. delicatum and

E. granulatum.

C. S. Miller, 2010 Chapter 4: Results
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73Dz4 (17 cm to top)

73Dz4 shows a sudden decrease in percentage at 15 cm of most taxa,
especially those that have been so abundant previously such as B. spongium, S.
ramosus, and Brigantedinium sp. Several species are observed to increase at 15
cm depth: E. granulatum, E. tranparatum, Q. concreta and S. quanta. From 15 cm
to core top there is a continued dominance of B. spongium and S. ramosus and

there is evidence for a recovery of all species after the sudden decrease at 15 cm.

OS73 dinoflagellate taxa concentrations

Individual dinoflagellate counts were plotted as concentrations (Fig. 4.34) in
the same way as the pollen to minimise any possible biases within the percentage
data (Fig. 4.33).

73DCz1 (base to 81 cm)

This zone appears quite different to 73Dz1 with B. spongium decreasing
throughout the zone from 1600 grains per ml”’ dropping to 500 grains per ml™".
There is an overall decrease in concentration throughout the zone in a number of

species for example S. belerius, S. ramosus, Brigantedinium sp. and P. stellatum.

73DCz2 (81 to 50 cm)

This zone shows an increase in numerous taxa with concentrations of S.
ramosus, . paradoxum, L. machaerophorum and Echinidinium sp. increasing. B.
spongium concentration remains low and stable at 500 grains per mi™.

Concentrations of S. ramosus are extremely low throughout at 40 grains per ml™".

73DCz3 (50 to 17 cm)

73DCz3 shows the concentration of B. spongium remaining stable throughout
the zone at around 1200 grains per ml”. Concentrations for I. paradoxum first
decrease and then increase again at the beginning of the zone but do not reach
more than 130 grains per ml”'. S. ramosus demonstrates a dramatic increase in

concentration in this zone reaching values of up to 200 grains per mi™".

73DCz4 (17 cm to top)
73DCz4 shows a decrease in the concentration of all taxa except S.

delicatatus, and species of Echinidinium. S. ramosus shows the most dramatic

C. S. Miller, 2010 Chapter 4: Results



decrease with concentration values falling from 1200 to 1000 grains per ml™.
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4.10.6 Core OS73 - pollen and dinoflagellate cyst concentrations

Pollen and dinoflagellate concentrations were calculated using Equ 4.1, and the

results are shown below in Fig. 4.35.
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In general the pollen concentration appears relatively stable throughout the
core showing only slight fluctuations. Dinoflagellate concentrations appear to
display more variation throughout the core. Seemingly, the slight fluctuations in the
pollen are exaggerated in the dinoflagellates. 73PDz1 from base to approximately
96 cm contains a decrease in dinoflagellate concentration throughout. The pollen
concentration increases until 106 cm then falls slightly towards the end of 73PDz1.
73PDz2 involves a decrease in both pollen and dinoflagellate concentrations until
82 cm when levels begin to increase once more into 73PDz3. 73PDz2 is
characterised by a sharp peak in P:D concentrations at 82 cm. Pollen
concentrations peak at 72 cm to 2500 grains per ml. Dinoflagellates show a more
prominent peak, displayed as a decrease in P:D at 72 cm. 73PDz3 involves a
decrease in pollen concentrations throughout. Dinoflagellates increase within
73PDz4 until 22 cm. 73PDz4 is characterised by low pollen concentrations at
approximately 1500 grains per ml. Dinoflagellates rapidly decrease within 73PDz5,
falling from 5000 to 2500 grains per ml. The remainder of 73PDz5 from 15 cm to
top displays both increases in pollen and dinocyst concentrations, and increasing

P:D values.

C. S. Miller, 2010 Chapter 4: Results



103

5. Interpretation

The results obtained indicate that abrupt marine events are not present in all
cores across the region, with core OS34 and 94 showing no change in sediment
succession. It is reasonable to presume that the depth of water at these coring
sites was high enough (or the slope angle was insufficient) to limit the impact of
high-energy events on the sedimentation regime. Alternatively the sediment supply
may be of limited grain size. Significant variations in sedimentology and magnetic
susceptibility both within cores OS55 and 73 and between cores, prevented any
reliable inter-core correlation. Each of these two cores will be discussed

individually.

5.1 Core OS55

The majority of proxies used in this study indicate that core OS55 was subject
to several abrupt events which have left sedimentological and palaeontological
signatures within the deposits. These event deposits make acquiring an accurate
age-depth estimation for core OS55 problematic. The dating results and the

associated problems encountered will be addressed in more depth in section 5.1.7.

5.1.1 Grain-size results

It is clear from the grain-size data obtained at Brunel University that the
sedimentation within core OS55 was not homogeneous. It contained the most
varying lithologies compared to the other cores available. The sequence in core
OS55 consists of a series of abrupt events (Fig 4.6) superimposed on top of
continuous clay-silt sized background sedimentation.

Grain-size results obtained using the Cilas Particle Size Analyser generally
correlate well with the visual core descriptions made at Brunel University. The
grain-size data from core OS55 shows a polymodal distribution, indicating different
transport or depositional processes (abrupt events superimposed on top of
background gradual fine grained sedimentation). Grain size parameters of the bulk
sediment sample cannot be used as environmental indicators given that the grain
size component in polymodal sediments reflect different transportation or
depositional processes (Sun et al., 2002).

The visual core descriptions and particle size distribution plot for core OS55
(Fig. 4.6, 4.20, 5.1) indicate an increase in grain size at 91 cm, however at this
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depth the core is highly disturbed as a result of the drilling and exhumation,
therefore it is unreasonable to class this horizon as a unit. The visual core
descriptions and particle size distribution plot indicates a coarse horizon from 77 -
75 cm (unit A). From the measured grain-size data it is reasonable to presume that

unit A consists of one single event, with no evidence of any internal fining upward

sequences.
Mean
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Fig. 5.1. To left: schematic of lithology of core OS55. Legend on Fig. 4.6. Right: event unit C and
sub-divisions C1 and C2. Highlighting erosional contacts and fining upward sequence. A-E
correspond to units described.

Unit B (Fig. 5.1) consists of a slight increase in grain-size from 71 — 70 cm.
The event is represented in the visual grain size log (Fig. 4.6) and the Cilas particle
size results (Fig. 4.20). The horizon is marked as an increase in CaCOs3 in the
INCO grain size results (Fig. 4.16)l k. This is evidence that the horizon consists of

abundant fragmented shell material, the cause of the increase in CaCOs.
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According to the Cilas particle size results there also seems to be a small
peak in grain size at around 66 — 63 cm. This peak is not visible in the visual
sedimentary log or in the INCO grain size results.

Unit C (Fig. 5.1) consists of a significant increase in grain-size, which does
not correspond with a major increase in skewness or kurtosis. In contrast to
preliminary data provided by INCO, unit C (Fig. 5.1) appears to consist of two
separate events, one at 60 - 55 cm (unit C1) and the other at 55 - 43 cm (unit C2).
Additionally, unit C1 is marked by an erosional base and consists of coarser
material, containing no laminations or other sedimentary structures, interpreted as
a high-energy deposit. Unit C2 also has an erosional base and consists of a fining
upward sequence where laminations are re-established towards the upper surface,
interpreted as normal graded bedding. This bed represents a depositional
environment with a decrease in transport energy throughout, where dense, coarser
sediment are deposited initially, and then finer sediments follow as the current
weakens.

If unit C is indeed a turbidite bed, it is far from the ideal Bouma sequence
(Fig. 5.2) as most beds appear to be missing (Bouma, 1962). This is often the case
in reality where only the vertical ordering of sequences remains constant. Bouma
divisions seen in unit C1 probably only include a small section of Ta, consisting of
massive beds with no internal structure, however the characteristic graded bedding
is missing from the sequence. Unit C2 contains a fining upwards sequence and
may also represent a section of Ta in the next turbidite. A range of indicative
sedimentary structures of the Bouma sequence such as climbing ripples,
convoluted laminae, flute casts and dewatering features are also missing from unit
C (Bouma, 1962).

As unit C does not contain all the characterists of a turbidite deposit it is
reasonable to assume that the horizon represents a fine sand from the shelf
generated by energy increase possibly from storms.

Units D and E are marked by an increase in mean and median at 17 - 15 cm
and 11 - 8 cm respectively. The peak in standard deviation marks an increase in
the spread of grain-sizes at these depths. The grain-size results do not indicate
fining upward sequences within the deposits, but during visual core description

erosive basal contacts were observed within both unit D and E (Fig. 5.1).

C. S. Miller, 2010 Chapter 5: Interpretation



106

Grain| Middleton and Shanmugam
size | Boumai(1962) | Hampton (1973) | Lowsi(1362) (1997)
A
T Te Laminated to Pelag_ic and _|QW' Pelagic and Pelagic and
§ homogeneous density turbidity hemipelagic hemipelagic
current
v 1 !
A Td| Upper parallel laminae
g % Tc Ripples, wavy or Low-density | Bottom-current
n = convoluted laminae turbidity current reworking
= 4 Tb  Planar parallel laminae
5 I Turbidity current |
. & Massive, to fining )
[ f
S Sandy debris
B g upwards, flute marks, High density o (¥urbidity
G Ta to_ol marks and ball and turbidity current cltrait i
| S pillow structures at the ded
2 05 S base graded)
(5303 o '../‘ V@

o 0 2o "g 209
0.0 0°9 0~

Fig. 5.2. Ideal Bouma Sequence showing Bouma (1962) divisions Ta-Te and facies change.
Hemipelagic deposits are overlain by the deposits of the next turbidity current. Subsequent
interpretation and subdivision given by Middleton and Hampton (1973), Lowe (1982) and
Shanmugam (1997). Figure redrawn and adapted from Shanmugam (1997).

5.1.2 INCO Data

The oceanographic INCO data gives a clear idea of the conditions under
which the most recent sediment was deposited. The oxygen saturation shows that
core OS55 and OS73 were taken where oxygen levels at the sediment-water
interface were low, OS55 (170 m depth) and OS73 (100 m depth) (Fig. 2.1).
However, the sediments were not completely anoxic as the well-developed oxygen
minimum zone (OMZ) lies between 200 — 1200 m water depth in this region
leading to dysoxic or anoxic facies on the sea floor (von Rad et al., 1995).

It should be noted that discrepancies in the grain-size data obtained by INCO
and obtained by Brunel University are probably due to the coarse sampling
resolution at INCO and the inherent subjectivity of visual description. The grain-
size results of INCO for OS55 generally correlate well with the visual description
and grain-size analysis made at Brunel. Due to the coarse resolution sampling, it
was impossible to use INCO grain-size data to determine any small-scale changes
in sediment type, such as graded bedding. Unit A (Fig. 5.1) is shown undoubtedly
at 77 — 70 cm, as a marked increase in sand and a slight decrease in silt
percentage. INCO has recorded unit B, as containing one sharp peak in sand
percentage, with no fining upwards sub-units. Both the thin units C and D are not
apparent within the INCO data, and they have recorded instead, a peak of sand
from 33 to 21 cm. It was expected that CaCO3; percentage would increase across
the event horizons, with the peak caused by an increase of fragmented shell

material brought into the region. Nevertheless it is difficult to associate small-scale
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fluctuations in CaCOg3 obtained by INCO within their coarse resolution sampling
with the event horizons found within the core, as they do not appear to correlate. It
is odd that CaCO3; percentages did not increase over the event beds, especially at
60 - 50 cm, where visually it was clear that the percentage of fragmented shell
material increased dramatically. Additionally it was expected that there would be a
slight increase in organic matter across the event horizons with organic rip-up
clasts transported into the study regions by any high-energy event. A decrease in
organic matter could also have been observed, from its dilution by siliceous
sediment and/or fragmented shell material. Conversely, no real change in organic
matter could be confidently associated with the grain-size changes within core
OS55.

5.1.3 Magnetic susceptibility

Core OS55 displays the lowest and most fluctuating values of magnetic
susceptibility, possibly due to the core containing both fine to coarse sediment.
This core contains the most diamagnetic biogenic material in the form of both
carbonate (shell material) and silica (increases in the percentages of sand). The
increases in sand percentage and grain-size, correlate well in core OS55 with
decreases in magnetic susceptibility, yet again due to magnetic susceptibility

recording accurately the dilution of magnetic minerals with diamagnetic material.

5.1.4 Macrobiota

Fluctuations in macrofossil abundance as observed by visual inspection
within core OS55 correlate well with increases in grain-size. Fragmentation was
generally high throughout the core with the majority of shells found fragmented
and disarticulated. A large increase in the concentration of shell material was
observed within most of the event horizons, except in units A and B. The increase
in concentration of fragmented shell material coupled with an increase in grain-size
at the same level suggests that these deposits would originate offshore in shallow
water. INCO data provides evidence that the sediment was deposited under
dysoxic bottom water conditions, therefore benthic shell material must have
originated from offshore in the shallower waters. The concentration of fossil
material in these event horizons therefore represents a fossil death assemblage.
The high level of fragmentation implies that shell material was either broken at the

location where the animals dwelled, for example in the high energy rocky shore
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region, or during the depositional process possibly a high-energy event. The type
of fragmentation and shell breakage is evidence for the environmental processes
responsible for depositing each unit (Fig. 5.3). The shell fragmentation found within
units C to E resembles breakage linked with high-energy pounding suggesting
deposition in shallow water in a high-energy environment, the shells were
subsequently transported to the coring location. Although the method of

transportation to the coring location is still unclear.

High-energy pounding

Fig. 5.3. Limpets showing an example of the processes of shell breakage. Abrasion (by sand
blasting) leaves the shell fairly stable and only affects the exposed shell parts. Rolling along the
sediment surface mainly abrades the shell extremities. Breakage on a high-energy rocky shore, or

within a high-energy turbidity flow follows radial and concentric shell structure lines (modified from
Zuschin et al., 2003 from Seilacher, 1973).

5.1.5 Palynology

Pollen and dinoflagellate percentages and concentrations within core OS55
were mainly used to assess changes in sedimentation rate and taphonomy rather
than to elucidate changes in palaeoclimatic/environmental conditions.
Palynological study, especially the ratio of pollen and spores to dinoflagellate cysts
(P:D), should reflect increases in terrigenous sediment influx to the northern
Arabian Sea (McCarthy and Mudie, 1998). However, the events only show slight
increases in the the P:D ratio at these levels (Fig. 5.4). Smoothed pollen and
dinoflagellate concentration curves appear to fall, peak, decrease then increase at
the end of C1. The concentrations appear to fall further again at the beginning of
the next event horizon B2 (Fig. 5.4). Rhizophora, a coastal tree, does not peak
across the event horizons. In addition, percentages of Betula and Typha

Sparganium increase across the event.
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5.1.5.1 Hypothesis of source material of unit C

Possible hypotheses are offered to explain the mechanisms associated with
the pollen and dinoflagellate concentrations and ratios within the event beds, with

focus on unit C, the largest event within core OS55 (Fig. 5.1).

There are two hypotheses explaining the source of the sediment comprising event
unit C:

Source material:
1. River deposited sediment (inner continental material)
2. Sediment deposited on the coast where Rhizophora does not grow

It is possible that the coarser sediment input does not originate from the shore
line (coastal sediment), but from a sediment pile containing sediment from the
inner continent. Increases in Betula (continental) and Typha Sparganium
(freshwater) indicate that the sediment may have an inner continental origin rather
than coastal. Evidence for this hypothesis also comes from the lack of Rhizophora
(growing along the coastline) and Cyperaceae (marshy, coastal element) within the
event horizon. A large event may have been responsible for bringing the sediment
directly from the continent, for example, a tsunami backwash or a significant flood.

Largely, unit C shows a diversification in pollen and dinoflagellate taxa with
percentages of Ephedra, Betula, Salix (cf.) and Typha Sparganium as well as
percentages of Impagidinium species, Brigantedinium and Echinidinium
granulatum., increasing. Taxa such as Brigantedinium have a higher abundance in
relatively shallow and nutrient rich waters. Overall the percentages of arboreal
pollen increase within the event beds, with significant increases in Betula. This
amplification in taxa and preferential loss of marine derived palynomorphs could
be due to the event units containing different source material than the background
sedimentation. For example, the turbidite contains material sourced from pooling
sediment, deposited on the shelf by episodic rivers. This material is likely to
contain different pollen and dinoflagellate than the sediment deposited through
background sedimentation processes within water column above the core location.
There is substantial evidence to support hypothesis 1 that the likely source of the
material comprising unit C is of river deposited sediment, from the inner continent.
The second hypothesis can be rejected as if the source of the sediment was from
material initially deposited on the coast then there would be no such increase in
Ephedra, Betula, Salix (cf.) and Typha Sparganium over the event horizon. The

C. S. Miller, 2010 Chapter 5: Interpretation



111

material has to be river deposited sediment, proving hypothesis 1 the most

probable.

5.1.5.2 Hypothesis of transport mechanism depositing sediment of unit C:

There are three hypotheses that can be used to explain the transport mechanism

for the sediment comprising event unit C:

Transport mechanism:

1. Episodic river flood

2. Tsunami backwash

3. Storm

There are numerous methods of shelf sediment destabilisation and the
initiation of gravity flows. Core OS55 is situated 40 km from Pozm Bay (Fig. 2.1)
which, in times of monsoonal rainfall contains a number of temporary rivers
depositing a large amount of terrigenous sediment into the bay. This siliceous,
continental river sediment could accumulate on the continental shelf, and simple
over-steepening of the sediment pile could initiate a gravity flow.

For the duration of the traction phase of a tsunami, pulses of tsunami
backwash may generate turbidity currents that move, under gravity, into the deep
sea, following depressions and submarine gullies.

Alternatively, large storms may effect the unconsolidated sedimentary
deposits on the shelf, resulting in a gravity flow.

Any mass shaking of the sediment by either a tsunami or storm would result
in slope failure and a possible gravity flow. Build up of river deposited sediment on
the slope will eventually lead to slope failure and a resulting density flow. As the
fast moving density flow, containing a large concentration of particulate matter
moves down slope it increases in speed.

Episodic flood, tsunami backwash and storm could result in the initiation of a
gravity flow forming unit C. The method of self-acceleration involves the current
entraining more sediment than it loses through deposition, resulting in the current
becoming denser, consequently increasing the speed and eroding capacity of the
flow, resulting in a self-reinforcing process (Parker et al., 1986). As the turbidity
current moves down slope it entrains sediment from the seafloor, scouring the pre-

deposited, unconsolidated sediment (Parker et al., 1986) (Fig. 5.5 b1). Evidence
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for this scouring process in OSS55 is the existence of erosional surfaces on the
base of each event deposit (Fig. 5.1).

Within the mix of sediment transported by the high energy current were pollen
and dinoflagellates cysts that were previously deposited from slow settling-out of
the water column through time. The high-energy current could re-suspend the pre-
deposited sediment and palynomorphs into the above water column (Fig. 5.5 b2).

Re-deposition of sediment occurs as the flow velocity decreases, with large
particles being dumped quickly, then smaller ones entraining the pollen and
dinoflagellates cysts. The very fine pre-deposited particles are taken further
seaward as the particle-size distribution decreases with distance from land (Fig.
5.5 b3). This process may be responsible for the small peak in the pollen and
dinoflagellates concentrations at approximately 52 cm within the coarse unit C1
(Fig. 5.4). Perhaps due to the differing settling velocities of pollen and
dinoflagellates, the peak occurs at slightly different levels within the bed (Fig. 5.4).
The process of self-acceleration within the turbidite only begins to slow as the
angle of the seabed slope drops below a certain level. However, it has been noted
that turbidity currents can flow on slope angles as low as 5° (Drago, 2002). The
termination of the turbidity flow producing unit C1 results in the smoothed
concentrations of pollen and dinoflagellates being slightly lower at this level (at
approximately 55 cm see; Fig. 5.4) and this is possibly attributable to the bed
below (58 — 56 cm) entraining most of the palynomorphs within the coarse
sediment deposition below (Fig. 5.4; Fig. 5.5 b4).

Following the turbidity current, a return to normal background sedimentation
resumes with pollen and dinoflagellates returning to pre-turbidity current levels
(Fig. 5.5 b5). The second turbidity current (producing unit C2) truncates the first
and represents a fluctuation in both pollen and dinoflagellate concentrations,
possibly due to a dilution of the signals observed within the terrigenous material
(Fig. 5.4).

The source of the sediment which comprises event unit C is well constrained.
Pollen and dinoflagellate taxa provide evidence inner continental, but not of coastal
origin. What remains controversial is the mechanism that brought the sediment into
the coring location. There are three possible explanations including tsunami, storm
or flood. The most likely explanation appears to be a flood (hypothesis 1). Both a
tsunami (hypothesis 2) or storm (hypothesis 3) would incorporate coastal sediment

into the deposit, bringing with it appreciable quantities of Rhizophora and
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Cyperaceae. A flood would bring continental sediment and with it continental taxa

(Betula and Typha-Sparganium) to the coring location, which is what is apparent in

event unit C.
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pollen blue. The enlarged sections (Fig. 5.5 b. 1-5) correspond to the red box detailed in Fig. 5.5 a.
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and pollen and dinocyst abundance.

C. S. Miller, 2010

Chapter 5: Interpretation



114
5.1.6 Core OS55 summary of sediment source interpretation

In conclusion, the grain-size results indicate five major changes in particle
size, with sharp increases in grain-size at the bottom of each bed and a gradual
fining upwards observed in unit C2 only. Each of the event units (A-E) within this
core show several tsunamigenic, storm and flood characteristics. Fig. 5.6 gives an
overview of the diagnostic criteria for tsunamis, storms and flood deposits from
Kortekaas (2002) and Marren et al. (2002) and indicates whether each event unit

within core OS55 displays the characteristic indicators.

Diagnostic criteria for tsunami Event bed
Unit A Unit B Unit C Unit D Unit E
Stratigraphical o Basal erosional /Junconformable surface YES YES YES YES YES
Sedimentological e One or more fining upward sequence NO NO YES NO NO
o Intraclasts from underlying material NO NO NO NO NO
e Loading structures at base NO NO NO NO NO
e Bidirectional imbrication NO NO NO NO NO
YES IN
e Poorly sorted YES YES C1,NO YES YES
IN C2
NO
e Lack of sedimentary structures YES YES l()grad‘ed YES YES
edding
in C2)
Geochemical e Increase in geochemical elements YES YES YES YES YES
Palaeontological e Marine fossils present YES YES YES YES YES
e Increased diversity NO NO YES NO YES
e Both well and poorly preserved fossils YES YES YES YES YES
o Plant fragments NO NO NO NO NO
e Shell rich unit YES YES YES YES YES
o Rafted material NO NO NO NO NO
o Buried plants at base NO NO NO NO NO
SCORE (total 15) 7 7 8 7 8
Diagnostic criteria for storms Event bed
UnitA | UnitB | Unit C [ UnitD | UnitE
Stratigraphical | * 2%l erosional Junconformable YES YES YES YES YES
Sedimentological e Fining upwards or homogeneous NO | NO YES NO | NO
e No intraclasts YES YES YES YES YES
e No load structures YES YES YES YES YES
e Unidirectional imbrication NO NO NO NO NO
« Well sorted NO No | YESIEENO T no NO
e Sedimentary structures present NO NO bigiégr;d(e)g) NO NO
Geochemical e Increase in geochemical elements YES YES YES YES YES
Palaeontological e Marine fossils present YES YES YES YES YES
. 'f\:l)isxstilge of marine and freshwater YES NO YES NO YES
e Poorly preserved fossils YES YES YES YES YES
e Plant fragments NO NO NO NO NO
e Shell fragments YES YES YES YES YES
* No rafted material YES YES YES YES YES
o Buried plants at base NO NO NO NO NO
SCORE (total 15) 9 8 1 8 8
. . - . Event bed
Diagnostic criteria for flood deposits UnitA UnitB UnitC UnitD UnitE
e Poorly sorted YES YES W=D Ils g; o) YES YES
e Massive bedding NO NO W=D Ils g; o) NO NO
e Reverse grading NO NO NO NO NO
e Poor imbrication YES YES YES YES YES
o Floating clasts NO NO NO NO NO
e Traction carpets NO NO NO NO NO
e Cross bedding NO NO NO NO NO
e FErosional surfaces YES YES YES YES YES
SCORE (total 8) 3 3 4 3 3

Fig. 5.6. Diagnostic criteria to recognise tsunamis and storms from Kortekaas, (2002) and flood
deposits from Marren et al. (2002) and the assessment of whether each event bed contains each
criteria.
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It is difficult to compare the results of this research with the published
diagnostic criteria (Fig. 5.6) as some of the criteria would not be evident in a deep
water marine core (for example rafted material and buried plant deposits). It
appears that most of the proxies used indicate that core OS55 was subject to
several abrupt marine events which have left a sedimentological signature within
the deposits. However the pollen and dinoflagellates show no evidence for event
units A, B and D. The top of core OS55 contained abundant drilling disturbance
therefore the certainty of unit E is also unclear. It is sensible to assume the
certainty of only one large event within the core (containing 2 events), unit C. The
existence of the graded bedding, erosive surfaces and fluctuations in pollen and
dinoflagellate concentrations at this level provide strong evidence for this
conclusion.

It is clear from the data that the core contains event units. However, it is
evident from the P:D ratio and Rhizophora, Cyperaceae, Betula and Typha
Sparganium percentages that the sediment is probably not from the coast but have
being deposited by a river. All events consist of fragmented shell rich units rather
than arbitrary shell fragments scattered throughout the beds, thus providing some
evidence for tsunami source rather than storm. It is possible that a tsunami, storm
or a flood may have been responsible for the event. However, if the deposit was of
tsunami origin, coastal sediment would have been brought into the coring location
during the traction phase of a tsunami (backwash), indicated by an increase in
Rhizophora, however this is not the case. It is more plausible that an episodic
flood, along one of the rivers flowing into Pozm Bay, brought continental sediment
into the coring vicinity (Fig. 5.7).

Episodic river
flood

SOUTHERN IRAN

Pozm Bay

|
Fig. 5.7. River flood hypothesis from increased monsoonal precipitation. Green stars represent wind

blow Betula from the continent, red stars represent Typha Sparganium and brown stars represent
Rhizophora (coastal mangrove).
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5.1.7 Dating of core 0OS55

Dating any storm or tsunami event deposit is complicated and the same was
the case for those found within core OS55. Tsunamiites, tempestites and turbidites
can incorporate older, reworked sediment within the event bed, therefore causing
an over-estimation of the date. Within core OS55 dates were obtained for the
sediment directly above unit C. The simple ?'°Pb model assumes a constant rate of
supply, and consequently it was impossible to date below when the event took
place. Dates were however estimated for the top of the event as AD 1808, which
cannot be accurately correlated with any recorded historical event. The tsunami of
AD 1897 (section 2.7.1.4) may correlate with event unit C, however with the dating
of this core problematic, certainty cannot be attained. Extrapolation of #'°Pb dates
often produces age overestamination, therefore the end of the event (unit C) is no
older than AD 1808 (e.g. Kazanci et al., 2004; Leroy et al., 2007). With the
complexity of the sedimentation regime within the depositional basin for core 0S55
and the various changes in lithological composition, it can be assumed that dates
obtained by extrapolation of the sedimentation rate are relatively unreliable. The
21%pp results show a decrease at 9.5 cm. This may be the result of an increase in
grain-size at this level, associated with event unit E. The distribution of the
accumulated fallout of ?'°Pb demonstrates a significant preferential adsorption
within fine grain-sizes (He and Walling, 1996). Thus, a sudden coarsening may
result in a minor decrease in 2'°Pb enrichment at this level. The peak in 2'°Pb,
within core OS55 at 16.5 cm, may also be grain-size induced, with finer grain-sizes
conversely enriched with 2'°Pb. It is problematic to use the ?"°Pb dating technique
on cores with differential grain-sizes containing numerous event beds, as failure to
take into account such grain-size selectivity would lead to incorrect dates. Thus for
core OS55, one can only speculate with the results. It has been suggested that
radionuclide profiles can be used as additional indicators for disturbance event
beds (Schwab et al., 2009). Deviations of excess '°Pb activities from the decay
curve were used to identify variations within the sedimentation rate which is
characteristic of event deposits.

Radiocarbon dates for core OS55 may have firmed up the chronology to an
extent. However, dating of the event beds still remains a considerable problem and
has been reported in other studies, such as that of the early basin infill within Lake

Bosumtwi (Shanahan et al., 2009; Tim Shanahan, pers. com. 2010). Other studies
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on cores containing turbidite/mass movement deposits have shown that
radiocarbon ages within event layers are commonly older than the overlying and
underlying lake sediment and that numerous radiocarbon dates would be

necessary to date individual events (Leroy et al., 2009).

5.2 Core OS73

The lithology of core OS73 is overall relatively homogeneous. Thus core OS73 is
likely to hold a continuous record of any changing environmental conditions

(temperature, precipitation, oceanic salinity etc.) on the southern Iranian coast.

5.2.1 Age-depth model for core OS73

Dating for core OS73 can be considered to be more reliable than that of core
0S55, with no events throughout the laminated record back to the base at c¢. 2280
cal. yr BP. The top 5 cm of the core appears to display sediment mixing, with older
2P dates incorporated within more recently deposited sediment. This sediment
mixing may have been caused by recent bioturbating organisms, sediment
reworking or perhaps simply due to drilling disturbances as seen in Fig. 4.7. The
grain-size analysis of core OS73 also shows a shift to a finer regime at this level.

With 10 ?'°Pb dates and three radiocarbon dates for the core an accurate
sedimentation rate has been established for core OS73 (Fig. 5.8).

For the construction of the age-depth model (Fig. 5.8) for core OS73, the top
18 c¢m are dated by radionuclide dating (with an age of AD 1830), as ?'°Pb dating
can only be used for sediment younger than ~150 years. A second order
polynomial was used to accurately fit the 2'°Pb dates. The remainder of the core
was dated by three radiocarbon dates. A linear extrapolation was used from the
basal 2'°Pb date to the first radiocarbon date (18.5 — 86.5 cm). Two additional
linear trend lines were fitted between the radiocarbon date at 86.5 and 120.5 cm
and 120.5 to the basal radiocarbon date at 148.5 cm.
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Fig. 5.8. Age-depth curve constructed using 2%pp radionuclide dates (black points) and three

calibrated radiocarbon dates (yellow stars). Separate trend lines make up age-depth curve. Second
order polynomial trend line for 2%pp dates (orange line), linear extrapolation between 2%pp dates
and radiocarbon date at 86.5 cm (green line), linear trend between 86.5 and 120.5 cm (red line) and
linear trend between radiocarbon date at 120.5 and 148.5 cm (purple line) are also shown with the
equations. NB. X-axis is in yrs BP.

5.2.2 Grain size

The grain-size data obtained at Brunel University show that the sedimentation
within core OS73 was relatively homogeneous, with no event horizons as observed
in core OS55. Small fluctuations were observed in sedimentation, but it is
unreasonable to class these as event beds. A shift to finer sedimentation was
detected at 17 cm, which is possibly due to a recent phenomenon in the region, for
example a diversion of river deposition out of the coring vicinity, therefore only
permitting fine-grained ‘settling out’ deposition, or the desiccation of the east
and/or west rivers flowing into Pozm or Chabahar Bay (Fig. 4.1).

The grain-size results obtained using the Cilas Particle Size Analyser
generally correlate with the visual core descriptions made at Brunel University,
although slight grain-size deviations were not observed by eye. The shift in
sedimentation to finer grains shown in the grain-size results was observed visually
as a peak in sand and alternatively INCO data showed a peak in silt and a
decrease in clay at this level. Due to the subjectivity of visual descriptions and the
coarse resolution sampling of INCO, it would be sensible to presume the measured

grain-size data obtained at Brunel to be the most reliable.
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5.2.3 INCO sediment Data

As there are no clear event horizons recorded in core OS73 it was expected
that CaCOg3 percentages would remain rather stable. This is mainly true, except for
the small peak at 21 cm, which is not recorded in changes in the grain-size
observed by INCO nor at Brunel. The small peak may be attributable to a single
measurement of a large passing shell. The percentage of organic matter fluctuates
throughout the core, with the intensity of the fluctuations increasing towards the

core top, but being unrelated to any grain-size fluctuations.

5.2.4 Magnetic susceptibility

Magnetic susceptibility values remained rather constant throughout the entire
core, which was expected due to just a slight variability in the sediment type

throughout.

5.2.5 Macrobiota

Macrofossils within core OS73 were very rare. Two articulated bivalves were
found within the core at 94 and 60 cm depth which were well preserved. The
radiocarbon ages of these articulated bivalves are 1770 and 1140 cal. yr BP
respectively. Fragmented shells were found in the top section of the core,
coinciding with the shift in sedimentation to a finer regime at 17 cm (approximately
AD 1791). It seems anomalous that a shift in grain-size, especially into fine
sedimentation, could coincide with an increase in fragmentation. A rise in energy
levels associated with increased fragmentation usually results in larger recorded

grain sizes.

5.2.6 Palynology

As core OS73 contained no evidence for event units, pollen and dinoflagellate
percentages and concentrations were used to assess any change in
climatic/environmental conditions over the last 2300 years.

Although grain-size remains constant, and no event beds are present within
the core, changes in pollen and dinoflagellate cyst percentages and concentrations
are present throughout. The pollen is interpreted using the information derived
from surface sediment samples collected offshore NW Africa from the

Mediterranean to the Equator (Hooghiemstra et al., 2006) as both localities record
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similar arid-adaptive taxa. Individual zones are discussed below. Dates are based

on the sedimentation rate obtained by the age-depth model presented in Fig. 5.9.

5.2.6.1 Core OS73 - Pollen zones

The pollen zones within core OS73 are discussed in Table 5.1. The zones are
associated with the pollen percentage diagram shown in Fig. 4.31. Pollen
percentage data indicates that taxa such as Artemisia (steppic) and Poaceae
(grassland) increase from base until 10 cm. This suggests that the climate has
become progressively wetter over the last 2300 years. 73Pz3 is the wettest phase
in the diagram (Fig. 4.31) over the last 2300 years displaying high levels of
Poaceae and lower percentages of Chenopodiaceae. 73Pz2 is the driest phase

with low levels of Poaceae and high levels of Chenopodiaceae (Fig. 4.31).

Pollen zone Interpretation

73Pz1 is characterised by relatively high percentages of Poaceae and
lower percentages of Chenopodiaceae and Artemisia. It is possible that this
zone is a manifestation of a wet phase in around Pozm Bay within the last

73 Pz1 (2300 —
1830 cal. yr BP)

2300 years.
73 Pz2 (1830 — 73Pz2 is the driest phase within the last 2300 years on the southern Iranian
1500 cal. yr BP) coastline. The zone is characterised by low levels of Poaceae and high

levels of arid-adaptive taxa such as Chenopodiaceae.

Within this period a decrease in desert vegetation, such as
Chenopodiaceae and Calligonum, and an increase in grass percentages,
possibly indicating a slight shift to grassland from desert vegetation occurs,
implying a possible wetter period affecting the coring vicinity.

73 Pz3 (1500 - 120
cal. yr BP)

The termination of 73Pz3 and the onset of 73Pz4 show a decrease in
arboreal pollen, Cyperaceae and Artemisia. Certain taxa increase such as
Poaceae and Calligonum. These dramatic changes in pollen percentages
coincide with a shift in sedimentation. This shift could be due to recent
human impacts in the region and it is unlikely to be associated with natural
changes in the local precipitation as records from Chabahar Meteorological
Station show no such changes (Fig. 2.9).

73 Pz4 (120 cal. yr
BP - present)

Table 5.1. OS73 pollen zones and interpretation based on Fig. 4.31.
5.2.6.2 Core OS73 — pollen taxa concentrations

Individual pollen counts were also plotted as concentrations as large
increases in certain taxa percentages often mark a significant decrease in other
taxa percentages, merely an affect of representing the data as a percentage. Thus

pollen taxa were plotted as concentrations with each taxa plotted independent of
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the next (Fig. 4.32). The individual pollen taxa concentrations zones within core
OS73 are discussed in Table 5.2. The zones are associated with the pollen

diagram shown in Fig. 4.32.

Pollen zone Interpretation

73PCz1 contains an increase in Chenopodiaceae and Artemisia
throughout (Fig. 4.32). Pollen concentrations remain stable at around
400 grains per ml until the termination of 73PCz1 where concentrations
drop to 200 grains per ml. The amount of arboreal taxa also remains
relatively constant with only a small increase in Betula at the top of the
zone. This zone is similar to zone 73Pz1 where percentages indicate
this zone to represent a wet period in the coring vicinity (Fig. 4.31). The
zone is marked by a slight increase in total pollen concentrations which
become stable at approximately 1820 cal. yr BP. The small increase in
concentration is possibly caused by the increase in the amount of
Chenopodiaceae and Artemisia.

73 PCz1 (2300 -
1820 cal. yr BP)

Yet again plotting the taxa as concentrations gives similar results to the
percentage data (Fig. 4.31). This zone is almost identical to 73Pz2,
however Chenopodiaceae displays slightly decreasing values
73 PCz2 (1820 - throughout the zone, whereas the percentage diagram showed
1500 cal. yr BP) Chenopodiaceae values as static (Fig. 4.32). Poaceae percentages are
low thus this zone represents a dry period. An overall gradual decrease
in total pollen concentration is evidenced in 73PCz2. This is possibly the
result of a decrease in Poaceae.

This zone is similar to 73Pz3 and shows a decrease in desert vegetation
(Chenopodiaceae, Calligonum and Artemisia) and an increase in grass
percentages. 73PCz3 unlike 73Pz3 shows a gradual decrease in
Artemisia throughout. The vegetation in the zone indicates a slight shift
of grassland to desert vegetation, implying a possible wet period
affecting the coring vicinity. The wet period in 73PCz3 may be more
pronounced than that of 73PCz1 with 73PCz3 containing a more
dramatic decrease of desert taxa (Chenopodiaceae). This zone is
characterised by a decrease in total pollen concentration throughout
which is mirrored by a decrease in the individual pollen concentrations.

73 PCz3 (1500 —
120 cal. yr BP)

The onset of 73PCz4 shows a more exaggerated peak in
73 PCz4 (120 cal. Chenopodiaceae, Artemisia and Poaceae than 73Pz4 (Fig. 4.31).
yr BP — present) Decreases in arboreal pollen are evident, with all taxa decreasing. Again
the changes in pollen concentrations coincide with the shift in
sedimentation at this level.

Table 5.2. OS73 individual pollen taxa concentrations based on Fig. 4.32.

The pollen percentage and concentration results from OS73 indicate three
climatic stages within the last 2300 years. 73Pz1 (2300 - 1830 cal. yr BP) is a wet
period containing high percentages of Poaceae and low percentages of
percentages of Chenopodiaceae and Artemisia. 73Pz2 (1830 — 1500 cal. yr BP) is
relatively dry with Poaceae decreasing and desert taxa increasing. 73Pz3 (1500 -

120 cal. yr BP) is a wet period with decreasing percentages of desert taxa.
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5.2.6.3 Core OS73 - dinoflagellate zones

The dinoflagellate zones within core OS73 are discussed in Table 5.3. The zones

are associated with the dinoflagellate percentage diagram shown in Fig. 4.33.

Dinoflagellate zone Interpretation

This zone is characterised by stable dinoflagellate cyst
percentages with a relatively minor increase in B. spongium
throughout. This increase in B. spongium from 2300 until 1770
73Dz1 (2300 - 1770 cal. cal. yr BP implies a gradual strengthening of the SW summer
yr BP) monsoon and an associated increase in upwelling intensity along
the southern Iranian coastline. The zone contains no evidence of
I. paradoxum, a species which dominates open-ocean, nutrient
deficient, assemblages, therefore providing evidence for a
strengthening of upwelling along the coastline.

73Dz2 contains an overall increase in diversity and a decrease in
73Dz2 (1770 — 920 cal. B. spongium percentages. The decrease in B. spongium (a
yr BP) species associated with intense upwelling) and the slight increase
in the percentages of /. paradoxum imply that 73Dz2 is a period of
decreased upwelling.

73Dz3 is characterised by a gradual decrease in B. spongium and
a significant increase in S. ramosus at 52 cm (960 cal. yr BP). S.
73Dz3 (920 - 160 cal. yr ramosus is indicative of warm waters and warm SST in winter,
BP) spring, and autumn. Additionally it indicates relatively low nitrate
and spring chlorophyll-a concentrations (Bouimetarhan et al.,
2009). 73Dz3 may record a period of warmer SST giving rise to
high percentages of S. ramosus.

A sudden drop in dinoflagellate percentages at 10 cm
(approximately 50 cal. yr BP) is observed, where all taxa with the
exception of Echinidinium sp. decrease. Echinidinium sp. is
characteristically present in mesotrophic/eutrophic waters and is
indicative of coastal upwelling and high productivity (Marret and
Zonneveld, 2003). Records of precipitation taken at Chabahar
meteorological station (Fig. 2.9) indicate that after approximately
AD 1948 monthly rainfall records show high intensity fluctuations
until present. These spikes in precipitation could explain an
increase in surface run-off and the associated increase in
oxygenation and oceanic nutrient content, resulting in the
amplification of certain taxa favouring oxic, nutrient rich and high
productivity environments. However, it is unclear why a decrease
in other dinocysts relative to Echinidinium sp. occurs particularly if
productivity in the region was high.

73Dz4 (160 cal. yr BP -
present)

Table 5.3. OS73 dinoflagellate zones and interpretation based on Fig. 4.33.
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5.2.6.4 Core OS73 — dinoflagellate taxa concentrations

The individual dinoflagellate taxa concentrations zones within core OS73 are
discussed in Table 5.4. The zones are associated with the pollen diagram shown in
Fig. 4.34. Total dinoflagellate concentration displays more variability than the
pollen, declining to 2500 grains ml at 52 cm (960 cal. yr BP). This drop in
concentration is associated with an increase in the percentage of Brigantedinium

sp. and B. spongium, both species associated with coastal upwelling.

Dinoflagellate

Interpretation
zone

This zone is similar to 73Dz1 where dinoflagellate values remain stable.
However, plotting the individual taxa as concentrations highlights slight
variations B. spongium, with values gradually decreasing throughout this
zone. This decrease in B. spongium causes a decrease in the total

73 DCz1 (2300
cal. yr BP— 1620
cal. yr BP)

dinoflagellate concentration throughout this zone. Previously data from
Fig. 4.33 indicated increasing values of B. spongium, 73DCz1 shows
this to be incorrect. This decrease in B. spongium implies a weakening
of the SW summer monsoon and a decrease in upwelling intensity along
the southern lIranian coastline. However the zone contains no I
paradoxum, therefore upwelling must still be sufficient to prevent the
occurrence of the species along the coastline.

73DCz2 (1620
cal. yr BP - 920
cal. yr BP)

73DCz2 indicates a stable phase within the last 2300 years around
Pozm Bay. By plotting the data as concentrations the apparent
decrease in B. spongium seen in Fig. 4.33 is shown to be incorrect, and
just an influence of changes in the percentages of other taxa. However,
just like 73Dz2 (Fig. 4.33) I. paradoxum within 73DCz2 shows a slight
increase indicating the zone may represent a period of decreased
upwelling.

73DCz3 (920 cal.
yr BP — 160 cal.
yr BP)

The apparent gradual decrease in B. spongium seen in 73Dz3 (Fig.
4.33) is not seen in 73DCz3 (Fig. 4.34). Instead 73DCz3 displays
exceptionally stable values of B. spongium throughout the zone. It
seems the decrease in B. spongium seen in 73Dz3 is merely a
consequence of the significant increase in S. ramosus in this zone. A
large increase in total dinoflagellate concentration is observed
associated with the increase in S. ramosus.

73DCz4 (160 cal.
yr BP - present)

73DCz4 is identical to 73Dz4 with the decrease in concentrations of
most taxa except Echinidinium sp. at 10 cm (approximately 50 cal. yr
BP).

Table 5.4. OS73 individual dinoflagellate taxa concentrations based on Fig. 4.34.

B. spongium displays a general decrease indicating a gradual decrease in
high summer SST from approximately 1770 cal. yr BP. The general decrease in
the abundance of B. spongium over the last 2000 years implies a weakening of the
summer SW monsoon. A slight increase in I. paradoxum from approximately 1590
- 1030 cal. yr BP may represent a minor decrease in the strength of upwelling

along the Iranian coastline.
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The P:D concentration ratio zones within core OS73 are discussed in Table

5.5. The zones are associated with the pollen diagram shown in Fig. 4.35.

P:D zone

Interpretation

73PDCz1 (2300
— 1780 cal. yr
BP)

An overall increase in the P:D ratio occurs in 73PDCz1 which coincides
with a gradual increase in the percentage of dry-adaptive taxa in 73PCz1
(Fig. 4.35).

73PDCz2 (1780
— 1480 cal. yr
BP)

A peak in P:D at 82 cm (1640 cal. yr BP) is observed. Both pollen and
dinoflagellate concentrations decrease at this level. However,
dinoflagellate concentrations decrease more so, resulting in a peak in
P:D ratio. Historical records of the region and Iranian climatic records
(Fig. 2.9) do not extend far enough back in time to provide an
explanation. The decreases in both pollen and dinoflagellates appear to
correlate at the same interval, thus causes for each may be
interconnected. It is plausible that several exceptionally dry years may
result in a decrease in regional vegetation production. Alternatively, a
simple explanation could be dilution of the pollen and dinoflagellates by
an increase in the deposition of sediment. More samples around 82 cm
would be needed in order to draw a firm conclusion.

73PDCz3 (1480
- 920 cal. yr BP)

73PDCz3 involves a decrease in pollen concentrations throughout.
73PDCz3 lies within 73Dz2 (Fig. 4.33) and correlates well with the
increase in the percentage of /. paradoxum and the associated decrease
in the percentage of B. spongium marking the period of decreased
upwelling, cool temperatures and aridification (as seen in 73Pz2). An
increase in both pollen and dinoflagellate concentrations occurs at 70 cm
at the beginning of 73PDCz3 or 1200 cal. yr BP, with dinoflagellates
displaying a larger magnitude of increase, and thus a decrease in P:D.

73PDCz4 (920
- 54 cal. yr BP)

Dinoflagellate concentrations increase within 73PDCz4 until 280 yr BP
with pollen concentrations remaining low at 1500 grains per ml.
73PDCz4 correlates well with 73Dz3 (Fig. 4.33), where the increase in
P:D is a result of a significant increase in the percentages of S. ramosus.
This zone represents high SST and a warmer, wetter climate as
indicated by a decrease in Chenopodiaceae and increase in Poaceae
percentages. It is important to note that any changes in precipitation did
not provide sufficient change to impact the sedimentary regime within the
core vicinity. However, a peak in dinoflagellate cysts may imply an
intensification of surface run-off and an increase in nutrient supply to the
ocean.

73 PDCz5 (54
cal. yr BP -
present)

Dinoflagellates rapidly decrease within 73PDCz5, falling from 5000 to 2500
grains per ml. The remainder of 73PDCz5 from 15 cm to top displays both
increases in pollen and dinocyst concentrations, and increasing P:D values.
The peak in P:D may imply more sediment coming from terrestrial sources
due to human impacts and increased sediment supply around Chabahar

Bay.

Table 5.5. OS73 P:D concentrations based on Fig. 4.35.

The higher ratio of pollen and spores to dinoflagellate cysts (P:D) should

reflect increases in terrigenous sediment influx, but here they do not coincide with
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any observed changes in grain-size. The P:D may in fact represent climatic
changes on land that have not sufficiently impacted the marine environment or vice
versa. For instance, if climate conditions have become suitably preferable for
vegetation, more pollen would be produced, marking a significant peak in the P:D
curve. It must be noted however that significant changes in rainfall usually result in
fluctuations in sedimentation, but this is not observed within core OS73. The lack
of sedimentation fluctuations may be because core OS73 is too far away from land
to receive coarser material from the coast, or that the region surrounding the core
is passed by gravity currents channelling the coarser material. More pollen is not
necessarily required to mark a peak in the P:D ratio curve, a drop in dinoflagellate
concentration relative to the pollen concentration would also be adequate. In
addition, the P:D ratio perhaps indicates that there have been no strong climatic

changes in the last 2300 years in the northern Arabian Sea.

5.3 Comparison between the OS cores

Although the cores were taken within a small region along the southern
Iranian coastline they display numerous dissimilarities. The cores all differ in
length, with core OS73 141 cm long and the shortest core 0S94 just 37 cm long.
0OS55 is 88 cm long and is situated in front of Pozm Bay in a water depth of 170 m.
Conversely core OS73 is situated approximately 45 km east of Chabahar Bay.
Core OS73 was taken at a water depth of 100 m in a region with relatively little
freshwater input from rivers.

The sedimentology of the cores differ dramatically displaying the complexity
of the sedimentary regimes existing on the Makran coastline. OS55 showed the
most variability in sediment type. Core OS35, OS73, 0S84 and OS94 showed little
change and consisted mostly of laminated silty-clays. The length and variations in
sedimentology helped choose the cores suitable for further study for this research.
Cores OS34, 0S84 and OS94 would have been suitable for palaeoenvironmental
study, with little variation in sedimentology. Although they do not encompass a long
time period, it would be interesting to ensure the changes found within core OS73
are applicable to the wider region and not localised to the OS73 coring location.
0OS55 was ideal to reconstruct abrupt marine events as the material available for
reworking was not restricted to just fine silts and clays. As OS73 was the longest
core it was ideal for environmental reconstruction. Core OS55 contains a variety of

sediment types and is dominated by silt and clay-sized material. It also contains
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beds of sandier material which have erosive bases. These have been interpreted
as event beds. The location of core OS55 (infront of Pozm Bay), the coarse
material and the erosional surfaces provide evidence that OS55 lies in the path of
gravity currents. The sediment within core OS73 is much more homogeneous. A
slight coarsening of material occurs at approximately 12 cm; however the
remainder of the core is mostly laminated and silt-sized. Therefore this core can be
interpreted more directly in terms of environmental and climatic changes. It seems
likely that core OS55 contains different sediment sources to that of core OS73, due
to the large variety of sediment types it contains.

The magnetic susceptibility values showed large variations between and
within the cores preventing any inter-core correlation. The average values for cores
to the west (0S34, OS55, OS73) is around 5 (S| units), whereas the cores further
to the east (0S84 and OS94) have relatively high magnetic susceptibility values
(8.5-9 Sl units). This may be related to the cores to the east receiving a different
sediment supply than those to the west. The amount of variability within core OS55
is very high. This variation coincides with changes in sediment type. The increases
in sand percentage and grain-size, correlate with decreases in magnetic
susceptibility, due to proxy recording the dilution of magnetic minerals with
diamagnetic material. Little variation in magnetic susceptibility within core OS73 is
observed, with the core showing only a slight increase to the present day.

Sedimentology, magnetic susceptibility and the fact that dates could not be
obtained evenly throughout each core inhibited accurate core correlation between
any of the cores within the study. As core OS55 contained numerous event beds,
dating was problematic and the results obtained possibly unreliable. A whole suite
of radiocarbon dates would be necessary to date the event beds within the core.
The dates obtained from core OS73 were more reliable. The sedimentology and
dating profiles suggest that core OS55 experienced less surface mixing and
incorporation of older sediment than core OS73.

Macrofossil preservation was visually assessed briefly on all cores. The
results show that core OS55 contained variations in the degree of fragmentation
and preservation state of shells throughout, with poor preservation recorded within
the coarser event beds. No change in preservation state within core OS34, OS73,
0S84 and OS94 was observed in the sparce accumuation of shells.

The pollen concentrations of core OS55 and OS73 are similar with average
values of 2226 and 2276 grains ml”' respectively. Dinoflagellate concentrations are
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also very similar with core OS55 displaying a slightly elevated average
concentration of 3318 grains per ml™ against the dinoflagellate concentration within
core OS73 of 3145 grains per ml™'. Overall in both profiles the concentration of
dinoflagellates was greater than that of the pollen. Less pollen samples were
studied in core OS73 than in OS55, even though core OS73 was considerably
longer, primarily due to time constraints. More pollen samples are required in core
OS73 to draw any firm conclusions on any palaeoenvironmental change. Core
OS73 is characterised by less indeterminated and undeterminable grains than in
core OS55. This possibly relates to the better environment of deposition with core
OS73 cored in low energy, deep water conditions. Rhizophora is abundant in core
OS55 but absent in OS73. The results of this thesis provide evidence of the local
variability of Rhizophora growth along the Iranian coastline. A possible explanation
for Rhizophora found in core OS55 is that this core is located in front of Pozm Bay,
which contains two small rivers. It is plausible that core OS55 experiences a
considerable amount more freshwater input than core OS73 (which is situated
along the coastline, within proximity of only one small river) permitting Rhizophora
growth only in front of coring location OS55. Additionally, more Betula is present in
core OS73, perhaps because OS73 has a slower sedimentation rate allowing for
higher amounts of Betula to be transported by wind and deposited in the study
region without it been diluted by additional terrigenous and biogenous material.

The dinoflagellate percentages between the two cores vary. In core OS55 no
large increase in S. ramosus as seen in core OS73 can be observed. In addition,
no gradual decrease in B. spongium in core OS55 can be seen as evidenced in
core OS73.

It is possible that core OS55 is controlled mainly by the sedimentation regime
with a high abundance of event beds and erratic changes in sedimentation. Core
OS73 displays more constant sedimentation thus providing a better record of

overall environmental change within the coring vicinity.
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6. Discussion

As cores OS34, 0S84 and 0OS94 were not subjected to high-resolution
analysis (due to the time restrictions of the project), detailed conclusions cannot be

attained and the results will not be discussed in depth.

6.1. Core OS55 — implications for abrupt marine events

Core 0OS55, although not suitable for palaeoenvironmental reconstruction
provided some interesting results. The proxies used for core OS55 indicate that the
area, in very close proximity to the coring region, was subject to abrupt events
which left a distinct sedimentological and palynological signature within the core. It
is sensible to assume the certainty of only one large event within the core, unit C
(Fig. 5.1). Unit C has been interpreted as a turbidite deposit with evidence from
grain-size, pollen and dinoflagellates results.

Deep cores (3095 — 1456 m depth) off the coast of Pakistan studied for
turbidite characteristics contain turbidites showing Bouma sequence Tc, Td and Te
displaying overall finer grain-size, upper parallel laminae and convoluted laminae
(Lanfumey, 2008). Core OS55 was cored at a relatively shallow depth of 170 m,
therefore may contain the deposition of coarser, proximal turbidites rather than
distal turbidites identified in the study of Lanfumey (2008). Visual inspection
indicated high levels of fragmentation of macrobiota within the core, with an
increase in the concentration of fragmented material within the event horizons,
indicating the occurrence of high-energy events. The date estimated for the top
turbiditic bed unit C is <AD 1808. However this cannot be correlated accurately with
any historical event in the region. The tsunami of AD 1897 (section 2.7.1.4) may
correlate with event unit C. Nevertheless the dating of this core is problematic, with
the lack of dates between 18.5 cm and 86.5 cm certainty cannot be attained.

A summary diagram of the interpreted pollen, dinoflagellate and grain size
results seen in core OS55 is presented in Fig. 6.1. Unit C, the only certain event in
core OS55 is highlighted with the termination of the event at <AD 1808. The
presence of Rhizophora, Cyperaceae, Typha-Sparganium and Betula percentages
throughout core OS55 is shown in Fig. 6.1. There is a decrease in Rhizophora and
Cyperaceae across the event horizon supporting the hypothesis that the material
comprising event unit C has a continental origin. Increases in the percentages of

Typha Sparganium and Betula (typical inland taxa) provides additional evidence
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that the material is formed from a sediment of inner-continental origin and not

coastal. The results of this thesis provide evidence of the local presence of
Rhizophora growth along the Iranian coastline, possibly related to local variations in
salinity or sedimentary environments which are suitable for mangrove growth e.g.
river mouths.
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Fig. 6.1. Summary diagram indicating grain size and Rhizophora, Cyperaceae, Typha-Sparganium
and Betula percentages throughout core OS55. Unit C is shown in blue with termination at <AD
1808.
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In conclusion, the source of the sediment which comprises event unit C is well
constrained. It is inner continental, but not of coastal origin. The mechanism that
brought the sediment into the coring location remains controversial. Possible
explanations include a tsunami, storm or a flood. A flood appears to be the most
likely explanation (hypothesis 1, section 5.1.5.2), as both a tsunami (hypothesis 2)
or storm (hypothesis 3) would incorporate coastal sediment into the deposit,
bringing with it appreciable quantities of Rhizophora and Cyperaceae (coastal
taxa). A flood would bring continental sediment and with it continental taxa (Betula

and Typha-Sparganium) to the coring location, which is apparent in event unit C.
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6.2 Core OS73 — comparison with other Holocene palaeoclimatic
records in the region

As yet, few studies concerning the Makran region and its palaeoclimatic
change over the most recent part of the Holocene are published in western
literature. The majority of studies concerning environmental reconstructions of
deserts have focussed on Africa, where lake level and pollen data have been
widely used for reconstructing vegetation and hydrological conditions (Lézine et al.,
1998 and Gasse, 2000). Most studies have centred on large-scale changes at the
end of the HHP around c. 5 ka ago and little is known regarding the most recent
part of the Holocene. As more information is available regarding the large-scale
changes during the mid-Holocene, the results are compared with the proxy data in
core OS73 to assist with interpretation of the small-scale fluctuations seen in the
core. The records are compared and contrasted within this section. Numerous
palaeoenvironmental models have been used to connect climatic changes with
orbital variations and to reconstruct atmospheric and vegetation feedback
mechanisms (Kutzbach and Street-Perrott, 1985). In contrast less is known about
the Arabian Peninsula and its surroundings, and most studies place emphasis on
the early Holocene and larger scale Holocene monsoonal fluctuations (e.g. Lézine
et al., 1998; Neff et al., 2001; Fleitmann et al., 2003; Lézine et al., 2007), paying
little attention to recent records. In addition, possibly due to political conflicts and its
remote location, southern Iran remains relatively poorly studied, with most
palaeoenvironmental studies focusing on northern Iran. This thesis presents a
record of vegetation and climate change in southern Iran based on
sedimentological, palynological and geochemical records for the period 2280 cal. yr
BP (330 BC) to present. Large-scale changes in vegetation during the Holocene for
both the Atlantic and Indian monsoonal systems are presented in Chapter 2, which
are relevant to the interpretation/discussion of the Iranian results presented in this
study.

A high-resolution laminated sediment record (Kasten core SO90-56KA and
box core 39KG) (Fig. 2.17) from the north-eastern Arabian Sea, off Pakistan (Fig.
6.2), were used as a reference to distinguish whether signals found in core OS73
were due to local or regional influences (Lickge et al., 2001). The Pakistan core
was studied to reconstruct past climatic variations and to understand the monsoon-

driven moisture history in the northern Arabian Sea over the past 5000 years to
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present. The results from core SO90-56KA show that the end of the HHP was

linked to the weakening of the Indian monsoon which took place between 4700 -
4200 cal. yr BP. The pollen records show that there were two periods of strong
summer monsoonal activity which occurred between 5400 - 4200 cal. yr BP and
2000 - 1000 cal. yr BP (lvory and Lézine, 2009). During these two periods of
intense monsoonal rainfall an increase in the percentage of montane taxa sourced

from the Himalayas was recorded in the core due to increased fluvial activity of the

Indus River.
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Fig. 6.2. Simplified pollen percentage diagram for core SO90-56KA offshore Pakistan. All white
curves represent a x 10 exaggeration. From Ivory and Lézine (2009).

The laminated core SO90-56KA and 39KG displayed in Fig. 6.2 (lvory and
Lézine, 2009) shows an increase in montane vegetation from 2000 - 1000 cal. yr
BP. This is not evidenced in the OS cores, with the maximum wet period from 1500
to 120 cal. yr BP in 73Pz3 (Fig. 4.31). A surge in mangrove taxa occurs between
2000 - 1000 cal. yr BP in SO90-56KA. However, arid taxa remain dominant with
high percentages of Amaranthaceae-Chenopodiaceae and Artemisia. The results
from 1000 cal. yr BP to present show a dominance of Amaranthaceae-
Chenopodiaceae and Artemisia with low concentrations of freshwater taxa. Due to
a high variability of Salvadora persica-type, Calligonum and Ephedra it is

recognised that a high-resolution study would be necessary to clarify the effects of
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short-term climatic events on the vegetation during this period (lvory and Lézine,

2009).

6.2.1 Rhizophora

The taxa identified in SO90-56KA (Fig. 6.2) are extremely similar in type to
those found in core OS55 and OS73. However discrepancies such as the lack of
Rhizophora since 4500 cal. yr BP recorded in the Kwar al Jaramah core (Fig. 2.17)
require further investigation (Lézine, 2009). Mangrove ecosystems are extremely
sensitive to climatic change with their extent controlled by air temperature, aridity
and salinity (Lézine et al., 2002). Lézine et al. (2002) state that Rhizophora is
currently absent from the Omani mangroves, where the highly saline conditions
only permit Avicennia marina to survive (Lézine, 2009). Rhizophora is linked to
brackish water conditions and an abundance of fresh water input. Lézine (2009)
have reported that the nearest occurrence of natural Rhizophora populations are
located to the south of both the OS and the Kwar al Jaramah coring locations at the
Kamaran Islands (Fig. 2.17). This is evidently incorrect as the results of this study
confirm the botanical observations reported from the Hormozgan Province in Jask
and on Sirik Island (Fig. 2.17) that natural Rhizophora is present on the Iranian
coastline.

As core OS55 is merely a short core covering the last centuaries, temporal
changes in Rhizophora concentrations are not evident. It would be advantageous to
have a long core in the vicinity of core OS55 to record the variations in Rhizophora
abundance over the last 6000 yrs to assess the progressive drying event
associated with the ecosystem response to the orbitally induced weakening of the
Indian monsoon, as proposed by Lézine (2009). Rhizophora abundance within core
OS55 is not high, but in the past when the Indian monsoon was stronger and
associated with elevated amounts of rainfall, thus a greater freshwater supply to the
mangrove system, Rhizophora concentrations may have been considerably
greater. Lézine, (1997) recorded large fluctuations in the extent of mangrove
populations during the Late Quaternary directly related to changes in monsoonal
precipitation. The records suggest that the west of Africa has experienced relatively
wet conditions from 13 ka BP until 2 ka BP, allowing for a wide expansion of
mangrove along the West African coast up to 21°N. During the Last Glacial

Maximum, the mangrove greatly reduced in response to dry, cooler conditions.

C. S. Miller, 2010 Chapter 6: Discussion



133
However, the mangrove did not disappear everywhere, with pockets existing near

the Gulf of Guinea, indicating the presence of freshwater discharge despite the

regional drought (Lézine, 1997).

6.2.2 Betula

Betula, sourced within upland forests of the Himalayan highlands (lvory and
Lézine, 2009), remains at a constant rate throughout core OS73 (and one peak in
core OS55), providing evidence that the study region is distal and unconnected to
the fluvial output of the Indus River. Betula transport to the study region must be by
wind and the stable concentrations suggest little variation in wind strength over the

last 2300 years.

6.2.3 Relevance of early Holocene (pre 2300 cal. yr BP) records

The majority of studies concerning the environmental reconstruction of Africa
and Arabia focus on the large early Holocene climatic changes. By analysing these
large scale climate changes and their effects on the environment, it is possible to
compare this data with data presented in this thesis. The literature provides
evidence for considerable changes in vegetation both on Africa and in Asia
coinciding with the end of the HHP. This period is associated with an decrease in
the strength of the Africa and Asian monsoonal systems. The early Holocene
records provide evidence for both abrupt (deMenocal, 2000) and gradual step-like
(Kropelin et al., 2008) climatic changes. Aridification is known to result in the
expansion of dry steppic vegetation for example Chenopodiaceae, Artemisia and
Ephedra (Lézine, 2009), which can assist in interpretaing the data acquired from
the OS cores. In addition, deminished productivity and upwelling is associated with

cooler periods on the African margin.

6.3 Evidence for climatic fluctuations during the Late Holocene

The area of the NW Arabian Sea has experienced several episodes of climatic
fluctuations during the Late Holocene and these episodes will be discussed in
comparison with the interpretation of core OS73. The Late Holocene has been
divided into its major climatic fluctuations from the available literature and the
section will begin by discussing the earliest event within the last 2300 years
recorded in the literature, a period of aridification from 3000 to 2000 cal. yr BP.
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Some of the dates in this section are given as raw "C radiocarbon dates straight

from the publication and have then been have been calibrated according to the

IntCal04 terrestrial calibration curve (Reimer et al., 2004).

6.3.1 Dry period: 3000 to 2000 yr BP

Sr/Ca values from core SO90-56KA (Fig. 2.17 and Fig. 6.3) indicate an
aridification period from 3000 to 2000 yr BP (3200 to 2000 cal. yr BP) (Luckge et
al., 2001). Pollen records from Rajasthan (Thar Desert, India, Fig. 2.17) suggest
that aridification began at 3500 and continued until 2000 yr BP (3700 — 2000 cal. yr
BP) (Singh et al., 1974, 1990; Bryson and Swain, 1981; Swain et al., 1983 in
Lickge et al.,, 2001). Core OS73 does not encompass the beginning but should
show an end to the aridification at 2000 yr BP. Nevertheless, although sampling
resolution is low, the data show no indication of an end of aridification at this stage.
Numerous studies, both in Africa and Asia suggest aridification at 2000 yr BP
(Gasse and Van Campo, 1994; Bryson, 1997). It is postulated that this decrease in
precipitation may be due to a southward shift of the ITCZ, strengthening the winter
and reducing the length of the summer monsoon. This shift in ITCZ would have
impacted the Makran region (OS study region) by enhancing the rainfall during the
winter season and causing diminished rainfall during the summer monsoon (Lickge
et al., 2001). It would be expected that core OS73 should show overall diminished
levels of precipitation during this aridification period. However the short length of
this core inhibits investigation into this period. Owing to the large amount of
evidence within the literature it can be concluded that the aridification period
affected a broad region, occurring at the same time in both Africa and the Middle

East and probably resulted from a weakening within the whole monsoonal system.

6.3.2 Wet period: 2300 to 1830 cal. yr BP

Core OS73 indicates the presence of a wet period from 2300 (at least) to 1830 cal.
yr BP. On account of the variability of inorganic compounds (Ti/Al and Zr/Al), varve
thickness, and 8'®0-values of G. ruber, Liickge et al. (2001) divided the last 2500
years into three periods (llI-V), the wettest period from 2000 to 1500 yr BP (2000 —
1400 cal. yr BP) (Fig. 6.3). Reichart et al. (1998) used Sr/Ca ratios associated with
pteropods to reconstruct monsoonal activity within the Arabian Sea using core
NIOP464 on the Murray Ridge (450 km SE of OS coring locations — Fig. 2.17).

C. S. Miller, 2010 Chapter 6: Discussion



135
Sr/Ca ratios imply that the wettest period (V) within the last 5000 years should

occur between 2000 to 1500 yr BP (2000 — 1400 cal. yr BP), however the wettest
period in core OS73 occurs between 1500-120 cal. yr BP (73Pz3). There is a wet
period in the OS core from 2300 to 1830 cal. yr BP and this roughly correlates with
the period of intense summer monsoonal rainfall from 2000 to 1400 cal. yr BP

period IV (Fig. 6.3).

winter : winter | summer

monsoon | mens.| Aridific. | mons. |monsoon
Period V IV  Period lll Period |l Period I

36

a2

30 A

Sr/Ca* 10°

28

26

24

22

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Age (yr BP)
Fig. 6.3. Sr/Ca ratios of the last 5000 years at site SO90-56KA. Figure from Liickge et al. (2001).

6.3.2.1 Sassanid Period (AD 224 — 651)

The collapse of this Sassinid Empire at AD 651 coincides roughly with the end
of the dry period recorded in the OS cores (~1500 cal. yr BP). The slight offset of
the dates may be due to dating problems of the OS73 core. Low values of cereal-
type, cultivated tree pollen and the collapse of the irrigation infrastructure after the
Islamic conquest of Iran may indicate a change from the cultivation of fields to more
nomadic pastoral cultivation. A combination of Islamic invasion and changing
precipitation pattherns in Iran as recorded in the OS cores may have caused the
change in farming at the collapse of the Sassinid Empire, although there is no
archaeological evidence for this.

The 2300-1830 cal. yr BP wetter phase in S. Iran relates to the wetter phases
in the Mediterranean and the Middle East. These wetter phases have been
explained by warmer temperatures in southern Turkey (van Zeist et al., 1975) and
around the Dead Sea (Neumann et al., 2010) and the northward displacement of
the ITCZ in northern Africa (Reale and Shukla, 2000).
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6.3.2.2 Beysehir Occupation Phase (c. 3200 — c. 1500 cal. yr BP) o

The dry period (1830-1500 cal. yr BP) found in the OS cores corresponds well
with the end of the Beysehir Occupation Phase (van Zeist et al., 1975) in southern
Turkey and the associated intensive agriculture. The collapse of the Beysehir
Occupation Phase varies spatially but it is generally thought to be at approximately
1600 — 1400 cal. yr BP (Eastwood et al., 1998; Leroy et al., 2002; Leroy et al.,
2009; Leroy, 2010). The timing of the Beysehir Occupation Phase is considered to
have involved a shift to more humid conditions, marked by an expansion of forest
into previously steppic regions (Eastwood et al., 1998). Olea (olive) pollen is
common during the Beysehir Occupation Phase from sites from southwest Turkey,
indicating that climatic conditions during the Beysehir Occupation Phase must have
favoured Olea cultivation (Eastwood, 1998). Roberts (1990) calculated that winter
and spring temperatures must have been 2 - 3°C higher than today. The humid
conditions during the Beysehir Occupation Phase correlates well with the wet
phase from 2300 (at least) to 1830 cal. yr BP found in the OS cores. The collapse
of the Beysehir Occupation Phase marks a time of decreased precipitation and the

aridification in the southern Iranian cores.

6.3.2.3 Roman-Early Byzantine Period (2100 — 820 cal. yr BP)

The wet period (2300 - 1830 cal. yr BP) found in the OS cores corresponds
well with the start of the Roman-Byzantine period recorded in the Dead Sea
sediments from six cores near Mount Sedom, Ein Boqueq, and Ein Gedi and from
outcrops near Ze'elim and Ein Feshkha (Neumann et al., 2010). The Roman Early
Byzantine Period is characterised by higher lake levels in the Dead Sea implying
humid climatic conditions. Increases in Olea, Sarcopoterium spinosum, and
Plantago (anthropogenic indicators) and decreases in Quercus and Pinus (forests)
imply increased agricultural activity and forest clearance (Neumann et al., 2010).
However there is not evidence for the dry period (1830-1500 cal. yr BP) as seen in
the OS cores having an impact on the civilisations during the Roman Byzantine

Period.

6.3.2.4 Roman Classical Period (2000 cal. yr BP)

The increase in humidity from 2300 — 1830 cal. yr BP recorded in the OS
cores may be attributed to the northward displacement of the ITCZ, as recorded in
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the Mediterranean and northern Africa. The increase in precipitation can be

attributed to high surface warming that takes place in close proximity to the ITCZ
(Reale and Shukla, 2000).

6.3.3 Onset of aridification in SW Asia at 1000 years BP

Within the southeast Arabian Pennisula, inter-dune dry lakes in Awafi, Ras al-
Khaimah (UAE, Fig 2.17), show an intensification of aridification at ca 1000 cal. yr
BP (Parker et al., 2004). Rapid dune accretion was recorded in Idhn, RAK (UAE),
where 30 m of dune sand accumulated at ca 1000 cal. yr BP (Goudie et al., 2000).
Other records around the northern Arabian Sea also show this intensification of
aridification (Von Rad et al., 1999; Luckge et al., 2001). 73Pz2, the driest zone
within core OS73, occurs between 1830 — 1500 cal. yr BP, earlier than the period of

aridification recorded at approximately 1000 cal. yr BP.

6.3.4 Late Holocene weakening of monsoonal precipitation?

High-resolution 3'®0 profiles of stalagmites from four caves in Oman and
Yemen (Socotra, Fig. 2.17) provide information on fluctuations in precipitation
during the Holocene period. The precipitation is reflected in the 5'80 values which
are primarily controlled by the latitudinal position of the ITCZ (Fleitmann et al.,
2007). The results show that during the middle to late Holocene, the mean
latitudinal position of the summer ITCZ migrated southwards, leading to a decrease
in the amount of precipitation, a weaker monsoon and a shorter summer
monsoonal season. This migration of the ITCZ was a response to a decrease in the
amount of solar insolation received. The results show no abrupt middle Holocene
weakening of monsoonal precipitation (Fleitmann et al., 2007). Results from Gupta
et al. (2003) on benthic foraminifera provide confirmation of the smooth nature of
the wet-arid transition seen in the Oman speleothem record (Fleitmann et al., 2003;
2007), where upwelling-intensity related to summer monsoon circulation over the
northern Indian Ocean has smoothly declined from the early Holocene until present.

The results of this thesis however show three main phases of climate change
over the last 2300 years, with the vegetation recording first a wet phase (73Pz1)
from 2300 — 1830 cal. yr BP, followed by a dry stage from 1830 — 1500 cal. yr BP
(73Pz2). Subsequently, 1500 cal. yr BP to present (73Pz3) is marked by a more
humid climate. However, no evidence for a general decrease in the amount of

precipitation or a decrease in the strength of the summer monsoonal system is
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available. Indeed the vegetation of southern Iran fluctuates slightly from humid to

arid with arid taxa however remaining dominant and percentages of other individual
taxa varying throughout. The results show the presence of climatic change over the
last 2300 years within the coring region. This thesis indicates that there have been

small fluctuations in climate along the Makran coast over the last 2300 years.

6.3.5 ‘Refuge sites’ for the Late Holocene in Arabia and India

It appears that certain records show no evidence for climatic change during
the Late Holcene in Arabia and India, suggesting a local expression of the global
climatic change. Previous research in regions such as Suwayh in the Omani
lowlands (Lézine et al., 2010), Hajar Mountains of northern Oman (Fuchs and
Buerkert, 2008; Urban and Buerkert, 2009), Karnataka (Fig. 2.17) in western India
(Caratini et al., 1994) provide additional evidence that numerous localities across
the Indian Ocean have remained as desert/semi-desert throughout the Holocene.
Lézine et al. (2010) conclude that the vegetation of the Arabian lowlands has not
changed considerably and has remained of desert/semi-desert type throughout the
entire Holocene period. However, perhaps the sampling resolution used in these
studies was too low in order to record small-scale fluctuations seen in the OS cores
of this study. High-resolution study of a 20 m deep sediment profile within the Hajar
Mountains of northern Oman reveals that variations in mollusc shell frequency and
periodic peaks of NHs-N (mineral nitrogen) suggest minor local variations of rainfall
throughout the last 2000 years. High concentrations of NH4-N indicate water
logging-induced anaerobic soil conditions occurring whenever temporary water
saturation inhibits nitrification (Urban and Buerkert, 2009). Caratini et al. (1994)
report a reduction in humidity at 2200 cal. yr BP in two marine cores taken from the
inner shelf off Karwar (western India) marked by a reduction in forests, an increase
in savanna and a decrease in the percentages of mangrove vegetation. After 2200
cal. yr BP pollen assemblages remain stable up to the present day. Enzel et al.
(1999) suggest that the climate has remained relatively stable for the last 5000 cal.
yr BP. The study of Enzel et al. (1999) is based on results from Lunkaransar, a
small, closed, dry basin at the northeastern margin of the Thar Desert (Fig. 2.17).
Results reveal lake level fluctuations throughout the Holocene which are attributed
to changes in southeastern Indian monsoon precipitation regimes. The results
indicate that the climate over the last 5000 years has remained similar to the

present. The low water table has remained constant at around 2.4 m below the lake
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surface over the last 5000 years. In addition, the record is punctuated by episodes

of sudden inundation caused by short episodes of heavy rainfall represented by thin
laminated silt beds dated at 3785 + 75 and 2325 + 65 cal. yr BP (Enzel et al.,
1999).

It can be deduced from these records from the northern Arabian Sea that
during the last 2000 years the climate has remained relatively stable and that a
climate somewhat similar to present-day conditions was established about 2000
years ago. However, many regions do show climate change over the last 2000
years and the results from this thesis especially support the decrease in
precipitation from 1830 - 1500 cal. yr BP (73Pz2) coinciding the end of the Beysehir

Occupation Phase.

6.4 Summary of core OS73

A summary table of the major climatic events in the Arabian Sea region is
presented below and compared with signals observed within core OS73 from this
study (Table 6.1).

Depth Age Event/trend Other Arabian records Oman Sea Core records
cm
0.16 cal. . . Increase in certain dinoflagellate
10 ka BP Sr%ltiesit;ion taxa associated with more
present DISCR continental runoff (73Dz4)
0.9 -
20 0.16 cal. | Warm SST Increase in S. ramosus
I ka BP
% Lo Increase in grass percentages
0.12 cal. | Wet period
ka BP (73Pz3)
40
177 - Decrease in Diminished upwelling along
0.9 cal. upwelling Iranian coastline (73Dz2)
50 ka BP
::a? T(; E Onset of End of the Beysehir Occupation Decrease in grass percentages
60 BP. aridification Phase at 1.5 cal ka BP. and onset of aridification (73Pz2)
® Dominance of summer
70 monsoonal rains (Luckge et al.,
2000).
® Overall increase in rainfall
80 (lvory and Lézine, 2009).
® Increase in Himalayan
9 23-1.8 éegetlatlon tragip'or_t |nt¢;6A53blan Decrease of arid adaptive pollen
cal. ka Wet period 2l voryiandiso2ne, ): taxa and increase in Poaceae
BP. ® Surge in mangrove taxa off (73P21)
100 Pakistan (lvory and Lézine,
2009).
® Beysehir Occupation Phase
110 — increased anthropogenic
activity.
120 ® Roman Byzantine period in
the Dead Sea region
120 2325 + Period of episodic lake General wet period (2300 1820
65 cal. yr | Heavy rainfall | inundation, Thar Desert, India cal. yr BP)
BP (Enzel et al., 1999).
Lithology

Table 6.1. Summary table highlighting the major climatic events over the last 2300 years of the
study sites surrounding the Arabian Sea. Yellow shading signifies general stages of aridification.
Blue shading represents periods of increased humidity. White shading is associated with upwelling
and oceanographic conditions. Legend for lithology shown in Fig. 4.7.
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6.5 Implications of environmental signals over the last 2300 yr

6.5.1 Terrestrial implications

Overall pollen results indicate general climatic stability over the last 2300
years in the Oman Sea. The results from this study indicate clear minor fluctuations
in taxa percentages. Magnetic susceptibility values within core OS73 show little
fluctuation, however a slight general increase from 50 cm, 920 cal. yr BP (AD 1000)
until present is observed. Grain size within core OS73 remains generally constant
throughout, showing little evidence for a change in sedimentation rate or
depositional character. At approximately 160 cal. yr BP (AD 1800) a shift in
sedimentation is detected at 17 cm, which is possibly due to a recent phenomenon
in the region. Explanations for this phenomenon include human impacts associated
with the nearby city development of Chabahar, or natural explanations including
possible river migrations and diversions in deposition.

Minor fluctuations in pollen percentages provide evidence for three distinct

periods of climatic zones within the last 2300 years in southern Iran (Fig. 6.4):

. Wet period (2300 - 1830 cal. yr BP)
- Coinciding with the increase in moisture at 2000 cal. yr BP in North Africa,
Mediterranean and the Middle East during the Roman Classical Period.

. Dry period (1830— 1500 cal. yr BP)
- Possibly associated with the collapse of the Beysehir Occupation Phase in
southern Turkey, the Roman-Byzantine period in the Dead Sea region and the
shift from the cultivation of fields to a more nomadic lifestyle in NW Iran.

. Wet period (1500 - 120 cal. yr BP)
6.5.2 Marine implications

Dinoflagellate percentages show large variability over the last 2300 years.
Fluctuations in dinoflagellate percentages provide evidence for three distinct
periods of oceanographic conditions within the last 2300 years in southern Iran
(Fig. 6.4).

. Increased upwelling (2300 - 1770 cal. yr BP)
. Decreased upwelling (1770 — 920 cal. yr BP)
. Increased upwelling (920 - 160 cal. yr BP)
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Changes in upwelling intensity imply fluctuations in the strength of the Indian

summer monsoon. Increases in the strength of the monsoon causes winds to
induce amplified levels of oceanographic upwelling. As a general trend variations in

monsoonal strength follow variations in insolation contrast.

6.6. Final interpretation of core OS73

A summary diagram of the interpreted pollen and dinoflagellate results signals
seen in core OS73 is presented in Fig. 6.4. Poaceae has been used to represent
fluctuations in rainfall. The pollen indicates three main phases of climate change on
the southern Iranian coastline within the last 2300 years. The fourth phase (Fig. 6.4
purple zone) represents changes caused by anthropogenic influences. The
dinoflagellates show more variability and B. spongium has been chosen in order to
represent upwelling fluctuations, which show a period of diminished upwelling
intensity between 1770 and 920 cal. yr BP. The wetter period shown by the pollen
and the period of increased upwelling indicated by dinocyst assemblages should
correspond. However the upwelling only diminishes 60 years after the pollen results
indicate aridification. There appears to be a slight time lag in ocean response, but

again this could be the result of dating uncertainties.
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Fig. 6.4. A summary diagram of the interpreted pollen and dinoflagellate results seen in core OS73.
Left diagram: Purple = anthropogenic impact, blue = humid, yellow = arid. Right diagram: Blue =
wet, red = warm winter SST, grey = decreased upwelling, green = increased upwelling.
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7. Conclusions

At the beginning of this thesis in chapter 1, five specific scientific aims were
identified (section 1.3). These aims were 1) to use published literature to assess
whether tsunamis and/or cyclonic storms have had an effect on sediment
accumulation in Pozm and Chabahar Bays in the Late Holocene, 2) to correlate
abrupt marine events found in the cores with historical archival data, 3) to
reconstruct the vegetation history of the region over the late Holocene, using pollen
analysis and a range of sedimentological techniques, 4) to reconstruct the
oceanographic history (upwelling intensity fluctuations) of the region over the late
Holocene, using dinoflagellate cyst analysis and a range of sedimentological
techniques, 5) to relate palaeoenvironmental implications of the thesis to wider-
scale studies. In this concluding chapter a synopsis of the key findings is presented
and the success to which each of the aims has been met is assessed in section
7.1. Limitations of the study and a brief outline of possible future research are

proposed in section 7.2.

7.1 Synopsis of the key findings
7.1.1 Core 0S55
Specific scientific aims 1 and 2 (section 1.3) were assessed using core OS55.

Published literature was used to differentiate between storm and tsunami
deposits (section 5.1.6). This research highlights the difficulties in distinguishing
between different abrupt marine invasions. Unit C consisted of a shell-rich unit
rather than arbitrary shell fragments scattered throughout the beds providing some
evidence for tsunami source rather than storm. Evidence from palynology provides
an identification of the source of sediment, however the mechanism for sediment
transport remains slightly controversial, although evidence from palynology
suggests the likely mechanism of sediment transport to be a flood. In conclusion,
this study was not capable of firmly distinguishing the cause of the abrupt event,
nevertheless palynological investigation was able to provide a clear inner-continental

source of the sediment.

7.1.1.1 Key findings from core OS55

a. An abrupt marine event at <AD 1808
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The varying lithologies of the cores studied for this thesis indicate the complex

nature of the sedimentation along the Makran coastline. One of the cores (OS55)
was subject to abrupt events which have left a distinct sedimentological and
palynological signature within the core. The event was recorded by an increase in
grain-size, the level of shell fragmentation and fluctuations within both pollen and
dinoflagellate species throughout. We can only be certain of one event within the
core (unit C) which has been interpreted as a turbidite deposit with sediment of
inner-continental source. The date estimated for the top of Unit B is <AD 1808. This
high energy event has its source on the continent. Due to the palynological
assemblage the source is clearly not the coast. Therefore a tsunami or cyclone are

less likely causes than a river flood (Fig. 5.7).

b. Presence of Rhizophora on the southern Iranian coastline

Rhizophora is present throughout core OS55 showing no obvious increase
through the event horizon. This finding provides support that the material from the
turbidite deposit unit B did not originate from the shore but from a possible
sediment pile situated offshore. Rhizophora is not present in core OS73. The
results of this thesis provide evidence of the local presence of Rhizophora growth
along the Iranian coastline, possibly related to local variations in salinity or suitable

sedimentary environments for the presence of rivers.
7.1.2 Core OS73

Specific scientific aims 3 - 5 (section 1.3) were assessed using core OS73.

Scientific aims 3 - 5 were met using core OS73, with the data able to produce
a reconstruction of the vegetation and oceanographic history over the late
Holocene. This reconstruction when related to wider-scale studies correlates well

with events found elsewhere.
7.1.2.1 Key findings from core OS73

a. Wet period (2300 to 1830 cal. yr BP)

This study indicates the presence of a wet period from 2300 to 1830 cal. yr
BP. Supporting evidence for a wet period around this time comes from numerous
other studies, although dating in certain studies is difficult to correlate due to their

ages being uncalibrated (e.g. Lickge et al., 2001; Eastwood et al., 1998; Reale and
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Shukla, 2000; Leroy et al., 2002; Djamali et al., 2008; Leroy et al., 2009; Leroy,

2010; Neumann et al., 2010). The wet phase seen in the results of this thesis
corresponds with phases of intense agriculture in the archaeological record in
Persia, the Mediterranean and in the Middle East. This wet period has been
attributed to northward displacement of the ITCZ corresponding to the Beysehir

Occupation Phase and the Roman Byzantine Period.

b. Dry period (1830 — 1500 cal. yr BP)

The collapse of the Sassinid Empire in Iran correslates with the dry period in the
OS cores at around 1500 cal. yr BP. This dry period also corresponds well with the

end of the Beysehir occupation phase in southern Turkey.

c. Wet period (1500 - 120 cal. yr BP)
d. Upwelling fluctuations:

. Increased upwelling (2300 - 1770 cal. yr BP)
. Decreased upwelling (1770 — 920 cal. yr BP)
. Increased upwelling (920 - 160 cal. yr BP)

Changes in upwelling intensity imply fluctuations in the strength of the Indian

summer monsoon.

e. Pollen and dinocyst correlations

The pollen and dinocyst zones are correlated, with warmer and wetter climates
recorded in the pollen assemblages corresponding to increases in upwelling and
thus a stronger Indian summer monsoon as recorded in dinocyst assemblages. The
dinocyst zones appear to display a lag, implying a delay of around 60 years in the
oceanographic response to atmoshpheric changes.

7.2 Limitations and future research possibilities

The research carried out in this study was mainly limited by time. The main
concern of the time limitation was the pollen count numbers for each sample. The
reliability of concentration calculations and an adequate estimation of diversity have
previously been suggested to require count numbers of at least 300 grains (Rull,
1987). With additional time three samples would be counted to 1000 grains to

investigate whether counting to 300 grains per sample is sufficient to make the
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counts statistically reliable to represent the total population. Species accumulation

curves would be constructed in order to assess acceptable count numbers.

An additional limitation is the coring capacity of INCO. If longer cores were to
be obtained in close proximity to core OS73, the fluctuations in Rhizophora
abundance over the last 6000 years could be reconstructed. This may demonstrate
the drying event associated with the ecosystem response to the weakening of the
Indian monsoon, as recorded by Lézine (2009). Although Rhizophora abundance is
low at present, with high amounts of rainfall before the drying event when the Indian
monsoon was stronger, greater freshwater supply to the mangrove system may
have dramatically increased Rhizophora abundance.

In light of the results of this study and the difficulties associated with
differentiating tsunami from storm deposits in sediment cores, it would be sensible
look elsewhere for records of storm and tsunami signals. Taking shallower cores or
analysing marine deposits on the coast may provide a way for reconstructing the
recurrence times of both tsunamis and storms in the region.

To summarise, if this research was to be continued then: i) species
accumulation curves would be constructed to assess accurate count numbers, ii)
additional longer cores would be taken to assess fluctuations in mangrove
abundance over the last 6000 years and lll) shallower cores or marine deposits

would be acquired which may help in differentiating tsunami from storm deposits.
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Appendix Il — Core photographs: OS55
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Appendix Il — Core photographs: OS73
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Appendix IV — Core photographs: 0S84
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Appendix V — Core photographs: OS94
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