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ABSTRACT

The palaco-environmental evolution of the SW Black Sea shelf during the last
~11,500 years is studied using the geochemical results from a long piston core (MAR0S-
50P) and its gravity core (MAR0S-51G). Nine radiocarbon dates are used to erect a
chronology for a composite core, constructed by splicing the upper 50 cm of MAROS-
51G on top of MAR05-50P. On the basis of lithological, geochemical and regional
geological data three units (Units A, B and C) are identified in the composite core. A
local unconformity, «, is identified in the lower portion of the core, with the hiatus
spanning from ~10,735 — 8.420 cal yr BP, The TOC and TS values as well as 8"°C and
'S data documented that the lower Unit C (~11,500 — 10,735 cal yr BP) was deposited
in a geochemically closed oxic, brackish system, where >80% of the organic matter
originated from terrestrial/lacustrine sources. The middle Unit B (~8,420 — 4,700 cal yr

BP) above the a; unconformity represents a transition from Unit C environment to an

open marine oxic-dysoxic system i with the ion of the Black Sea with
the World’s Oceans. These sediments contain >40% marine organic matter, and host
evidence for active sulphate reduction showing isotopic fractionation, indicative of an
open benthic system. The upper Unit A (~4,700 cal yr BP to Present) was deposited in a
fully marine, mainly dysoxic environment where ~30% of the organic matter originated
from marine sources. The stable isotopic data reveal a full-scale sulphate reduction
during this interval. Regional correlations with two previously studied cores show good
agreements with MARO05-50.  The overall results from this study cannot refute the
conclusions made by the Outflow Hypothesis Il and the Oscillating Sea Level Hypothesis,

however are in disagreement with some components of the Flood Hypothesis.
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Chapter On

ntroduction

“This thesis constitutes an important component of a larger research project in the
Marmara Sea Gateway (i.c., Straits of Dardanclles and Bosphorus, and the intervening

Marmara Sea) which deals with the watermass communication history of the Black Sq

Marmara Sea and the Aegean Sea associated with the climatic and oceanographic changes

during the Quaternary glacial-interglacial cycles. The goal of this study is o develop a

pal: i ion of the Black Sea shelf using the elemental
and stable isotopic data collected from a long piston core and its co-located gravity core
from the southwest Black Sea shelf. Below, various elements necessary for the
understanding of the Black Sea germane to the thesis subject are introduced. The specific

scientific objectives are given in Section 1.10.

1.0 Introduction

The Black Sea is currently the largest anoxic basin on Earth. Here, anoxia occurs
when vertical mixing and ventilation of the bottom waters are prevented by strong
watermass stratification (e.g., Neuman, 1942: Caspers, 1957: Sorokin, 1983 as referenced
in Murray et al., 1991). The dissolved oxygen is progressively consumed by oxidation
and respiration of fauna, leading completely anoxic bottom waters. In such settings, the
organic matter that rains through the water column is entirely preserved as high total
organic carbon (TOC) muds, which become black shales when lithified. The anoxic
environment allows the Black Sea to act as a prototype for Earth’s carliest ocean, which
was considered to be anoxic until atmospheric oxygen levels rose in the late Archean,



forming a two-layer oxic/anoxic system during the Proterozoic (Holland. 1973; Berner
and Canfield, 1989). Because of its unique chemical oceanography and distinct physical
geography, the Black Sea has long been used as a natural laboratory for a wide array of
scientific inquiries (e.g., Glenn and Arthur, 1985; Canfield, 1989; Codispoti et al, 1991;

Jorgensen et al., 2001). Results from previous studies can provide analogues for

economically valuable processes and ic mineral

chemical processes ( bi and redox it and the effects of climate

on ocean dynamics. These processes have occurred over the course of the Earth’s history
(with some still occurring today): consequently, the Black Sea provides unique conditions
that cause it to be the target of intensive research today (Arthur and Dean, 1998; Murray

etal, 2007).

1.1 Location

The Black Sea is an east-west-tending elliptical basin located between latitudes
40°55" and 46°32' N and longitudes 27°27' and 41°42' E (Figure 1). It is connected to the
Marmara Sea via the Bosphorus Strait; the Marmara Sea is then connected to the Aegean
Sea (Mediterranean) via the Dardanelles Strait. Bulgaria, Georgia, Romania, Russia,

Turkey and Ukraine all have Black Sea coastlines.

1.2 Organic matter
Organic matter preserved in marine sediments can be from two main sources:
degraded products of terrestrial vegetation delivered by rivers, or phytoplankton that live

photosynthetically in the upper ~100 m of the water column (e.g.. Deuser, 1971:

%)
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Fontugne and Calvert, 1992). Initially, when this organic matter enters the water column,
most of it (at least 80%) is consumed and respired as CO, by zooplankton or higher
tropic-level consumers living at various water depths (Deuser, 1971). However, a small
fraction of this organic matter escapes these processes and settles to the bottom of the
basin to become part of the sedimentary record (e.g., Deuser, 1971; Canfield, 1994;
Arthur and Dean, 1998). The organic matter preserves an isotopic signature indicative of
the types of vegetation (such as C; plants, lacustrine algae, marine algae) in the area at the

time of deposition, which can be used to determine sediment sources and past climates.

The amount of organic carbon preserved in marine sediments is dependent on
several factors including the sedimentation rate, the concentration of dissolved oxygen in
the bottom water, and decomposition by bacteria (Canfield, 1994). Organic matter may
become oxidized via oxic respiration, as an electron donor during bacterial reduction of’

seawater sulphate, via denitrification, metal oxide reduction or methanogenesis, with the

first two in this list being the most predominant (Canfield, 1991). Oxic respiration uses
molecular oxygen as an electron acceptor to convert nutrients into energy in living

organisms. (e.g.. Abedon et al., 2008). Sulphate reduction refers to a process of

performed by & phic microbes in anoxic conditions. Using sulphate
(SO as the election acceptor, organic matter is oxidized by these bacteria while
reducing sulphate to hydrogen sulphide (H»S) in order to obtain energy (Equation 1)
(Berner, 1978; Leventhal, 1983). In sediments, H,S reacts with dissolved iron to form
pyrite and related sulphide minerals (Berner, 1984). In general, the overall process of

bacterial sulphate reduction can be summarized as follows:



2CH,0+ 50, —H,S +2HCO,” m

where CH;O, representing a idealized organic matter compound, reacts with the

sulphate in the water to produce hydrogen sulphide and bicarbonate (Westrich and
Berner, 1984).

For the purposes of this project, the composition of organic matter will be used as

a proxy for the imatic and ic history of the southwestern Black

Sea during the Holocene: ~11,700 cal yr BP to present (Walker et al., 2009).

1.3 Regional Geology

The Black Sea formed as an extensional basin in the Early Cretaceous Epoch
(144137 my BP) as a result of the subduction of the Tethys oceanic plate that began in
the Middle Jurassic (180-159 my BP) (Yumaz, 2007). Currently, the southern boundary
of the Black Sea is marked by the east-west-trending Pontide Mountain belt (Figure 2).
These mountains extend along northern Anatolia, creating steep coastal slopes and a

relatively narrow southern shelf, only ranging from 1 to 10 km in width (Yimaz, 2007).

The bedrock of the southwestern region around the Bosphorus Strait consists of the
Western Pontides Group, which is distributed across four tectonic domains: the Istranca
Massif, the Istanbul-Zonguldak Zone, the Armutlu-Almactk Zone and the Sakarya
continent. The former two domains are the closest to the MAR05-50P and MAR0S-51G

coresites on the southwestern shelf (Flood et al., 2009) which are considered in this

thesis. The Instanca Massif is a meta ic complex whose basement

a suite of high-grad ic rocks including gneisses,
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schists, migmatic granite and amphibolites, cut by granitic dykes (Yimaz et al., 1997). It
is overlain by a northerly transported allochthon consisting of phyllites, slates and

recrystallized i The Istanbul-Zonguldak domain is also a high-grade

metamorphic complex and includes it dolerite dykes,

gneiss, schist and intrusive granite in its basement. These rocks are overlain by a Lower
Paleozoic sedimentary sequence, which includes red arkosic conglomerate, sandstone,

siltstones, graywackes and itic shales (Yimaz et al., 1997).

1.4 Physical Oceanography

1.4.1 Black Sea Oceanography

The watermass exchange between the Black Sea and the Mediterrancan is
characterized by a distinct two-layer flow across the straits of Bosphorus and Dardanelles
(Figure 3). The low salinity (17-20%o), seasonally cooler (5-15°C) surface waters of the
Black Sea flow out the Strait of Bosphorus atop the warmer (15-20°C), more saline (38—
39%0) Mediterranean watermass moving northeast from the Aegean Sea. The surface
watermass travels southwest from the Black Sea to the Aegean Sea with an average
velocity of 10-30 ¢cm/s. The bottom waters originating in the eastern Aegean Sea
penetrate into the Marmara Sea through the Strait of Dardanelles and flow northeast
forming the bottom watermass in the Marmara Sea. This watermass penetrates into the
Strait of Bosphorus and flows north with velocities of 5-15 cm/s (Latif et al., 1991).

Strong stratification of the water column contributes to bottom-water anoxia and
hydrogen sulphide (H>S) enrichment in the central Black Sea below water depths of

7
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Sea to ~150-170 m depth at the basin margins near shelf edge (Jorgensen et al.. 1991).

Modified from the Goddard Earth Sciences Data and Information Service Center. 2012



~100 m. The surface layer (0 to ~50 m) is well oxygenated, but dissolved oxygen
decreases slowly with depth. There is a suboxic zone located at the oxic/anoxic boundary
from approximately 50-100 m depth, marked by low dissolved oxygen and the first
appearance of HpS. The thickness of the suboxic zone varies based on location, climate
and time (Murray et al., 1989; Codispoti et al, 1991: Jorgensen et al., 1991). The
concentrations of O, and H,S in this layer do not overlap, rather O, drops to zero and H>S

then rises from zero in this transitional zone (izdar and Murray, 1991; Murray, 1991).

Although significant saline water enters the Black Sea from the Mediterranean via
the Strait of Bosphorus, there is a net export of approximately 300 km'/yr because
freshwater input from several large rivers (the Danube, Don, Dnieper, Dniester and
Southern Bug) and precipitation exceed the saline inflow and rate of evaporation. Surface
circulation in the Black Sea is dominated by two large cyclonic gyres, as well as several
smaller anti-cyclonic coastal eddies. A narrow “Rim Current” circulates along the

direction, ing a set of

periphery of the deep basinal area in a 1t
coastal eddies from the large centrally located gyres (Figure 4) (Latif et al., 1991; Oguz et
al., 1993; Murray et al., 2007). The Rim Current is <75 km in width, and travels at an

average velocity of 20 em/s (Oguz et al., 1993).

There is a permanent halocline and pyncnocline in place due to the vertical
stratification in the Black Sea. This boundary has varied over the evolution of the sea: it
also varies geographically in the present-day Black Sea ranging from ~75 m in the centre
10 up to ~210 m along the margin of the basin (Murray et al., 1991). The location of the

salinity-density boundary is coincident with the chemocline in the modern Black Sea

9
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(Figure 3), which is now between 110130 m depth in the centre, and 150-170 m depth
away from the basin margins (Jorgensen et al., 1991). Below this boundary the bottom
waters are anoxic and above the boundary the water is more oxygenated and supports life
(Codispoti et al., 1991). Due to hydrostatic pressure gradients caused by the Rim Current,
the oxic-anoxic contact has an overall dome-like shape throughout the Black Sea,
resulting in a deeper interface at the shelf edge than in the central regions (Oguz et al.,

1994).

1.4.2 Anastomosed Channel Network

A saline density current may occur when dense normal marine water enters an
area where the ambient water mass is less dense because of a lower salinity. Due to the
salinity difference in the two-way flow system at the northern Bosphorus exit (salinity

contrast of approximately 12%o to 16%o), there is a persistent saline underflow that has

created a shelf-crossing network of d channels (Di lorio et al., 1998; Ozsoy et
al, 2001). The network consists of first-order channels, in-channel barforms, sediment
waves, crevasse channels, levee/overbank deposits and is morphologically similar to that

of a terrigenous anatomosed river system (Figure 5) (Flood et al., 2009).

A main saline-underflow channel extends from the mouth of the Bosphorus Strait,
meandering northwards over 50 km until it reaches the shelf break. Flood et al (2009), in
an overview of the channel system, divide the channel into four general sections: an
inner-shelf channel, a mid-shelf region of poorly confined flow, an outer-shelf channel
network and an upper-slope channel. The inner shelf channel begins at the mouth of the

Bosphorus and continues about 18 km into the Black Sea. Here, the bankfull depth of the
11
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main channel ranges from ~10-35 m and there are several smaller distributaries that
branch off. The mid-shelf channel is broad and extends from 18-26 km along the flow
path. It is characterized by an irregular floor, little or no levées and includes an exposed

basement bedrock ridge that disrupts the general channel flow in this area.

The outer-shelf channel extends from 26-43 km along the centreline of the main

channel, and consists of an anastomosed channel network. The levées in this area are

mounded and dimpled by partially buried conical mounds; streamlined bars (up to 5 km
by 2.5 km) separate anastomosed channels. Channel size ranges from 5-8 m in depth and
from ~200 m to 1.3 km in width. The sediments of the banks and intra-channel bars are
silty muds radiocarbon dated at younger than ~8,000 uncalibrated radiocarbon years
before present (hereafier reported with the units 'C yr BP) (Flood et al., 2009). The
channel floors consist of coarser sand and gravel with some shelly horizons, and are
generally at the level of the shelf-crossing early Holocene transgressive unconformity a.
As the channel network continues toward the shelf edge, the number of channel divisions
increases and the tops of the bars begin to be dissected by secondary channels. It has
been hypothesized that the Rim Current, which is running parallel to the shelf edge, could
be suspending the finer sediments in this area, carrying them across the shelf, thus
providing the materials to build the levées of the channel (Flood et al., 2009; R.N.
Hiscott, pers. comm. 2012). The MAR05-50P and MARO5-51G core sites studied in this

thesis are in the eastern levée of the main outer-shelf channel (Flood et al., 2009).

The upper-slope channel extends from 43-51 km along the channel centreline and

is marked by complex morphology and increasing channel slope gradients. The channel
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ends at about 51 km along the flow path in water depths of ~300 m. It is considered that
the density contrast between the Mediterrancan inflow and the overlying Black Sea
waters has decreased by that point so that there is insufficient contrast to drive the saline
underflow, allowing those waters to lift off the seabed as a mid-water plume (Flood et al.,
2009). Modern observations of pristine sediment waves and young crevasse channels and
young radiocarbon dates from bar top cores (Flood et al., 2009) indicate that channel

processes are active today.

1.5 Reconnection Hypotheses

Due to the Black Sea’s interesting geology and oceanography, geologists have
been researching for the past seven decades the evolution of the sea at various stages of
its reconnection with the world’s ocean following the last glacial cycle. During the last
glacial maximum (~20,000 yr BP) the Black Sea was disconnected from the global
oceans. This was due to relative sea level being lower than the shallow sill depth of the
Strait of Bosphorus (~40 m); the only connection to the Mediterrancan. The process by

which the Black Sea became reconnected, however, is under intense debate. Currently,

there are three ion hypotheses: the Flood hesis, the Ouiflow Hypothesis

and the Oscillating Sea Level Hypothesis.

1.5.1 Flood Hypothesis
The Flood Hypothesis was initially proposed by Ryan et al. (1997a/b) and Ryan
and Pittman (1998) as a part of a joint US-Russia-Turkey research collaboration, and

y izes a i ion of the Black Sea with the world’s oceans. The
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authors challenged the widely accepted hypothesis that there was a gradual post-glacial
inflow of saline Mediterranean water entering a full Black Sea “lake”, commencing
around 9,000 'C yr BP (e.g., Ross et al., 1970, Degens and Ross, 1972, Deuser, 1972).
The authors instead propose that from 14,700 to 10,000 "“C yr BP, the Neoeuxinian lake
(now the Black Sea) was partially empticd due to evaporation and reduced river input,
with the lake level standing at =140 m, ~100 m below the Bosphorus sill depth. Then,
rising global sea level ruptured a hypothetical sediment dam in the Bosphorus at 7,150

C yr BP, resulting in a catastrophic flooding of the continental shelf. The authors

argued that the flood caused the si and sudden of marine
organisms in the Black Sea, caused a decrease in sedimentation rate and produced

organic-rich sedi Ryan and ¢ kers estimated that the exposed shelf

was over 100,000 km? in area and due to the geometry of the Bosphorus inlet, it was
possible that an excess of 50 km® of Mediterranean water invaded the Black Sea lake
once the sill was breached. They proposed that the lake level rose at a rate of
approximately 15 centimetres per day, rising over 100 meters in a matter of two years.
This flooding submerged over 100,000 km® of the previously exposed shelf, abruptly
forcing early human inhabitants inland (Ryan et al., 1997a; Ryan et al., 1997b). Ryan and
Pitman (1998) further suggested that this flood might be the basis of the ancient flood
myths (e.g., found in the Epic of Gilgamesh, the Epic of Atrahasis, and the Epic of
Ziusudra [Keller, 1981; Lambert and Millard, 1969; Best, 1999]), including the biblical
account of “Noah’s Flood”. The evidence for the 1997/1998 proposal of the Flood

Hypothesis was mainly radiocarbon ages of the oldest marine shells (7,150 ''C yr BP)
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found in marine sediment cores from the northern Black Sea shelf, as well as about 350

km of high-resolution seismic profiles (Ryan et al., 1997a; Ryan et al., 1997b).

Major (2002) and Ryan et al. (2003) modified the date of the flooding to 8,400 'C
yr BP based on a sudden shift in the strontium isotope ratio in biogenic carbonate at that
time. They then attributed the younger 7,150 "*C yr BP shell date to a salinization time
lag. Ryan et al. (2003) also proposed a second older high water level (due to river inflow)
at 11,000 to 10,000 "*C yr BP that resulted in export of water into the Marmara and
Mediterranean seas. As a result, according to the Flood Hypothesis, the Black Sea
experienced two lowstand periods (—120 m at 13,400 "*C yr BP through to 11,000 "*C yr
BP and ~95 m from 10,000 to 8.400 "*C yr BP) that preceded the two flooding events. It
should be noted that the younger flood at 8,400 "*C yr BP is referred to as the “Great

Flood™, which is still idered by some hers to be i with biblical

accounts.

1.5.2 Outflow Hypothesis
Multi-proxy data from Memorial University of Newfoundland rescarchers (among,

other institutions) conflicts with the Flood Hypothesis. Instead, Aksu et al. (2002a)

initially proposed the Quiflow Hyy sis I, which a gradual ion of
the Black Sea and the eastern Mediterranean over thousands of years, accompanied by
significant time lags, rather than one catastrophic event (Figure 6). This hypothesis was
based on work completed in the Aegean Sea, Marmara Sea and Black Sea area (Aksu et

al., 1999b; Aksu et al., 2002b; Hiscott et al., 2002), as explained below.
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The Qutflow Hypothesis I stated that the Black Sea rose to the level of the

sill (—40 m) at imately 11,000 to 10,000 '“C yr BP. At this point, the
Marmara Sea level was approximately 20 m below the sill depth, cut off from the Black
Sea but connected to the Aegean Sea since approximately 12,000 'C yr BP through the
deeper Dardanelles Strait (Catagay et al., 2000). Brackish waters from the Black Sea
began to flow south through the Bosphorus, forming a delta (Al) in the Marmara Sea.

This outflow was propelled by the drainage of the major eastern European rivers and left

an imprint in the microfossil assemblage as well as the geochemistry of Marmara Sca

sediments. The one-way outflow continued until approximately 9,000 "'C yr BP, when
the level of the Marmara Sea reached the Bosphorus sill depth. From here, it was
hypothesized that over the course of 500 to 1,000 "*C yr, the denser, saline Mediterranean
waters intruded into the Bosphorus Strait and eventually into the Black Sea, establishing
the current two-way flow exchange, likely by 8,000 "*C yr BP. The Outflow Hypothesis |
proposed that the pycnocline gradually rose with the inflow of saline waters, and by 7,500
"C yr BP (in accordance with the arrival of the first Mediterranean immigrants), the
salinity on the shelf rose to a level suitable for colonization by marine species (Aksu et

al., 2002a).

After the proposal of the two outflow events at 16,000 to 14,700 "C yr BP and
11,000 to 10,000 "*C yr BP by Ryan et al. (2003), a modified OQuiflow Hypothesis Il was
proposed by Hiscott et al. (2007a, b) that included both of these events. Hiscott et al.

(2002) noted an older delta (A2) in the north-eastern Marmara Sea below Al. The



16,000-14,700 "*C yr BP outflow was offered as an explanation for the formation of A2,

although Hiscott et al. (2007a) had no age control for A2.

Erig et al. (2007) have claimed that Al and A2 have ages of 3,800 - 6,200 "*C yr

BP and 10,500 — 11,500 '*C yr BP, respectively, seriously ising a of
the Outflow Hypothesis 1. However, multibeam and seismic surveys conducted by

M ial University of in 2011 suggest that Erig et al. (2007)

miscorrelated their giant piston core MD-2750 to the seismic stratigraphy, so that these

younger ages might be invalid (R.N. Hiscott, personal communication, 2012).

1.5.3 Oscillating Sea Level Hypothesis

A third hypothesis for the reconnection of the Black Sea with the world’s ocean in
the Holocene is the Oscillating Sea Level Hypothesis, based initially on the conclusions of
Kerey et al. (2004) and Yanko-Hombach et al. (2004). They suggest that the increase in
sea level in the Black Sea was neither catastrophic nor gradual. Instead, they suggest that

it rose to present-day levels in an oscillating manner. This hyp is is based on

extensive multi-proxy data collected by the former Union of Soviet Socialist Republics
and former eastern bloc scientists throughout the Black Sea since 1971. The timeline for
this hypothesis begins at 27,000 “C yr BP during the Wiirm (Middle Weichselian)
glaciation within the Last Glacial Period (Yanko-Hombach, 2007). Up until this time, the
authors state that brackish Tarkhankutian Basin (coincident with the modern Black Sea)
was connected to the Marmara Sea via the Bosphorus Strait, based on palynological

evidence found within the strait. Then, the connection was interrupted due to drop in sea
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levels and drought conditions brought on by the Last Glacial Maximum (~27.000 —
18,000 C yr BP). This resulted in a drop of ~100 m in water level, transforming the
Tarkhankutian basin into the completely isolated Early Neoeuxinian lake. At~17,000 "'C
yr BP, the climate began to warm which caused water from most likely the Caspian Sea
to enter the Late Neoeuxinian lake via the Manych Spillway, raising the water level to
approximately —20 m. This also produced a small overflow effect, releasing brackish
water into the Marmara Sea and eventually into the Aegean Sea. The Younger Dryas
(~11,000-10,000 "*C yr BP) brought on cooler climates, reducing the water level to about
=50 m. The level rose again to —20 m due to inflowing dense, saline Mediterrancan
waters, and by 10,000 ''C yr BP, according to this hypothesis, the surface never fell
below —40 m again. However, the authors propose that these waters entered the Black
Sea via an alternative route, such as Izmit Bay to Sapanca Lake to the Sakarya River
since there is a lack of evidence of marine organisms in the Bosphorus Strait prior to
5300 "¢ yr BP (Kerey et al., 2004; Yanko-Hombach et al., 2004). Based on this route
and the sea level of the Mediterranean at 10,000 'C yr BP, saline waters began to enter
the Black Sea in an oscillatory manner. The oscillatory reconnection is suggested to have
raised the water level at a rate of, on average, 3 cm/100 yr, which could not be deemed
catastrophic. Likewise, due to the oscillatory exchange, the outflow from the Black Sea
would be periodically broken afier 10,000 "*C yr BP, which is in contrast to the Outflow

Hypothesis 11 (Yanko-Hombach, 2007).



1.6 Previous Work

1.6.1 Channel Network Mapping

Cores MAROS-50P and MAROS-51G studied in this thesis were taken due to their
close proximity to the anastomosed channel network northwest of the mouth of the
Bosphorus Strait (Ozsoy et al, 2001, Flood et al., 2009). The evolution and morphology
of this channel system are discussed by Flood et al. (2009). A sun-illuminated image
(Figure 5) and seismic profile (Figure 7) show the proximity of the cores to the channel

network.  As well, both the carly Holocene transgressive unconformity « and the

unconformity can be seen relative to the core sitt MAR05-50P in cross-section (Figure 7).
Flood et al. (2009) attribute the a; unconformity to subaqueous erosion beneath wind-

driven currents and this boundary can be seen throughout the southwestern shelf region.

1.6.2 Core Descriptions
Cores MARO05-51G and MAROS-50P were described by Dr. Ali Aksu on
November 9", 2005, at Memorial University. Standard lithological and palacontological

notations were made as well as sediment colour using the Geological Society of America

Rock-Colour chart. Grain size for core MAR05-50P was determined by Dr. Richard
Hiscott using a Horiba® model LA-950 laser particle-size analyzer, which can detect

particles within the range 0.01 pm to 3000 pm.

1.6.2.1 MAR0S-51G
As described by Dr. Aksu in 2005, gravity core MAR0S-51G is composed of

mainly silty mud. The core is divided into two lithostratigraphic units, Unit 1 and Unit 2
21
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on the basis of sediment texture. Unit 1 extends from the top of the core to about 58 cm.
It is characterized by colour banded and colour mottled silty-mud. The colour alternates
between dark gray (N3) and olive gray (5Y4/1). The texture shows moderate
bioturbation, specifically large concentric burrows. Isolated shells are present throughout
the unit. Unit 2 extends from 58 cm to the bottom of the core. This unit is predominately
olive gray (5Y4/1) slightly colour mottled silty-mud. There are two shelly horizons at
depths of 90 cm and 107 ¢m. Similar to Unit 1, Unit 2 shows moderate bioturbation with
isolated shells throughout (Figure 8). At 145 cm depth, an in-situ Mytilus
galloprovincialis molluse shell was radiocarbon dated to 3105 = 90 calibrated calendar

years before present (hereafter reported with the units cal yr BP) (Table 1).

1.6.2.2 MAR0S-50P
The upper part of piston core MARO3-50P is similar to core MAR0S-51G and is
composed mostly of silty mud. Three lithostratigraphic units are identified in this core:

Units 1, 2 and 3, as described below.

Unit 1 extends from 0 ¢cm to approximately 45 cm depth, and exhibits colour
banded and colour mottled layers. There are some burrows as well as a small number of
shells within this unit, including Parvicardium exiguum. Unit 2 extends from about 45
cm to 645 cm depth. It is olive gray (5Y4/1) in colour, slightly colour mottled and shows
moderate bioturbation, isolated shells, as well as four shelly horizons (Figure 8). Notable

shells include Mytilus galloprovincialis, Spisula

. Abra alba and Cyclope

donovania. Both Units 1 and 2 have a mean grain size of ~6.5¢ (Flood et al., 2009), with
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all standard deviations falling within the silt classification limits. The sand fraction for
both units is generally less than 10% (Figure 9).

At 645 cm depth in core MAROS-50P, there is an inferred unconformity that is
marked by an abrupt change in colour, mean grain size, sand fraction and texture (Figures
8 and 9). This unconformity is correlated with the «; marker of Hiscott et al. (2007b)
based on its similar "*C age and lithology seen above and below the boundary, as well as
attributes of the corresponding seismic units which are separated by a truncation surface
at the MAROS-50P core site (Figure 7; Flood et al., 2009). Unit 3 extends from the «;
unconformity to the bottom of the core at 738 cm depth. From 645 ¢cm to 698 ¢cm depth,
the core shows slightly coloured mottled brownish black (SYR2/1) burrowed muds with
frequent fine sand and silt laminae. From 698 cm to 734 cm depth, the colour passes
from dark grey (N3) to brownish black (5YR2/1), but the sediment maintains the same
grain size and texture. Finally, at the base of the core from 734-738 c¢m, there is a spike
in the mean grain size. This is due to the presence of light olive gray (5Y5/2) gravelly
sandy mud with shells. The shells are rounded and reworked — most are large juvenile
Dreissena polymorpha, with the largest shell dimension being ~0.7 em. The sand fraction
also increases to approximately 40% at the base of the core within this 4 cm interval. Due
to the intermittent fine sand laminae seen in Unit 3, the mean grain size rises to ~5.5¢

(Figure 9).
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1.6.3 Radiocarbon Dating
Radiocarbon dating uses the steady decay of '*C to date materials that are of late
Pleistocene to Holocene age. The production of the radioactive isotope ''C occurs

naturally as a secondary effect of the c of the upper
The radiogenic isotope quickly oxidizes (on the order of hours to days) to form "'CO,.

Stratospheric winds then distribute these molecules th h the | resulting

in a relatively well-mixed distribution of "CO; at the Earth’s surface. The world’s
oceans absorb approximately 85% of these molecules, while only 1% is absorbed by
terrestrial material, primarily through photosynthetic processes. As a result, the 'C ratio
of living organisms is the same as the "'C ratio in the atmosphere at the time of
absorption.  This content is maintained in equilibrium with the atmosphere through
metabolic processes until the living organism dies. Given that 'C decays at a steady rate

(half-|

= 5730 + 40 years), the age of biomineralization by the dead organism can be
calculated (Taylor and Aitken, 1997).

Radiocarbon dates are reported in years before present (yr BP), where “present” is
1950 by international convention. During the 1955-1963 Common Era, the detonation of
nuclear and thermonuclear bombs created an artificial and dramatic increase in 'C in the
atmosphere. As a result, dates after 1950 generally are not available using the radiocarbon
dating technique. Dates taken directly from the samples are considered raw or
uncalibrated, as they do not account for the variation of the levels of atmospheric 'C over
the course of geologic time. However, the raw dates can be calibrated using the results of
dendrochronology and computer software such as OxCal or Calib, to produce calibrated
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years before present (cal yr BP). This process uses d to align
raw radiocarbon ages with known, constant solar ages obtained by counting tree rings
(Taylor and Aitken, 1997), or by using other absolute dates to calibrate the raw results.

This calibration method is further explained in Chapter 2.

Previously dated material from cores MAR05-50P and MAR05-51G has been

published in the Flood et al. (2009) (Table 1). These samples were sent to the IsoTrace

Laboratory, A Mass S y Facility at the University of

Toronto in Ontario, Canada. They were in an mass

using a conventional analytical "'C half-life of 5,568 years, and the errors represent
68.3% confidence limits. The raw dates as well as the calibrated dates for these samples,

and the new, previously unpublished dates, are further discussed in Chapter 3.

1.6.4 Related Cores

On the southwestern shelf of the Black Sea, previous Memorial University of
Newfoundland projects have provided some insight into the history of organic-matter
deposition in Holocene muds. Using short cores slightly northwest of the MAR0S-50P
site on the Black Sea shelf (the closest at 41°42'N, 28°43'E), Adetona (2005) found that in
the shallow sediments, the signatures of the organic material are consistent with the
mixing of isotopically heavier marine matter (~ —23%o) with lighter terrestrial matter (~
~27%a). with ~50% of the organic matter being of marine origin (c.g.. algal). In the
deeper sediments, the organic matter was predominantly (~80%) from terrestrial and/or

lacustrine sources. Cranshaw (2007) also found that the organic component of the deeper
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Table 1: Uncalibrated radiocarbon dates (*C yr BP) for cores MAR05-51G and MAROS-
S0P, as published in Flood et al., 2009.

MAR0S-51G | 145 | Mytilus galloprovincialis 3280  [+60 | TO-13101
MARO5-50P_| 44 Mytilus galloprovincialis |[2590 |90 | T
MAROS-50P [ 180 | Mytilus galloprovin 3240 |+50 | TO-1309
MAROS-50P 279 | Mytilus galloprovincialis 3250  [+70 | TO-13097
MARO5-50P_| 340 | Mytilus galloprovincialis |4320 | +60 | TO-13098
MARO5-50P_| 435 | Mytilus galloprovincialis | 5330 [+70 | TO-13099
MARO5-50P_| 670 | Dreissena polymorpha | 9880 |+ 110 | TO-13100
MAROS-50P | 737 | Dreissena spp.- pristine | 10270 [ +90 | TO-12915
MARO5-50P | 737 | Bivalve fragments- worn | 32190 | +280 | T0-12734




sediments was mostly terrestrial and/or lacustrine in origin (82-100%) on the
southwestern Black Sea Shelf, using a core located at 41°09.987'N, 31°07.686'E.

The proposed research will augment this database with new work closer to the
Bosphorus exit into the Black Sea, and will synthesize these new results with past data to
extract general conclusions regarding deposition of organic matter in this unique

environment.

1.6.4.1 MARO2-45P and MARO2-45T

Piston core MAR02-45P and its co-located trigger-weight core MARO02-45T were

collected from the i ion on the Black Sea shelf during
the 2002 RV Koca Piri Reis research cruise. Both cores were raised from 69 m water
depth at 41°41.170°N, 28°19.080°E, which is approximately 66 km west-northwest of the
MARO05-50P/MARO5-51G core site. MARO02-45T is 180 cm in length and MAR02-45P
836 cm in length. It was determined using radiocarbon dates that there is approximately
110 ecm missing section from the top of the piston core (Hiscott et al., 2007b).
Consequently, a composite core of 946 cm total length was created, which is conformable
at the a; level, is unconformable at the « level, and spans most of the Holocene (up to
10,350 cal yr BP). This composite core is referred to as MAR02-45. Sedimentological,

P 2!

and

| analyses were on the core
and published in Hiscott et al. (2007b), Marrett et al. (2009) and Mertens et al. (2012).

These data will be used for correlation purposes in Chapter 5.



1.6.4.2 MAR05-13P and MARO5-04G

During the 2005 RV Koca Piri Reis research cruise, gravity core MAR0S-04G
and piston core MAROS-13P were collected at 41°09.947'N, 31°07.715'E and
41°09.987'N, 31°07.686'E, respectively at a water depth of 75 meters. These core sites
are located approximately 175 km cast-southeast of the MAR0S-50P core site, cast of the
mouth of the Strait of Bosphorus. Corc MAR05-04G is 171 cm in length and core
MAROS-13P is 813 cm in length. The lithological descriptions of cach can be found in
Cranshaw (2007). There is approximately 30 cm of core-top loss in MAROS-13P. As a
result, a composite core was created with MAR0S-04G. The composite core will be
referred to as MARO3-13 and will be used in Chapter 5 for correlation purposes with
MAROS-50. Ages at the base of the composite core extend to the late Holocene (11,236

cal yr BP). Geochemical data, some palynological results, as well as seismic profiles for

cores MARO05-04G and MAROS-13P have been previously presented in Cranshaw (2007)

and published in Mertens et al. (2012).

1.7 Carbon Isotopes and Total Organic Carbon (TOC)

Carbon, atomic number 6, has two stable isotopes: "°C = 98.89 percent abundance
and C = 1.11 percent abundance. Carbon has one radioactive isotope, "*C, which is
often used for dating material due to its presence in organic material, as well as its half-
life of 5730 = 40 years. Natural processing of carbon such as atmospheric cycling,
mineralization and photosynthesis all have their own distinct isotopic carbon (5"C)
signature.  Generally, biogenic processes tend to result in an enrichment of the light

isotope, '?C, whereas isotope exchange reactions between carbon dioxide and carbonate
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minerals result in the enrichment of the heavier isotope, *C. The carbon isotopic
composition is expressed in delta notation; that is, the ratio of "*C to 2C. By convention,
this ratio is presented as in Equation 1 (Faure, 1977):

unpie (*CI”C),
CCIC) s

. _[¢ero)

- ket | 100090 )

where standard refers to the international reference standard Vienna PeeDee
Belemnite (VPDB).

Total organic carbon (TOC) refers to the amount of carbon bound in an organic
compound of biological origin. TOC is useful in delincating the sediment source,
whether marine or terrestrial, determined using the 8 *Croc and the equations of Fontugne
and Calvert, 1992; elaborated in Section 2.5). It is also useful for determining the local
sedimentation rate (as rapid burial can enhance organic matter preservation), as well it is
an indicator of anoxia, drinking water quality and petroleum source-rock quality (Waples,

1985).

1.8 Sulphur Isotopes and Total Sulphur (TS)

Sulphur, atomic number 16, has four stable isotopes, with the following
abundances: *2S = 95.02%, S = 0.75%, *'S = 4.21% and *°S = 0.02%. With respect to
isotopic abundances, ratios are determined using the light S isotope and the heavier *'S,

expressed in terms of §**S (Faure, 1977):

S 8) e =S S) it
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where standard refers to the international reference standard Canyon Diablo
troilite (FeS) meteorite.

Variations in the isotopic ratio of sulphur can be due to several environmental
factors. One such process is known as biogenic fractionation, which refers to the

reduction of sulphate ions by anaerobic bacteria that live in buried marine or lake

Through erobic iration, bacteria remove the oxygen from sulphate
ions (SO4¥) in organic matter and excrete hydrogen sulphide (H,S). This product is
enriched in the lighter 32g isotope, which can be used as an indicator of this process. The
hydrogen sulphide produced in these reactions often goes on to react with iron found in
the sediments to produce the mineral pyrite (FeS,). Total sulphur (TS) can also serve as a
proxy for the amount of pyrite in marine sediments, which can be used as a reflection of

the quantity of sulphate reduction occurring in the sediments (Faure, 1977).

1.9 Rationale

Since the amount of organic matter found in sediments is regulated by sea level,
salinity, depositional environment, dissolved oxygen content, and the vigour of primary
production relative to input from terrestrial sources, the study of preserved organic matter
in a marine core can yield valuable information regarding the local environmental
conditions. Such information can then be used in conjunction with other published data
to interpret conditions during the Holocene reconnection of the Black Sea with the

world’s oceans.
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1.10 Research Questions

.

.

The specific scientific objectives of this thesis are:

to correlate the lithologies in cores MARO0S-50P/MAR05-51G and to create a final
composite core MAR05-50 using the organic geochemical multiproxy data and
radiocarbon ages in selected shell samples:

to erect a chronostratigraphic framework for cores MAR05-50P/MAR05-51G, using
several radiocarbon dates, calibrated to correct for the apparent reservoir offsets;

to determine the source of the organic matter (i.e., whether marine or terrestrial) in the
southwest Black Sea shelf sediments extracted in MARO0S5-50P/MARO5-51G, using

the organic geochemical data in samples extracted at 10 cm intervals;

to construct a pal: i and p ic history of the core sites,

and to compare these results with previous work;

to compare the geochemical findings in cores MAR05-50P/MARO5-51G with other
multi-proxy data to identify any trends within the data set that can constrain specific

environmental changes. Currently, students and colleagues of Aksu and Hiscott are

and pal gy of the same cores.

working on the

These data will be available for comparison purposes, which will help to develop a

more holistic story of the watermass evolution and the history of reconnection for

future research;



to correlate the i data of the ite core MAR05-50 with two

southwest Black Sea shelf composite cores, MAR05-13 and MAR02-45 to identify
regional trends; and

to evaluate the data to see if there are contributions to be made to the validity of three
existing hypotheses regarding the watermass reconnection history of the Black Sea

with the eastern Mediterranean Sea.



Chapter Two: Methodology and Analytical Procedures

2.1 Coring

The field area for this project is located in the southwestern Black Sea. During a
2005 cruise (MAROS), several sediment cores were collected from the southwestern shelf,
using a Mooring Systems Inc. piston and gravity corer and the research vessel RV Koca
Piri Reis of the Institute of Marine Sciences and Technology, Dokuz Eyliil University.
The cores were collected to recover various sedimentary features associated with a saline
density current channel where Mediterranean water cascades, at depth, into the lower-
salinity Black Sea (Figure 10). The piston core MARO05-50P (41°29.634' N and
29°04.445' E) and a near by gravity core MAR0S-51G (41°29.471"' N and 29°04.393' E)
are selected for a detailed organic geochemical and stable isotopic study. According to
the GPS coordinates, there is approximately 310 meters between these two core sites.
The gravity core MAR-51G has a total length of 157 cm, while the piston core is 738 cm

in length. The water depth at the core sites is 91 m (Flood et al., 2009); this places the

core site above the ine/ ine, as well as the

2.2 Sampling

Eighty-nine wet sediment samples were taken from the centre of the working
halves of the split cores at 10 cm intervals in both MAR05-50P and MARO0S-51G. Each
individual sample was put in a clear plastic package and labelled accordingly. All

samples were kept in a cold storage unit in the Department of Earth Sciences, at a

36



~

-

*(6007) '[2 12 Poo[| Wolj pAYIPON

‘sasodind uonE[a10d 10§ Pasn aq [ 1BYL DPO-SOAVIN/IEI-SOAVIN PUB [SH-TOAVIN/ISH-TOUVIN $2100 pue (£213) pud

Srwistas “(ul] Yor[q panop) uoLur) snioydsogy Yy Jo SIXe Yy (ul] 3FUBIO PI[OS) [UURYD JUILIND KJISUIP-UIES Y] I8 UMOYS

os[y “Anawikyieq 3UMOYs “J[aYs B YOR[E WIASIMYINOS Y} U0 H[S-COYVIN PUB JOS-SOYVIN S2100 JO UONBIOT (] 231
316 3.08 3.62 382

wens

Nolv | sruoydsog—_

OUS-SOUVW
® /d0S-SO¥YW

- lsv-zosvw
O\ /dSP-Z08VIN

Nzt -

©35 >e|g




temperature of ~6°C. The time between sample collection and processing for this thesis

was approximately 48 months.

2.3 Sample Preparation

2.3.1 Proce.

ing of Sediments

d

Once the individual depth intervals were noted, the samples were then proc

to remove carbonate material from the sediment in order to eliminate the inorganic carbon

component.  Approximately 1 cm® of wet sediment was placed in a 100 ml plastic

cup. Reagent-grade 38% hydrochloric acid was diluted using equal parts of
acid and distilled water. This resulted in an approximately 19% hydrochloric acid
solution which was added to the plastic measuring cups in a standard fume hood.
Samples were left to react for 24 hours, with periodic stirring to that ensure the HCI
digested all carbonate material.

The dissolution process was determined to be complete when there was no longer

any bubbling or fizzing in the sample cup. Once complete, the acid solution was
decanted from the cups, the samples were transferred to 50 ml plastic vials and rinsed
with distilled water. The vials were then centrifuged to rapidly settle the sediments to the
bottom. The water was then decanted from the vials and replaced with distilled water,
and the samples were then returned to the centrifuge. This process was repeated three
times in order to ensure the acid was fully removed from the sediments.

Next, the samples were transferred to aluminium cups and placed in an oven set at

40°C to dry overnight. The dry carbonate-free sediments were then removed from the
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oven and ground by hand with a mortar and pestle. Finally, the samples were transferred

to small glass vials and labelled for geochemical analysis.

2.3.2 Sediment Weighing

The dry sediments were then brought to the Stable Isotope Laboratory in the
Department of Earth Sciences where each sample was weighed into 7x7 mm tin capsules.
Approximately 15 mg of sample was weighed out for sulphur elemental and isotopic
determination using a Metler Toledo AT21 balance. Approximately 14 mg of sample was
weighted into a second set of capsules for carbon analysis. Approximately 0.2 mg of
vanadium pentoxide was added to the samples, which acts as a catalyst for oxidation.
The tin cups were then folded over and compressed into tiny balls and placed in a labelled
96-welled plastic tray. Once the samples were weighed, sets of internal and sample
calibration standards were also prepared in the same manner to be added to each run. The

standards used are listed in Table 2

2.3.3 Gypsum Crystals
Euhedral gypsum crystals were discovered in the >63-micron fractions of cores
MARO5-50P and MAROS-51G that were collected by fellow MSc candidate Lorna
Williams. The fractions were collected as part of her thesis on ostracod biostratigraphy.
The sediment samples required for her project were collected at the same time as the

in December 2005. The gypsum crystals were

geochemistry samples used in this thesi
not present in the freshly split cores when they were initially described (R.N. Hiscott,
personal communication), so it is concluded that they formed during the several months
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Table 2: Known/accepted values for the reference materials used for instrument, element and isotope calibration. MUN-CO-2

and IAEA-CH-6 are used for carbon isotope calibration and USGS-24 is a standard for carbon isotope and elemental analyses.
and MUN

are primers used for elemental calibration of carbon and sulphur. IAEA-S-2 (NZ-2)
and IAEA-S-3 are used for sulphur isotope calibration, and B2150 (high organic sediment) is a standard for sulphur isotope and
elemental analyses. IAEA-S-1 (NZ-1) is used as a check standard for sulphur isotopes, while W95-32 PY is used as an internal

primer for assessing the stability of the instrument. Carbon isotopic values are measured with respect to the international

reference standard Vienna PeeDee Belemnite (V-PDB), while the sulphur isotopic values are measured with respect to the
Vienna Canyon Diablo Troilite (V-CDT) international reference standard.

ulphur wt %
10.45 = 0.13
~16.05«0.11
—41.11 = 0.09
18.62
Sulphanilamide 18.62
TAEA-S-1 (NZ-1) 12.94 ~0.30 (exact)
IAEA-S-2 (NZ-2) 12.94 | +22.67 = 0.15
IAEA-S-3 12.94 —32.55£0.12
B2150 0.92 =0.01 +5.19+0.16
W95-32 PY .24 = 0.66

o



after core splitting and before the samples were prepared for geochemical and

palacontological analysis. Because gypsum is a sulphate mineral, the effects of crystal

formation on sediment analysis had to be considered, specifically to determine

gypsum
erystallization involved isotopic fractionation and if HCI treatment of bulk samples
dissolved some of the gypsum. According to laboratory experiments conducted by Li and

Demopolous (2005), gypsum is stable in low ions of HCI at room

The following process was completed by Williams to obtain the >63 micron fractions.

Starting in December 2009, samples were first disaggregated in a 1% solution of
sodium hexametaphosphate (calgon) and left overnight.  Then, each sample was
transferred to a glass beaker, where approximately 10-15 ml of a 30% solution of
hydrogen peroxide was added. The beakers were then boiled for approximately 10
minutes using a hot plate in order to assist with disaggregation. Samples were then
cooled, wet sieved through a 63 pm screen and dried in an oven at approximately 30°C.
The >63 pm fractions were then weighed and placed in individually labelled sample vials.
These samples are referred to as Batch 1. Due to damage to the original ostracod
separates while being transported by air, this process was then repeated in August 2010
by Williams using fresh sediment samples from the archive half of core that had been
stored in the cold storage unit. This resulted in a second round of >63 um samples know
as Batch 2. This batch was processed in the same manner as Batch 1, however the
hydrogen peroxide bath and boiling step was omitted as it was deemed unnecessary.

For this thesis, the number of gypsum crystals in each sample of Batch 1 and

Batch 2 was counted using a stereographic binocular microscope. For samples with large
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amounts of gypsum crystals, a micro-splitier was used to divide the sample evenly.
Weights, grain counts and gypsum abundance results for both Batch 1 and Batch 2 are

presented in Chapter 3. The semi-quantitative scale for gypsum abundance (Table 3) was

devised by the author, based roughly on the conventional ACFOR abundance scale used
in ccological studies (i.c., abundant, common, frequent, occasional, rare) (¢.g.. Allen et

al., 2006). Gypsum abundance results are presented in Chapter 4.

Table 3: Parameters used to classify the abundance of gypsum grains in each sample

interval. Abundance scale based on i logical ACFOR scales (e.g., Allen et
al., 2006).

Abundant 5
Common 200 to 499 4
Frequent 5010 199 3
[¢ i 1010 49 2
Rare 109 1
None 0 0

Using sample intervals with high gypsum abundances, 6 samples of crystals were
collected from Batches 1 or 2. Each sample consisted of ~50 gypsum grains of various
sizes, with enough mass to produce >4 mg of powdered gypsum. Of those, samples 430,

460 and 470 were taken from intervals with a mean bulk total sedimentary 8'S value of

2+ 0.92%0. Meanwhile, samples 490, 520 and 540 were taken from intervals with
total sedimentary §**S values that ranged from ~16.4%o t0 +2.6%. Each sample was
crushed using an agate mortar and pestle, then transferred to individually labelled vials
and put in a desiccation chamber in the Stable Isotope Laboratory to prevent excess water

vapour absorption from the atmosphere.
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2.3.4 Gypsum Weighing

Using the Metler Toledo AT21 balance in the Stable Isotope Laboratory,
approximately 2.4 mg of powdered gypsum was weighed out into 7x7 mm tin capsules
and approximately 0.2 mg of the catalyst vanadium pentoxide was added. The 12 sample
capsules, along with 3 duplicates, were compressed into tiny balls and stored in a 96-well
plastic tray. The calibration standards, prepared in the same manner, are listed in Table 2.

For this run, only the standards containing elemental and isotopic sulphur were used.

2.4 Analytical Techniques

All samples and standards in this thesis were analyzed using high-precision

11 isotope-ratio mass in the Stable Isotope Laboratory.
High-precision with respect to mass spectrometry indicates that results have a standard
deviation of 4 to 6 significant figures, as defined by Brenna et al. (1997). Each sediment
sample was analyzed for the carbon and sulphur stable isotopes (8°C and §*'S) of the
bulk organic matter, as well as total organic carbon (TOC) and total sulphur (TS) contents

of the sediments.

2.4.1 Principles of Isotope-Ratio Mass Spectrometry

A mass spectrometer is commonly used in chem analyses to separate and

count charged atoms and based on their ratio (m/z). Detection of

mass and charge is done electronically when particles are passed through an electro-

magnetic field (Faure, 1977). In order to obtain the desired results, continuous-flow
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isotope-ratio mass spectrometry requires the use of both an elemental analyzer, as well a

gas isotop io mass sp (IRMS).

2.4.2 Elemental Analyzer

Elemental analyzers are used to automatically prepare samples by converting the
solid sample into a pure gas for analysis in the isotope-ratio mass spectrometer (Figure
11). First, the prepared tin capsules containing either sample of sediment or standard are
loaded in the automatic sampler carousel in the specified run order. One at a time,
samples are dropped into the heated reactor where they are flash combusted with oxygen.
Using a continuous flow of helium as a carrier gas, the products then travel through

oxidation and reduction chambers for the removal of any excess oxygen. Next, the ga:

pass through a Mg(ClOy); trap to remove water. Then, the gas passes through a 1.2-m
Poropak QS 50/80 gas chromatograph at 70°C to separate the gas-phase products before
sending the gaseous sample to the isotope-ratio mass spectrometer via the helium carrier
gas (Brenna et al., 1997). In these experiments, the elemental analyzer used was the
Carlo Erba NA1500 Series 1, located in the Stable Isotope Laboratory at the Department
of Earth Sciences. The unit was interfaced with the mass spectrometers using a ConflolIl
interface and was used to determine carbon and sulphur elemental and isotopic

abundances.

2.4.3 Conti Flow Isotope-Ratio Mass S v
Once the pure gases are prepared in the elemental analyzer, they travel into the
mass spectrometer. Continuous-flow analysis uses a constant flow of a carrier gas,
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helium in this case, in order to bring the combusted sample to the mass spectrometer.
Modern mass spectrometers are comprised of three essential components: an ion source, a
magnetic analyzer and an ion collector (Figure 12). All components are evacuated to

pressures of the order of 1010 10 mm Hg (Faure, 1977).

The CO; or SO, gas molecules are first introduced into the ion source where they
interact with a focused electron beam. This beam strips the electrons from gas molecules
creating positive ions, which are then propelled down a flight tube toward a negatively
charged plate. Part of the ion beam passes through a slit in the plate and then enters the

magnetic field of an whose field is i to the direction of travel

of the ion beam. This causes the ions to deflect in a circular path with radius proportional
to the individual mass of each ion— heavier ions are less deflected than the lighter ions.
The separated ion beams continue onto the collector array that consists of three or more
Faraday cup collectors. The collision of the ion with its specific cup is counted and
converted into a digital output (Faure, 1977). The result is the isotope count in parts per
mil (%) as well as the bulk element composition of the specific sample. The calculated
isotope ratios, '*C/"C and *'$/*?S, are compared to the international reference standards
(as previously seen in Equations 2 and 3 in Chapter 1) which determines the isotopic ratio

in the sample, given in delta notation.

2.4.4 Sulphur Samples

The sulphur samples and standards were run in July 2010 using the Fi

nigan

MAT252 gas-sc isotops i0 mass in the Stable Isotope Laboratory.
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Each run included 20 samples, along with 34 calibration standards for instrument and

sample calibration.

2.4.5 Carbon Samples

The carbon samples and standards were run in September 2010 using the

ThermoElectron DeltaVPlus gas-s isotope-ratio mass in the Stable
Isotope Laboratory. Runs for the carbon samples included 30 samples, as well as 27
calibration standards.

Results for elemental and isotopic analyzes are presented in Chapter 4, while raw

data are presented in Appendices A.
2.4.6 Gypsum Samples

Gypsum samples and standards were run in December 2011 using the MAT252

£as-s isotoy tio mass sp in the Stable Isotope Laboratory. Sulphur

clemental and isotopic composition was determined using 15 samples including 3
duplicates, as well as 29 calibration standards.

Results for elemental and isotopic analyzes are presented in Chapter 4, while raw

data are presented in Appendix B.

2.4.7 Scanning Electron Microscopy (SEM)

When the post-core-splitting gypsum crystals were discovered in the >63 pm
fractions, they were originally of unknown composition. To confirm that the grains were
in fact gypsum, 15 grains were picked from the MAR0S-50P 490 cm depth interval in
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June 2011. The grains were then placed on a mount and brought to the Angus Bruno
Innovation Centre at Memorial University for analysis with the FEI Quanta 400
environmental Scanning Electron Microscope (SEM). Samples were coated in gold,
which is an electrically conductive material that prevents the build up of electrostatic
charge on the surface of the sample during SEM analysis. Secondary electron and
backscattered electron images were taken, as well as a compositional analysis with energy
discriminated X-rays (EDX). The Roéntec Quantax EDX system uses the Xflash SDD
detector to bombard the grain with electrons. The X-rays that are emitted by the grain are
analysed for their energies, which are then used to determine the specific elemental

composition of the sample.
2.5 Calculations

2.5.1 Terrestrial and Marine Fractions

Estimations of the amount of terrestrial and marine carbon that contributed to the
total organic carbon in each sample were made using the carbon isotopic abundance and
known local end members for each sediment input in the Black Sea. The equation,
modified from simple mixing equations in Calder and Parker (1968) and Fontugne and
Calvert (1992) (Equation 4) uses the end-member values 8" Cierr = ~27%0 and 8" Cpnar =

~22%o to calculate the individual percent fractions:
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The terrestrial end-member (3'*Cyer) is taken from the §"C of C; plants found in
temperate climate zones, akin to the Black Sea region (Deines, 1980: Meyers, 1994)
(Figure 13). However, isotopic results from this thesis necessitate that the terrestrial end-
member be changed from —27%o to —28%, in order to accommodate the range seen in the
data set. It is important to note that isotopic values of lacustrine algae also fall within this
range, and are included in the terrestrial fraction (Meyers, 1994). The marine end-
member (3"°Cra) was chosen based on known local marine values, where Fontugne

(1983) noted that marine plankton in the East Mediterranean and Black Sea have a 8"*C

value of ~22%. Then, the marine fraction of organic matter can be simply calculated
from knowledge of the terrestrial fraction. This is based on the assumption (Equation 5)

that all organic matter in a system is the sum of the terrestrial input and the marine input.

2.5.2 Age Calibration
As mentioned in Chapter 1, raw "C dates do not account for the natural

fluctuations in the amount of atmospheric "*C over geological time, nor do they account

for the disparity between different carbon reservoirs (i.e., ic
terrestrial, marine). For this reason, it is necessary to convert these sample ages to
calibrated years before present (cal yr BP) in order interpret the dates with respect to

actual solar years. There are many software programs used for this calibration process,
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Figure 13: Simplified diagram of the 5"C ranges for various sources of organic matter.
Modified from Meyers (1994).
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but for this thesis the program used was OxCal 4.1 maintained by Professor Christopher
Bronk Ramsey, that is hosted by the University of Oxford’s Radiocarbon Accelerator

Unit (Ramsey, 2012).

The calibration process corrects for the temporal variation of atmospheric "'C

production, as well as the offsets produced by reservoir effects. Modern carbon
reservoirs (in this instance, the dissolved CO, in marine water) have inherited ages older
than zero because of time delays in arrival of the carbon in the water column, and because
of contamination of the carbon reservoir by old, perhaps even “dead” carbon from

terrestrial weathering of bedrock older than ~50,000 years. The latter is referred to as the

“Hard Water Effect” (Soulet et al., 201 1a). On average, the difference in "'C age betw

n
contemporary terrestrial and marine organisms is about 400 radiocarbon years (Stuiver

and Braziunas, 1993). In order to account for this apparent age difference, a reservoir

correction that is associated with the specific marine reservoir in question must be applied

(Higham, 2012).

The OxCal program processes chronological data in two distinct ways. The first

is the calculation of probable age ranges for the specific dates through radiocarbon

calibration. The second is the assessment of st I related events that are linked either

though generic grouping or through stratigraphic relationships (Ramsey, 2012). The
former technique was used in this instance.

There has been extensive research in recent years trying to determine the proper
reservoir correction for the Black Sea through the late Quaternary. For this thesis,

Is by Siani et al. (2000), Kwiecien et al. (2008) and Soulet et al. (2011a, 2011b)
52
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were considered. The resulting reservoir corrections used for cores presented in this
thesis are 415 '*C yr for ages younger than 7,150 "*C yr BP and 280 "*C yr for ages older
than 8,400 "C yr BP. The reservoir correction is on a linear sliding scale between 7.15
"C ka and 8.4 "C ka. The basis for these chosen reservoir corrections are further
explained in Chapter 3: Chronology. These reservoir corrections were inserted into the
OxCal 4.1 software, along with the raw radiocarbon dates for the cores used in this thesis.
All dates were calibrated using the Marine09 calibration curve, which is currently the
most recent collection of modelled ocean averages, based on Reimer et al., 2009
(Ramsey, 2012). The Marine09 curve has a built-in reservoir correction of 405 'C yr. In
order to apply the southwestern Black Sea specific corrections of 415 "*C yr and 280 "'C
yr, AR values of +10 "C yr and =125 "C yr were applied, respectively. Calibrated ages
for cores MARO5-50P and MARO05-51G, as well as composite cores MAR02-45 and

MARO5-13 are present in Chapter 3.

2.5.3 Age-Depth Conversion

Once the calibrated ages were determined, an age model was constructed (Chapter
3) and the geochemical data was converted from a depth domain to a time domain. This
conversion was made using two programs: Ager and Timer. The Ager program is used to
determine the sedimentation rate between each date given in the age model. It then uses
linear interpolation and/or extrapolation to allocate an age to each geochemical
measurement throughout the core. This information is then entered into the Timer

program, which places the geochemical data at equal time increments that are defined by



the user (100 year increments in the case of this thesis). The results of this conversion to

an age domain are presented and discussed in Chapter 5.

2.6 Limitations to the Methodology

2.6.1 Mineral Dissolution Efficiency
In sediment samples, carbon is usually preserved in two separate forms: organic
and inorganic. Organic carbon refers to carbon bound in organic compounds, whereas

inorganic carbon is usually found in minerals such as carbonates ( Icite, aragonite

and dolomite). In order to analytically measure total organic carbon (TOC), the inorganic
carbon within the sample must be removed. All samples were bathed in a hydrochloric
acid solution to remove carbonate minerals. However, there are limitations to this
procedure, as stated by Galy et al. (2007). When dissolving the inorganic material, the
results are constrained by both the efficiency of the mineral dissolution, as well as a
desire to preserve all organic carbon. In practice, the organic carbon that remains is
actually the total insoluble carbon. The acid treatment likely attacks and dissolves some
of the more labile organic components such as carbohydrates found in plant materials. It
might also have dissolved a small amount of gypsum (Li and Demopoulous, 2005). As
well, the carbonate minerals may not fully dissolve, which may result in trace inorganic
carbon included in the TOC determination. However, it should be noted that this method

of equating total insoluble carbon with total organic carbon is common practice.
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2.6.2 Mass Spectrometry Error

During the sulphur mass spectrometry runs, the Finnigan MAT252 gas-source

tope-ratio mass had just tered ission after a lengthy
maintenance down time. As a result, there was an energy-source failure during the two of
the eight sulphur runs, which prevented the inclusion of all of the end-of-run calibration
standards (Appendix A). Without these standards, a second set of peak size check
standards could not be included, which might have led to a slightly higher standard
deviation than normal for the sulphur isotopic values of these two sulphur runs.
However, the total sulphur results from these runs would not be affected by these energy-

source failures (A. Pye, personal communication).

2.6.3 Bioturbation

Bioturbation refers to the disturbances due to organisms present in sediments, and
is a common occurrence in marine environments. When organisms move within the
sediment column for feeding purposes, they cause a mixing or smearing of the original
sedimentary layering. Because each layer that was deposited represents an instant of

geologic time, this mixing results in a reduction of the time resolution.

2.6.4 Sampling Intervals
There are certain limitations created by the sampling intervals, both the intervals
between sediment samples and irregular intervals between radiocarbon-dated shells. For
this project, sediment samples were taken at 10 em intervals. However, because the
sedimentation rate on the Black Sea shelf has varied throughout the Holocene, the time
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“stimations of the sedimentation rate can be

interval between each sampling level varies.
made using the available calibrated radiocarbon ages; however accuracy of the
interpolated ages that can be assigned to individual samples includes error caused by
several factors. The error depends on (a) the degree to which sedimentation rates
fluctuated between levels with radiocarbon dates (i.c.. levels where a shell was extracted),
(b) the stratigraphic proximity of the particular sediment sample to a dated level (the more
distant, the greater the potential error), (c) standard deviations associated with the

dates and their calibrated equi . and (d) the degree to which the dated

shells are synchronous with their sampling depths (shells can be reworked upward, can be
shifted upward or downward by burrowers, or can live below the sediment-water

interface, as is the case for infaunal moll Some of these inties cannot be

quantified, so ages assigned to individual samples must be considered approximate,

date.

if there is not a strati i nearby
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Chapter Three: Chronology
3.1 Radiocarbon Dates

3.1.1 Radiocarbon Results

Three new radiocarbon dates were acquired during the course of the the:

research and consequently have not been previously published. Mytilus galloprovincialis
shells at depth intervals 200 cm and 310 em were collected in June 2011 by supervisor
Dr. Ali Aksu and sent to the Radiocarbon Dating Laboratory at the Université Laval in
Québee City, Québec, Canada. Dr. Ali Aksu also collected a foraminifera sample in
October 2011 at 625 em depth, consisting of ~500 individual forams. This sample was
sent to Beta Analytic Inc., Miami, Florida, USA for dating. The resulting uncalibrated
"¢ dates are presented in Table 4.

Table 4: Raw radiocarbon dates in years before present (yr BP) from core MAROS-50P at

depths 200 cm, 310 ecm and 625 cm. All samples were collected by Dr. Ali Aksu and have
not been previously published.

MO05-50P | 200 Mytilus galloprovincialis | 3590 +15 | UCIAMS-96128
MO05-50P_| 310 Mytilus galloprovincialis | 4130 +20 | UCIAMS-96127
MO05-50P | 625 inife 7570 +40 | BETA307981

3.1.2 Reservoir Corrections
As mentioned previously in Chapter 2, radiocarbon dates from marine sample
generally have to be corrected for reservoir offsets. Currently, there is a large amount of
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research occurring in the Black Sea area that is trying to determine what the appropriate
reservoir correction should be (Figure 14). Siani et al. (2000) proposed that an
appropriate modern reservoir correction for the Black Sea area extending to the
Dardanelles Strait should be 415 + 90 "C yr. Kwiecien et al. (2008) concurred with this
value, however suggested that it should apply to samples collected from the upper 0-400
meters depth and for the uncalibrated ages of younger than 7,100 "'C yr BP, which
corresponds to the disappearance of lacustrine species of Ryan et al., 1997. The results of

Kwiecien et al. (2008), in agreement with Major et al. (2002) and Bahr et al. (2005),

further suggested that dates older than 8,400 "“C yr BP (the initial marine inflow as

described in Major et al., 2002) and younger than ~12,000 "*C yr BP (i.c., the beginning

of the Younger Dryas stadial) should have a reservoir correction of 0 "*C yr for samples
collected from water depth of less than 400 m. Soulet et al. (201 1a, b) disagreed with this
suggestion and instead indicated that, due to hard water effects, the offset for that time
interval is closer to 280-350 "*C yr for samples collected from less than 400 m water
depth.  Specifically, Soulet et al. (2011b) suggested that a 280 "'C yr BP correction
should be used for samples that range in age from 13,800 "*C yr BP until the end of the
Younger Dryas event at ~11,500 '*C yr BP. At this point they propose a slight increase to
300 "'C yr until the initial saline inflow (~8,400 '*C yr BP). They then propose a linear
increase to the modern value, from this point until the disappearance of lacustrine species
at 7,100 *C yr BP. Based on these contrasting studies (0 "*C yr versus 280-350 "'C yr), a
reservoir correction of 280 "*C yr was selected for dates older than 7,500 "*C yr BP, as the

variation in standard deviation of dates calibrated this way would be more likely to
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Figure 14: Figure modified from Kwiecien et al. (2008) detailing the variation of the suggested reservoir age ('‘C ka) over time
("C ka BP). Ages relevant to the cores found in this thesis lic within the upper water column (red line). The turquoise line was
superimposed by the author to identify the recommendations put forth by Soulet et al. (2011a, b) for ages older than 7.500 "*C
2 = late-glacial marine tephra that correlates with
the Cape Riva ignimbrite layer found in basins in the East Mediterranean area. This was a result of the eruption of the Santorini
volcano, which has been dated at 18.31 "*C ka BP (Pichler and Friedrich, 1979; Eriksen et al., 1999).

yrBP. ISI = initial saline inflow: DLS = disappearance of lacustrine species: Y-
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encompass the true age. Soulet et al. (2011b) assigned no error bars were to the reservoir
ages in their study. Since the water depths of the three cores used in this thesis fall within
the upper water column, only the 415 *C yr and 280 "'C yr corrections were applied to
the calibration process. Notably, Mertens et al. (2012) followed this same protocol,
however used a reservoir value of 300 '*C yr for ages older than 8,400 "'C yr. For ages
between 7,100 C yr and 8.400 "C yr. a reservoir value was calculated by linear

interpolation between 280 C yr and 415 'C yr. Given that the difference between the

reservoir value used in this thesis (i.e., 280 '*C yr) compared to Mertens et al (2012; i.e.,
300 "*C yr) is only 20 "C yr, the age output of these two calibrations are very similar.
Also, considering the standard deviation of the measured radiocarbon dates, calibrated

results from both procedures overlap within the margin.

3.1.3 Calibrated Radiocarbon Dates for MAROS-50P and MAR0S-51G

Using the aforementioned reservoir corrections of 280 "*C yr for samples older
than 7,100 "'C yr and 415 "*C yr for samples younger than 7,100 "*C yr in the OxCal 4.1
online program (https://c14.arch.ox.ac.uk/oxcal/OxCal.html), all available radiocarbon
dates from MAR05-51G and MARO5-50P were calibrated using the Marine09 calibration
curve. The uncalibrated and calibrated ages are present in Table 5, as well as their

ed

P standard deviations and median cali ages. The median age is pre:

to confirm that the distribution of probable calibrated ages is not significantly skewed.
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Table 5: Calibrated radiocarbon dating results for cores MAR0S-31G and MAROS-50P, showing both uncalibrated years before
present (yr BP) and calibrated years before present (cal yr BP). Raw '“C dates were originally presented by Flood et al. (2009),

excluding those newly collected dates (italicized in this table) that are presented in Table 4.

| yr BP
Reservoir correction: 415 yr BP
M05-51G | 145 3280 =60 3105 +90 [3105 TO-13101
MO5-50P | 44 2590 =90 2250 +120 | 2250 TO-13095
MO05-50P | 180 3240 +50 3050 + 80 3050 TO-13096
M05-50P | 200 3560 +15 3470 =40 3470 UCIAMS-96128 |
[Mo5-50p_ [ 279 3250 =70 | 3065 =100 | 3065 TO-13097 |
M05-50P_| 310 4130 £20 4175 =45 4175 UCIAMS-96127 |
MO05-50P_| 340 4320 260 | 4440 90 | 4440 TO-13098 |
MO05-50P_| 435 5330 =70 | 5695 =80 | 5685 TO-13099
Reservoir correction: 280 yr BP
MO05-50P | 625 7570 =40 8160 =60 8160 BETA-307981
MO05-50P | 670 9880 =110 | 10935 =150 | 10950 TO-13100
M05-50P_| 737 10270 =90 | 11500 =175 | 11490 TO-12915
M05-50P_| 737 32190 £280 | 35390 +450 | 35255 TO-12734

19



3.1.4 Calibrated Dates for MARO2-45P/MARO2-45T & MAROS-13P/MARO5-04G

The calibration process mentioned above was repeated for radiocarbon dates
reported for cores MAR02-45P and MAR02-45T (Hiscott et al., 2007) and MAR05-13P
and MARO05-04G (Cranshaw, 2007). All dates were converted using the Marine09
calibration curve in the OxCal 4.1 program, and using consistent reservoir corrections.

The calibrated dates are presented in Tables 6 and 7.

3.2 Age Model

3.2.1 Core-Top Loss

Using the carbon and sulphur geochemical results (Figure 15, Chapter 4), it was

d that there was ly 50 em of core-top loss during the collection of

core MAROS-50P (also seen lithologically in Figure 8, Chapter 1). Core-top loss is
‘common in marine piston coring: if the freefall wire is set too long, the topmost sediments
are bypassed by the corer because the piston remains at the tip of the core barrel until the

freefall wire is pulled tight. In order to compensate for this core-top loss in the age model

and presentation of the results, the geochemical data collected from the uppermost 50 cm
of gravity core MAROS-51G were spliced onto the top of core MAR0S-50P, creating a
composite core that is referred to as MARO05-50. This causes the depths of samples taken
from MARO5-50P to increase by 50 cm so that they are assigned a correct sub-seabed

depth, resulting in a new total core length of 787 cm.



Table 6: Calibrated dates for cores MAR02-45P and MAR02-45T. Raw dates were first published by Hiscott et al. (2007),

excluding the date at depth 174 cm (italicized) — it has not been previously published.

"C date (yr BP) Mean cal yr BP Median cal yr BP  Lab Number

Reservoir correction: 415 yr BP

M02-45T [ 92 730 +50 | 365 +50 [ 365 TO-11433
M02-45T | 145 770 £50 [ 395 £55 | 395 TO-11434
M02-45P |33 730 +40 [ 365 +45 | 365 TO-11435
M02-45P | 158 2400 +60 [ 2025 +80 [ 2020 TO-11006
MO02-45P | 174 5115 +20 | 5480 +45 | 5480 UCIAMS-85907
M02-45P | 220 5190 +50 [ 5535 £55 | 5540 TO-11436
M02-45P [ 302 5900 £60 | 6310 £65 | 6310 TO-11437
Reservoir ion: 280 yr BP

M02-45P [ 406 7560 +60 [ 8145 +75 [ 8145 TO-11438
M02-45P [ 495 8380 =70 | 9140 £95 | 9140 TO-11142
M02-45P [ 569 8570 +70 | 9355 +80 | 9365 TO-11439
M02-45P | 639 8620 +70 | 9405 £75 | 9415 TO-11440
M02-45P | 754 8840 +70 | 9655 £105 | 9640 TO-11441
M02-45P [ 810 9370 £70 [ 10350 =80 [ 10350 TO-11007
M02-45P [ 822 9340 +70 | 10325 +80 | 10320 TO-11442
M02-45P | 835 9070 +70 | 9985 £115 | 9995 TO-11443

£9



Table 7: Calibrated dates from core MAR0S-13P and MARO5-04G. Raw *C ages were originally presented by Cranshaw, 2007.

Depth (cm) "'C date (yr BP) y Lab Number

Reservoir correction: 415 yr BP.
M05-04G [ 17 540 =50 [155 =70 [ 160 TO-13196
MO05-04P__| 137 2600 =60 | 2255 =80 | 2260 TO-13197
MO5-13P__| 16 1380 =50 | 915 =60 | 915 TO-13198
MO5-13P__| 87 2230 =60 | 1820 75 | 1820 TO-12906
MO05-13P | 253 3940 =60 | 3920 =90 |3915 TO-12907
MO5-13P | 384 4170 =60 | 4235 90 | 4235 TO-12908
MO5-13P | 441 4770 =70 | 5035 £110_| 5025 TO-12909

05-13P | 504 5960 =80 | 6375 +85 | 6370 TO-12910

05-13P | 620 6370 =90 | 6835 =115 | 6835 TO-12911

05-13P | 647 7020 £100_| 7505 90 | 7505 TO-12912
Reservoir correction: 280 yr BP
MO5-13P [ 696 [ 8740 [£70 9540 [=80 9525 | TO-12834
MO5-13P | 784 | 9870 |90 [10935 =135 {10950 | TO-12913

9



3.2.2 Considerations
There were two samples taken from 737 cm depth in core MARO5-50P that

returned very different ages (Table 1 & Table 5). The first sample contained a pristine-

looking Dreissena sp. shell, with patina clearly visible under the microscope. The second
sample was a collection of bivalve fragments that were visibly worn and pitted by
dissolution. The worn sample revealed an age of 35,390 cal yr BP, while the pristine
sample gave an age of 11,500 cal yr BP (Table 5). Consequently, it was decided that the
worn shells must have been reworked. Thus, the oldest sample age is not included in the
age model.

Another consideration was the 3,065 cal yr BP age from a Myrilus
galloprovincialis shell recovered from 279 ¢m depth in core MAR0S-50P (Table 1 &
Table 5). Interestingly, this sample was only 15 calibrated years older than another
Mytilus galloprovincialis sample from 180 cm depth in the same core (Table 5). Two
additional Mytilus galloprovincialis samples were sent for dating to determine whether or
not the age from 279 ecm depth was reliable. These samples were from 200 and 310 cm
depth in the core, which bracketed the suspect age. The ages obtained from the new
samples were 3,470 and 4,175 cal yr BP respectively, which were also inconsistent with
the age obtained from the 279 cm depth (Table 5). On the basis of these new dates,
sample 279 em was excluded from the age model.

When constructing the age model, there were three samples relatively close in age
and depth: 3,050 cal yr BP from 180 cm depth and 3,470 cal yr BP from 200 ¢cm depth in

piston core MAR05-50P, and 3,105 cal yr BP from gravity core MAR0S-51G (Table 5).
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In a linear age model there cannot be a reversal in sedimentation rate (that is, an older age
at a depth above that of a younger age) without evidence of a hiatus. As a result, one of
the three ages could not be included in the age model. Given that there is often some

with the collection of gravity cores (Skinner and McCave, 2003)

and that only the top 50 cm of the gravity core were considered for the construction of the
composite core, the date from MAR05-51G (3,105 cal yr BP) was omitted from the age

model.

3.2.3 Resulting Age Model

Once the dates were chosen for the age model, the age of the hiatus at the a;
unconformity could be estimated using linear extrapolation downward from above the
unconformity, and upward from beneath the unconformity. During visual description, it
was noted that a facies change occurs at 645 cm depth (695 cm depth in the composite
core). Using the ratio of age difference to depth difference of the two dates above the
boundary, the expected age of the upper limit of the hiatus could be calculated. An
identical calculation was then used for the expected age of sediment just below the
boundary (plotted at 696 cm depth in the composite core), which resulted in the ages

8,420 and 10,735 cal yr BP for sediments just above and just below the unconformity,

pectively. Repeated using all inations of maximum and minimum
ages (mean + one standard deviation, mean — one standard deviation) for the control

points above and below a; allowed error estimates of & 65 yr and + 215 yr to be assigned

to these ages, respectively. Each calculation assumes a constant sedimentation rate,
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which might not have been true through the intervals considered. As a result, the

hiatus is at best only approximately estimated to have lasted for 2,315 + 280 solar years.

Additionally, there was some linear interpolation used to calculate the age at the
top of the piston core. It was assumed that the top of the composite core (0 cm depth)
represents present day, having an age of 0 cal yr BP. Due to the previously mentioned
restrictions in radiocarbon dating methods, “present day™ here is actually 1950 CE, 55
solar years before the core retrieval date. Using the previous technique, an apparent age
for 50 cm composite depth was calculated using the two control points below this level in
the piston core. It should be noted that as a result of this calculation, the geochemistry
versus age data for the top of the core (Figure 19, Chapter 5) is modified and interpolated

as well. The final age model for composite core MARO0S5-50P is presented in Table 8

3.2.4 Age Models for cores MARO2-45 and MARO3-13

The age models for composite cores MAR02-45 and MAROS5-13 were constructed
in the same manner using liner interpolation and extrapolation for both the tops of the
piston cores as well as upper and lower boundaries of the local unconformities, either a,

or . Finalized age models for each core are presented in Tables 9 and 10.
3.2.5 Conversion of Geochemical Data
Using the finalized age model, the geochemical data were entered into the Ager

and Timer programs. The data were converted into a time domain for each of the three

composite cores, accounting for the known changes in sedimentation rate. This
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information is presented in Chapter 5, and it used for correlational purposes between the

three composite cores: MAR0S-50, MAR02-45 and MAROS-13.

Table 8: Calibrated ages used for constructing the age model used for site MAR0S-50 in
this thesis. Depth is listed as composite depth to account for 50 ecm core-top loss in
MARO5-50P. Ages at 50, 695 and 696 cm were calculated using linear interpolation and
extrapolation to assign ages to both the top of the piston core, as well as sediment just

above and just below the a; unconformity.

Depth in Composi

50
94

230
250
360
390
485
675
695
696
720
787
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Table 9: Age model for composite core MAR02-45 (110 ¢m core top loss). Ages at 110,

270,271 and 950 ¢m were by linear to

p the ages at both
the top and bottom of the piston core, as well as the ages of the upper and lower

boundaries of the a, unconformity.

r BP)

920
950




Table 10: Age model used for composite core MAROS-13 (30 cm core top loss). Ages at
0, 30, 689, 690 and 833 cm are linearly extrapolated values for the ages at the top and
bottom of the piston core, as well as the ages of sediment just above and just below the «;

unconformity.

6375
6835
7505
7805
8970
9540
10935
11235




Chapter Four: Results

4.0 Results

The results from the analytical geochemistry, as well as laboratory work to as:
the implication of the gypsum that formed after core splitting are presented in detail in

this chapter. Raw data from the sediment and gypsum isotope-ratio mass spectrometer

runs, as well as scanning electron microscope images are included in Appendices A, B

and C respectively.

4.1 Carbon Results

4.1.1 Total Organic Carbon (TOC) Results

The total organic carbon (TOC) values in cores MAR05-50P and MAR0S-51G
range from a minimum of 0.82% to a maximum of 1.85% (Figure 15). From the base of
the piston core until 490 cm depth, TOC varies within the range of 0.82% to 1.32%, with
a mean value of 1.06%. At 480 cm, there is a sudden increase to 1.43%, marking a zone
of relatively high TOC (range 1.38% to 1.85%, mean = 1.63%) that persists until 350 cm.

At 340 cm, the TOC shifts downwards again, oscillating between 1.03% and 1.65%, with

a mean value of 1.42%. This zone extends to the top of the piston core, and it also
describes the entirety of the gravity core MAROS-51G.  The TOC data show an
oscillating pattern throughout both cores, but notably the lower region shows a greater

variance in its fluctuation than the two zones above.
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Kidd et al. (1978) define a sapropel as “a discrete layer, greater than 1 ¢cm in
thickness, set in open marine pelagic sediments and containing greater than 2.0% organic
carbon by weight™. They go on to describe sapropelic layers as similar, but they “differ
in that [they] contain between 0.5% and 2.0% organic carbon™. While sapropels are
common throughout the Marmara Sea gateway region (e.g., Aksu et al., 1999b; Cagatay
etal., 2002; Aksu et al., 2002¢c: Mudie et al, 2002b; Adetona, 2005; among many others),

cores MAR05-50P/MARO05-51G do not contain any sapropels. However, by definition,

the entire ion can be i ic mud.

4.1.25"C Isotope Ratios

The 8"C isotope results range from a minimum of ~27.88%o to a maximum of
~24.81%o, and show two separate general zones (Figure 15). From the base of the piston
core until 490 cm depth, the §"°C values oscillate within the range of ~27.88%o to
~26.51%o (mean = —27.05%o). At the 480 cm level, there is a sudden, positive increase in
the 8"C isotopes from ~26.87%o to ~25.92%o, indicating a relative enrichment in the
heavier carbon isotope "*C. From this point, the values continue to become *C-enriched
the next 40 cm, where they then begin to fluctuate within the range of —26.50%0 to
~24.81%o (mean = —25.75%o) to the top of the piston core. All §"*C values in gravity core
MARO5-51G fall within this relative '*C-enriched range seen in the top of the piston core,
excluding one point at 40 cm that is noticeably depleted (~26.88%o). The "*C-depleted

zone at the base of the core (~ ~27.05%o) is close to the terrestrial end member suggested

by Deines (1980) (~27%o) and this thesis (~28%o), while the values from the “C-enriched
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top zone (~ ~25.75%o) indicate a greater proportion of the Black Sea marine end member

(~22%o according to Fontugne, 1983).

4.2 Sulphur Results

4.2.1 Total Sulphur (TS) Results

The total elemental sulphur (TS) in the sediments of cores MAR05-50P and
MARO05-51G ranges between 0.08% and 1.46% (Figure 15). While the values fluctuate
greatly throughout the cores, there are some very general trends. At the base of core
MARO5-50P, the total sulphur is low from 730 cm until 600 cm depth, ranging from
0.10% to 0.84%. Although there is a localized, two-sample peak from 700-690 c¢m, the
average for this interval is generally low, at 0.40%. From 590 ¢cm to 320 cm, the TS
values increase slightly and stay steady in their fluctuations between 0.53% and 1.12%
(mean = 0.74%). However, at around 310 cm depth, the TS results begin to oscillate
within a much wider range (0.22% to 1.46%., with a mean of 0.78%) until about 80 ¢m in
the top section of the piston core. The values begin to settle down at this point, with the
remaining top of the piston core and entire gravity core staying within the range of 0.08%
to 0.64% (mean = 0.39%). As well, there is a gradual upward decreasing trend in the

elemental sulphur results throughout this top section.

4.2.2 58 Isotopic Ratios
The §*'S isotopic ratios within cores MAR0S-S0P and MARO5-51G show clear
zones throughout the Holocene interval, with a wide isotopic range between —39.02%o

and +30.52%o (Figure 15). The bottom section of the piston core shows a general upward
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enrichment of the light *’S isotope, beginning at 730 cm (+17.68%o) and increasing to
~27.83%o at 640 cm. This interval coincides roughly with the a; hiatus (645 cm). At this
point, the isotope values shift dramatically to a **S-enriched zone from 630 cm to 490 cm,
that ranges between —17.58%o and +2.63%o (mean = —6.75%o). The isotopes then, once
again, shift suddenly to become enriched in the lighter isotope *S. This interval, 480 cm
10 320 em, has very little variance in isotopic values, ranging from ~38.21%o to ~30.71%o
with a mean of ~34.80%. At 310 cm, §*'S begins to rise again in a local *'S-enrichment
zone extending upward to 180 cm. Values are dispersed from ~24.14%o to +30.52%o,
with a mean of ~2.33%o. From 170 ¢m in the piston core to the top of the gravity core,
2,

the isotopes become enriched in the lighter *°S isotope once again, fluctuating within a

much smaller range (—39.02%o to —16.60%o, mean = —28.73%o).

4.3 TOC/TS Ratio

The ratio between elemental (organic) carbon and elemental sulphur is useful as it
is used as a palaco-environmental proxy for salinity changes in a basin (Berner and
Raiswell, 1983: Berner, 1984). As stated in Berner and Raiswell (1984), sediments with a
lower TOC/TS ratio (less than ~2) are indicative of marine environments, while

sediments with higher TOC/TS ratios (greater than ~5) likely indicate a low-salinity to

The relationship between organic carbon and sulphur in
sediments is linear. As a result, graphical analysis can be completed to reveal more about
the local environment at the time of organic matter deposition (Leventhal, 1983).

The ratio of organic carbon to sulphur is simply the TOC value divided by the TS

value at each individual depth. The TOC/TS ratio fluctuates throughout both cores,



ranging from 0.98 to 9.10 (Figure 16). At the base of core MAR0S-50P, the TOC/TS
ratio fluctuates below the «; hiatus from a minimum of 1.29 to a maximum of 9.10.
Above the hiatus, the ratio remains reasonably stable, oscillating between 0.98 and 3.86,
excluding one outlier at 220 cm that reaches 5.82. The mean ratio for this zone is 2.21.
The gravity core MAR05-51G shows a general upward increasing trend, ranging from

2.19 at the base to 7.00 toward the top of the core.

4.4 TS/TOC Ratio
The ratio of sulphur to organic carbon is calculated by dividing the total sulphur
by the total organic carbon, and it too yields valuable information about the depositional

column

environment, as well as the presence of microbial sulphate reduction in the wats
(Leventhal, 1983). Overall, the TS/TOC ratio in MARO05-50P and MARO5-51G ranges
from a minimum value of 0.052 to a maximum value of 1.02 (Figure 16). Despite the
smaller range in comparison to TOC/TS, the values of TS/TOC appear to fluctuate more
aggressively with no specific pattern. However, the TS/TOC ratio generally increases
from a low point at the base of the piston core (0.11 at 720 em depth) to a maximum of
1,02 at 210 cm depth. From that point upwards, the ratio generally decreases throughout
the rest of the piston core to the top of the gravity core where it reaches a low of 0.052 at

40 cm.
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4.5 Sediment Sources

Sediment source fractions were calculated using the sh¢ isotope data and
equations 4 and 5 that were presented previously in Chapter 2.

4.5.1 Terrestrial Fraction

The calculated terrestrial fraction of organic matter found in sediments is

indicative of the amount of organic matter that likely came from the regional terrain,

based on isotopic patterns of the local vegetation. This fraction also includes any

lacustrine organic matter, given that the isotopic range of lacustrine algae falls within that
of C; land plants. Throughout cores MAR05-50P and MARO0S-51G, the terrestrial
fraction ranges from 47% to 98% (Figure 16). The most abundant terrestrial zone occurs
at the base of the piston core. From 730 ¢cm to 490 em, the organic matter source ranges
between 75-98% terrestrial, averaging about 84%. From 480 cm to 440 cm, there is a
steep decline in terrestrial sources, declining to 48%. For the rest of the piston core, the
terrestrial fraction fluctuates within the range of 47% to 75% (mean = 63%). The gravity

s the same

core shows a slight upward enrichment in terrestrial material, but poss

mean value of 63%.

4.5.2 Marine Fraction

The marine fraction describes the percent of the organic matter that yields similar
5" isotopic signatures to local marine organic sources (such as regional phytoplankton

blooms). Given that logically there are only two sources for organic matter (from cither

the land or the sea), the marine fraction results are a mirror image of the terrests



fraction (Figure 16). As a result, the transitions from marine depleted zones to marine
enrichment occur at the same levels. At the base of the piston core, the marine fraction
ranges from 2-25% (mean = 16%). Values increase from 13% to 52% at 440 cm. The
trend then stabilizes between 25% and 53% to the top of the piston core (mean = 38%).
The gravity core shows a slight trend toward depletion at the top, but still contains, on

average, 38% marine fraction.

4.6 Gypsum Results

4.6.1 Crystal Abundance

Since gypsum crystals were not observed when cores were split and described, the
gypsum must have formed during storage in the repository. Gypsum crystals were
counted in the >63 micron fractions from two dry sediment batches collected at different
times, 48 months and 56 months after core splitting. Overall, Batch 1 has a lower
abundance of crystals than Batch 2 (Figure 17). Excluding one outlier in MAR05-51G
(130 e¢m), the gravity core and top 340 cm of the piston core have no gypsum crystals.
The interval between 340 cm and 560 cm shows occasional (10-49 grains per mg) to
abundant (500+ grains per mg) gypsum crystals. Below this point, there are no gypsum
crystals to the bottom of the core, excluding one local occurrence at the 630 cm depth.

Batch 2 shows no gypsum crystals in the gravity core, as well as the top 120 cm of

the piston core. From 130 cm to 340 cm, there are intervals of rare (1-9 grains per mg) to

abundant (500+ grains per mg) gypsum crystals spaced between intervals containing no
gypsum. At 410 cm, after 60 cm of zero gypsum, the abundance jumps to common (200~
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Figure 17: Gypsum abundance counts. >63-micron samples in Batch 1 were collected in

December 2009, while samples in Batch 2 were collected in August 2010, Ages are in

calibrated years before present (cal yr BP).  Samples chosen for isotopic analy

eypsum are denoted by black symbols.
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499 grains per mg), then to abundant. The abundance stays high to the base of the core,

excluding 3 samples at the base. The counts are presented in Appendix B.

4.6.2 Scanning Electron Microscope (SEM) Results

Five scanning electron microscope images were taken of gypsum crystals from
Batch 2, 490 ¢m, to confirm that the post-splitting crystals are, in fact, gypsum. Images
are presented in Appendix C. Crystals were euhedral (Plates 1, 2 and 3) with twinning in
some instances (Plate 2), as observed under low magnification. A compositional analysis
was preformed using energy discriminated X-Rays (EDX) on the crystals and their
various inclusions. The spectrum associated with an iron inclusion (Plate 4) shows peaks
of oxygen, sulphur and calcium in addition to iron, as well as smaller peaks of
magnesium, aluminium and silicon (Figure 29). This confirms that the crystal is a
calcium sulphate, or gypsum: CaSO4#2H,0. Other inclusions were found throughout the

crystal, but were i iron, ium and inium in ition (Plate 5).

4.6.3 Isotopic (6™'S) Ratios in Gypsum

In order to assess whether gypsum crystals growing in core MAROS-50P
compromised the sediment sulphur isotope results, crystals were collected for
geochemical analysis from six sample intervals where they are abundant. Results show
that the gypsum sulphur generally mirrors the isotope ratios of the sediment sulphur

(Figure 18; Table 11). The isotopes from the gypsum samples are, on average, 6%o to 8%o

heavier than those of the di indi a relative enricl in the

heavy *'S isotope. Duplicate samples were run to compare different crystals from the
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same batch/interval and the results show that the difference is only between 0.08%o and

0.3%o, which is well within the standard deviations of the isotopic values (Table 11).

Table 11: Geochemistry results from sulphur isotope runs for sediment, Batch 1 gypsum,
Batch 2 gypsum, as well as duplicate gypsum runs. All depths given are in centimetres

and all results are in per mille (%o).

~28.67 (Batch 2)

29.40 (Batch 1)

+1.19 (Batch 2)

4.6.4 Effect of Gypsum on Sulphur Geochemistry

Readers are reminded that bulk samples used to determine sediment 5™'S were not
sieved, so retained any gypsum that might have formed in the sediment between splitting
of the cores and the time of laboratory work. Gypsum is very insoluble in HCI (Li and
Demopoulos, 2005) so it would have remained in solid form with only very minor loss
during the removal of carbonates, and would have been ground to powder with the rest of
the sediment before isotopic analysis. Even wholesale gypsum dissolution during HCI

treatment would have minimally affected the bulk §*'S ratios (Figure 18), so it is

concluded that minor dissolution would in no way compromise the variations a

geological processes (Figure 15).



Chapter Five: Interpretation

5.0 Age Domain

The conversion of data from a depth domain into a time domain assists in the
interpretation of geochemical data on local, regional and worldwide scales. Once
converted to calibrated years before present, it is much less complicated to compare
events in a specific core with data from other sites. This allows a more secure
interpretation of the palaco-environmental conditions at the time of deposition using all
available data. Cores MAR05-50, MAROS-13 and MAR02-45 were converted using the
age models mentioned in Chapter 3, and results from all three sites are integrated into the
interpretation (Figure 19).

Because the data are described in time domain, the stratigraphic term
“unconformity™ is replaced by the time term “hiatus™. The Glossary of Geology (1980)
describes hiatus as “a lapse in time, such as the time interval not represented by rocks at
an unconformity: the time value of an episode of non-deposition or of non-deposition and
erosion together”. From this point onward, the terms a, @, and a, unconformities will be

referred to as the a, o and o hiatus

5.1 Lithological Correlation
Multi-proxy data derived from composite cores MAR02-45 and MAROS-13 have
been previously published (Cranshaw, 2007; Hiscott et al., 2007b) and are available for

correlation with the composite core MAR05-50 presented in this thesis. Lithological and
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geochemical comparisons between the three cores in conjunction with conclusions from
the previous studies will assist in a more holistic understanding of the regional palaco-

environment over the course of the Holocene.

in cores

Lithological correlation in the age domain shows key similarities
MARO05-50, MAROS-15 and MAR02-45, and provides a snapshot of the regional
lithology of the southwestern Black Sea shelf. All cores can be divided into the same
three separate regional units — Unit A, Unit B and Unit C — which have been previously
identified and described in Cranshaw (2007), Hiscott et al. (2007b) and Flood et al.
(2009) and correlated with regional seismic stratigraphy identified in Aksu et al. (2002b)
(Figure 20).

Regional Unit C exists at the base of the three cores and is the oldest of the three
units (Figure 20). This regional unit corresponds to lithological Unit 3 of core MAROS-
50P, discussed in Chapter 1 (Figure 8). It extends from the « unconformity to the a;
level. Although @ was not recovered in cores MAR05-50, MAROS-15 and MAR02-45,

core MAR05-03 i in and ially d sediment from the level of

this unconformity, as discussed in Reynolds (2012). Core MAR05-03 was taken ~481 m
from the MARO2-45 core site and was precisely correlated with MAR02-45 as part of an
honours dissertation project (Reynolds, 2012). The lowest radiocarbon age above the «
hiatus at the MARO05-03 site, and by extension at the MAR02-45 site, is from 1014 cm
below present day seabed and is 11,880 cal yr BP (Figure 20). Based on Huntec DTS

ated to be ~9 m

boomer profiles, the @ unconformity at site MAR0S-50 is e
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below the seabed (A.E. Aksu, pers. comm., 2012). Using a linear extrapolation of the
oldest two dates from the MARO05-50 age model (Figure 19), the age of sediment

ly above the a ity at this site is i 12,400 cal yr BP.

The same technique could not be used on core MAR0S-13 as recent work suggests
that the lower section of the core had been compressed during coring (Bradley et al., in
press). These authors indicated that “the best facies matches between core MAR0S-13
and the crossing seismic profile suggest that the core is compressed, so that its basal
sediment (833 em core depth; sand and gravel) comes from a sub-seafloor depth of ~11 m
(based on 1500 m s acoustic velocity). This length difference is probably a combination

of true compression because of inadequate piston suction and pos:

ible spotty bypas:

ing
(without full recovery) of particular intervals toward the top of the core”. Using the 11 m
depth for the a unconformity and constant average sedimentation rates from the MAROS-

13 age model (e.g.. Figure 19), the age of the sediments directly above the a

unconformity is extrapolated to be ~13,000 cal yr BP. Although slightly older, this

d age is in good with the age estimated at core sites MAR0S-50 and

MARO02-45 (Figure 20). However, this age must be viewed as a conservative estimate: a

slightly higher sedimentation rate would result a younger age for the sediments

immediately above the hiatus.

In all three cores, Unit C is largely bioturbated muds with frequent fine sand and
silt laminae, as well as shelly horizons. Core MAR02-45 is noted to have some
Chondrites trace fossils within the lower part of this unit. At the base of cores MAROS-
50, MARO5-13 and MARO5-03, there is a grain size peak that includes coarse sand and
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some gravel. This coarser lithology is similar to sediments found along the thalweg of the
saline channel where it has cut down to the « level (Flood et al., 2009). According to
Hiscott et al. (2007b), the fine sand and silt interbeds are event deposits, probably storm
deposits.  While the top of Unit C appears to be lost because of erosion at the a;
unconformity in cores MAR05-50 and MARO5-13, a conformable surface is present at
525 depth in piston core MAR02-45P (Hiscott et al., 2007b), which dates the upper
boundary of Unit C to ~8,200 cal yr BP in MAR02-45.

Regional Unit B is bounded by the i and a; surfaces, and is characterized by
bioturbated muds with frequent shelly horizons of various molluscan fauna (Hiscott et al.,

2007b) (Figure 20). This unit correlates with the “crinkly™ seismic subunit 1C of Aksu et

al. (2002b), which consists of it i i and distorted i lying
atop of the a; unconformity, making the unit easy to identify. In core MAR02-45, the top
of Unit B is cut by the a unconformity so that the youngest sediment below the
unconformity has an age of 5,465 cal yr BP; however, this unconformity is not present at
core sites MAR05-50 and MARO5-13. Using the crossing seismic profile, Cranshaw
(2007) identified a; as a conformable surface at 455 ¢cm depth in core MAROS-13P,
giving the boundary an age of ~4.800 cal yr BP. The same boundary in MARO0S-50 is 4.1
m below the seabed (Figure 7, Chapter 1) (A.E. Aksu, pers. comm., 2012) in sediment

with an age of ~4,700 cal yr BP. Given the abundance of benthic macro-fauna in Unit B,

it can be inferred that the ry benthic i was well

(Hiscott et al., 2007b). Since the a; level is not a lithological boundary in core MAROS-



50P, regional Unit B only encompasses the lower portion of lithological Unit 2 in that
core (Figure 8, Chapter 1).

Regional Unit A, the youngest of the three units, extends from the a
unconformity/conformable surface to the sediment-water interface so has an age of
~5,200-5,400 cal yr BP to present (Figure 20). Sediments equivalent to the basal point of
Unit A are missing in core MAR02-45 due to the presence of the a; unconformity and its
associated protracted hiatus. In core MAR0S-50, regional Unit A encompasses the top
portion of lithological Unit 2 and the entirety of lithological Unit 1, both of which are
colour-mottled bioturbated muds hosting some isolated shells (Figure 8, Chapter 1). In
cores MARO05-13 and MAR02-45, Unit A is identical muds; however, both cores show
Fe-monosulphide staining toward the core top. Hiscott et al. (2007b) hypothesized that
the decrease of shell abundance might indicate a reduction of benthic oxygen levels.

The @ unconformity formed during the Last Glacial Maximum, when the Black
Sea level stood ~100 m below present-day level (Hiscott et al., 2007b). At that time, the

entire shelf was exposed to subaerial processes including erosion. During the subsequent

post-glacial sca-level rise, the landward movement of the shoreline associated with
transgression allowed near-shore and shallow shelf processes to further rework and erode
the sediments across the shelf, modifying the original unconformity. Therefore, the «
unconformity is a composite unconformity developed by subaerial ecrosion and

subsequent ravinement (as defined by Swift, 1968).
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5.2 Environmental Interpretation of the Geochemical Data

Given the wide array of potential iti itions and/or envil that

could be associated with a particular variable (such as TOC, 8%, etc), a basic framework

is needed for the envi interpretation of each hemical variable. basic

framework must provide the full range of conditions/environments for each variable, but
also must provide an average value that is most probable for a given environment, such as
marine, lacustrine, terrestrial, etc. Below, a succinct summary of the literature is used to
create this basic framework, and is summarized in Table 12, located at the end of this

section.

5.2.1 Total Organic Carbon

The environmental interpretation of the total organic carbon percentage data is
straightforward: the sedimentary total organic carbon abundance is a function of the
balance between input and consumption. Input can be in situ primary productivity within

the basin as well as terrestrial supply to the basin via fluvial and acolian processes.

iological within the water

C ion can be iated with ing by t

column when the organic and inorganic particulate matter sinks toward the bottom,

well as scavenging on and in the surface sediments. Removal of organic carbon from the
environment can also be associated with oxidation in the water column or sediments. The
total organic carbon content of most marine sediments ranges from <0.1% to ~0.3% by

weight (e.¢., Holser et al., 1988). These sedimentary organic carbon values represent the

balance between the primary and secondary production in the ocean, the consumption by

predation and oxidation, and the rate of sedimentation which in turn determines the rate
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of burial of the organic carbon. When the amount of total organic carbon notably
increases from these background values it reflects changes in this balance by either an
increase in the biological productivity, an increase in the preservation of organic carbon
on the seafloor, or a combination of the two processes. When the total organic carbon
values reach 0.5% to 2.0%, these sediments are classified as sapropelic muds (Kidd et al.,
1978). When sedimentary organic carbon values are >2.0%, these sediments are called
sapropels, or black shales once lithified. Sapropels develop beneath anoxic bottom water
conditions as well as in fully oxygenated bottom water beneath upwelling zones with very
high primary productivity (e.g.. Hagen, 2001). Regardless, any marine sediment that
contains >~0.3% total organic carbon is potentially anomalous and might reflect a change

in the palaco-environment.

5.2.2 Stable Isotopic Composition of Total Organic Carbon
The environmental interpretation of the stable isotopic composition of carbon is
complicated. The carbon isotopic signatures of marine (8"°C ~22%o) and terrestrial

©"c

—28%o) organic carbon can be related to numerous biological and physical and

chemical i processes.  Envil and ic effects control

fractionation of the isotopes of organic carbon during photosynthesis. Maximum
fractionation is achieved when pH and water temperature are low. the dissolved CO,
concentrations are high and the growth rate of the phytoplankton is moderate (Degens,
1969). Plankton that live in lower temperature ocean waters produce isotopically
depleted organic carbon 5"C values (Fontugne and Duplessy. 1978: Sackett, 1986). Most

marine phytoplankton exhibit §"°C values ranging from —8%o to —24% (Meyers, 1994).
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One step up the food chain, the 3"°C composition of marine microfauna (mostly
zooplankton) ranges from —7%o and —19%o. Thus, it is generally accepted that relatively
heavy 8"C values ranging between —20 and —25%o (with an average of —22%, see
Chapter 2) are marine in origin.

In land plants, the metabolic effect becomes important in three photosynthetic

pathways (Fry and Sherr, 1984): (a) the Calvin or C; pathway where CO; is taken and

incorporated from the by car ion of ribulose dij (RUDP): (b)
the Hach Slack or Cy pathway where CO, is first fixed by carboxylation of
phosphoenolpyruvate (PEP) — this is followed by transportation of the carboxylation
product to the outer layer of the photosynthetic cell where it is decarboxylated and

refixated by ribulose diphosph and (¢) C I Acid N ism (CAM)

pathway which can utilise either RUDP or PEP carboxylase for CO, fixation. The
selected carboxylase is dependent on the environment. A quick review of the land plants
reveals that Cs plants have lighter §°C composition (~23%o to ~31%o), whereas Cy plants
have slightly heavier §'°C composition (~9%o to ~17%o; Meyers, 1994). Similarly, the
lacustrine primary and secondary productivity ranges from ~25%o to ~30%o. In this

thesis, the end member for terrestrial organic carbon is taken to be —28%o (see Chapter 2)

as the regional envi and pal i d both Cs plants and
lacustrine algae.

Based on these parameters, the 8'°C of the total organic carbon is expected to
fluctuate between a terrestrial end member of ~28%o and a marine end member of ~22%o.
A systematic shift from relatively enriched to depleted 8"°C values would signal a
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progressive increase in the proportion of i ine organic carbon, whereas the

opposite would signal a progi crease in the ion of marine organic carbon.

The sharpness of a transition in the downcore 8'°C values is representative of the
geological time involved in the creation of the shift from one predominant source to the

other.

5.2.3 Total Sedimentary Sulphur

Sedimentary sulphur is generally very low in marine sediments, ranging from
<0.1% to ~0.2% (e.g., Holser et al., 1988). High total sedimentary sulphur is often
associated with sapropels/sapropelic muds as well as black shales, where there is a strong
positive correlation between the total organic carbon and total sedimentary sulphur. If the
predominant total sulphur mineral is a sulphide (such as pyrite), a total sulphur content
ranging between 1.0% and 1.2% is generally considered to reflect euxinic or sulphidi
bottom water condition (e.g.. Masuzawa et al., 1992). In the case of this thesis however,
given the presence of extensive micro- and macro-fauna and moderate bioturbation, it is
unlikely that the sediments are fully-cuxinic. Therefore, these areas are interpreted with
caution, and the benthic environment is suggested to have small concentrations of

dissolved oxygen and therefore is likely dysaerobic (Raiswell and Berner, 1986).

An increase in total sulphur values in sediments of marginal seas implies the input

of dissolved sulphate (c.g., seawater sulphate associated with a full marine connection)
and active sulphate reduction if most of the sedimentary sulphur is present as sulphide

minerals, such as pyrite. Conversely, a decrease in total sulphur in marine sediments

would suggest cither a decrease in the supply of sulphate or a decrease in the importance
9%



of bacterial sulphate reduction. For example, if there is a decrease in the sulphate and/or
bacterial reduction, then this would decrease the amount of H>S available to react with
cations (e.g., Fe?'/Fe*") to produce sulphide minerals (.g., pyrite).

Downward diffusion and sulphur fixation by bacteria living in sediments that

accumulated centuries earlier are important processes that complicate the interpretation of

the sulphur clemental and isotopic data in marine sediments (Jorgensen and Kasten,

2006). In such cases, quoting Jorgensen and Kasten (2006), “... the age of the particular
authigenic mineral does not correspond to the age of the sediment layer, in which it is

Jformed, but is much younger. Counter-intuitive as it may seem, in the case of downward

moving sulphidization fronts the age of the mineral precipitate becomes younger with
increasing sediment depth. From these considerations, it becomes obvious that the post-

depositional alterations of mineral phases generated in this way complicate and even

prevent interpretation of the geochemical envi during the time of original

sediment deposition..."  Despite this ominous statement, the clemental and isoto)

sulphur data in this thesis are carefully interpreted, but with caution. Any uncertainty in

the interpretation is clearly highlighted.

In the following di . high total sedimentary sulphur values are interpreted

cu:

ol

to represent a strong association with sapropel and sapropelic sediments, thus with high
total organic carbon values. High total sedimentary sulphur values can also represent the

presence of pyrite in the sediment.
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5.2.4 Stable Isotopic Composition of Sedimentary Sulphur

The §*S values of sulphide minerals in sedimentary rocks show wide variations,

ranging from ~ ~45%o to ~ +42%o (Brownlow, 1979). Much of these variations are due to

b

rial reduction of the sulphate ion (S04*) to hydrogen sulphide (H,S). In nature, the
extent of bacterial fractionation may be quite variable, depending on the rate and

of the relevant bi ical reactions, the availability of organic matter and

Negative §*S values in sediments signify

bacterial fractionation. The presence of reduced sulphur in marine sediments is a key
indicator of microbial sulphate reduction. In cases where the stable isotopic ratio is
determined in total sedimentary sulphur, rather than the sulphur-bearing host mineral
phase, then the §*'S values reflect the relative contributions of sulphur from pore water or

adsorbed sulphate, sulphide and organic matter (Brownlow, 1979).

Providing all other conditions are met (e.g., readily available organic matter),
fractionation due to bacterial sulphate reduction is dependent on whether the benthic
conditions represent an open or closed system (e.g., Goldhaber and Kaplan, 1980; Thode,
1991). Open systems provide a renewable source of seawater sulphate, which allows the

bacteria to preferentially fractionate, absorbing the lighter **

S isotope and preserving it in
the sediment record. However, in cases of closed systems (i.e., poor renewal of marine
waters), only a limited amount of seawater sulphate is available. Here, the bacteria
reduce all of the accessible sulphate, therefore the final isotopic ratio is equal to that of
the original seawater sulphate (Thode, 1991). Sufficient burial and pore-water diffusion
can also create closed system conditions. In this case, sulphate-reducing bacteria use up
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both the light *2S and heavy *'S isotopes, and even use sulphate provided by adjacent
sedimentary layers via diffusion. This results in the closed system effect, producing
isotopic signatures akin to the local seawater sulphate. Often, this process is associated

with areas having higher rates of sedimentation (Goldhaber and Kaplan, 1980).

The §**S composition of seawater sulphate ranges from +17%q to +22 %o (Paytan
ct al., 1998). Thus, when the 'S value of the sedimentary sulphur in a core ranges
between these values, the data will be interpreted to represent seawater sulphate. The
seawater sulphate value is important in the interpretation of the downcore §*'S data
because when the 3*'S values become depleted, the simplest interpretation is that S was

preferentially extracted from the seawater sulphate pool by sulphate-reducing bacteria.

Thus, an upward transition from strongly positive to strongly negative 5*S values in a
core should represent an incoming supply of seawater which would have provided the

ideal conditions for bacterial sulphate reduction leading to a shift in the sulphur isotopic

values to progressively more negative values. Vinogi et al. (1962; as refc d in

Holser et al., 1988) found that the isotopic fractionation by bacterial sulphate reduction

ranges between i ly —34%o to i ~19%o in the Black Sea.

An abrupt transition in the &S values in a core, closely corresponding to

milarly abrupt changes in other multi-proxy data over a few centimetres thickness (or

few tens of years in age) cannot be fully reconciled with the migration of a zone of
diffusion, and therefore must reflect a near-real-time change in the palaco-environment.
For example, a dramatic shift in the 3*S values in core MAR0S-50 that is recorded from

7.500 to 6,300 cal yr BP correlates exactly with a dramatic faunal turnover from Caspian
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o Mediterrancan ostracod species: this example is fully discussed in Sections 5.3 and 5.4.

Because the ostracod blage of the sedii is ind dent of molecular diffusion,

this shift in the 5**S values can only be interpreted as representing real-time changes in
the palaco-environment. Less abrupt isotopic changes may represent a diagenetic

at that i ic level.

overprint that post-dates the

5.2.5 Ratios of TOC/TS and TS/TOC

The values of TOC/TS and TS/TOC are calculated by a straightforward division

of one elemental weight percent by the other, but provide important information about the

ratio of carbon to sulphur present in the sediments. These ratios can yield details about
the pal

The ratio of total organic carbon content to total sulphur content (TOC/TS) is used
to d salinity diti Berner (1984) and Raiswell and Berner

(1986) defined a ratio of 2.8 + 0.8 to be the normal-marine value for Quaternary

sediments deposited under an oxic water column. Values ranging from 3 to 6 are
considered to indicate sediments of brackish settings, while TOC/TS values >10 imply
freshwater conditions (Berner and Raiswell, 1983). Leventhal (1983) and Berner (1989)
proposed that sediment with TOC/TS ratios less than the oxic marine value of 2.8 have
been deposited under anoxic conditions. The premise for this interpretation is based on
the fact that in anoxic conditions, there is a higher degree of sulphate reduction, which
consumes the organic material (and therefore, reduces the TOC amount) and produces
higher TS (e.g., pyrite) amounts. So mathematically, the larger the value of TS in relation

to TOC, the smaller the ratio will be.
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Given that the TS/TOC ratio is the inverse of TOC/TS, interpretations are
essentially the inverse of those outlined above. As noted in Rullkdtter (2006), sediments
with high TS/TOC ratios indicate anoxic depositional environments because the
consumption of the readily available organic matter by bacteria produces excess H,S,
which leads to increased pyrite precipitation and thus a higher TS weight percent. Given
the TOC/TS benchmark of 2.8 for the oxic/anoxic transition, the resulting inverse
benchmark is simply 0.357. Any values higher than this potentially indicate an anoxic
water column at the time of deposition. In practise, intervals hosting anoxic sediments
are better interpreted using TS/TOC ratios while variations within oxic sediments can be
assessed in more detail using TOC/TS ratios. TOC/TS ratios are especially useful
because they can be used to differentiate between freshwater, brackish and oxic marine
sediments.

In the context of this thesis, however, the reader is reminded that each of the three
composite cores show moderate bioturbation, as well as abundant micro- and macro-

fauna h These isms and i brics require the presence of some degree

of dissolved oxygen within the benthic environment in order to sustain life, with the
exception of the Chondrites trace fossil, as it is known indicator of seafloor dysoxia with
anoxic sediments and pore waters (e.g., Bromley and Ekdale, 1984). As a result, carbon
to sulphur ratios that plot within the anoxic sediment ranges (TOC/TS < 2.0 and TS/TC >
0.5) are likely not indicators of fully anoxic conditions. These situations will be clearly

noted and interpreted as low dissolved oxygen environments or dysoxia.
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5.3 Interpretation of Geochemistry from MAR05-50

Carbon and sulphur elemental and isotopic geochemistry, as well as carbon to
sulphur ratios, the sediment source fractions and the composite core lithology were
converted to the time domain (Figure 21) using the MAR05-50 age model (Table 8).
Within the framework of regional Units A, B and C, the geochemical data can be

interpreted as follows.

3.3.1 Unit C

Regional Unit C extends from the base of the core (~11,500 cal yr BP) to the a;
unconformity (hiatus extrapolated to start at ~10,735 cal yr BP). The organic carbon is
isotopically light (~—27%e). which indicates that the source is predominately (>80%)
terrestrial or lacustrine. At ~11,200 cal yr BP, there is a slight increase in the quantity of
TS and an associated positive shift to high 3"'S values >+10%o. This could indicate a
temporary increase in microbial sulphate reduction and pyrite production. Since there is
an associated shift in the 8*'S to isotopically heavier values, this would indicate that
benthic conditions resembled a closed system. Presumably the microbes were not able to
preferentially fractionate the sulphur isotopes due to the limited quantities of seawater
sulphate available (Thode, 1991). Excluding a peak of 8.1 at the base of the core,
TOC/TS ratios in Unit C are approximately 2.3, which according to Leventhal (1983) and

Berner (1989) ially indicate ition under anoxic it Given that the

ratio is not i <3, it cannot be i stated that the bottom waters on this

part of the Black Sea shelf were deficient in oxygen during the entirety of Unit C.
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Instead, the TOC/TS values in the range ~3-6 mightindicate normal brackish waters
(Table 12; Berner and Raiswell, 1983). However, since the TS values decrease toward
the a; hiatus, this indicates a decrease in sulphide minerals in the sediment and, in turn, a
decrease in the activity of sulphate reducing microbes. Excluding a short-duration peak
(involving two samples and averaging ~0.77%), the TS values for Unit C average
~0.31%. which is only slightly higher than the TS content of normal marine sediments
(<0.1% to 0.2%; Holser et al., 1988). Coupled with the borderline oxic/anoxic
predictions from the TOC/TS and TS/TOC ratios, the available data are compatible with
the proposal of predominately brackish benthic conditions with reduced oxygen levels
(but not anoxic) for this time interval (e.g., as proposed by Mudie et al., 2007: Marret et

al., 2009; Mertens et al., 2012).

Overall, the geochemical findings indicate that the depositional environment of
Unit C was likely brackish in salinity, with low to moderate rates of microbial sulphate
reduction indicated by the low amount of total sulphur. There is evidence for poor
bottom water oxygenation during this interval (i.e., dysoxia), based on the TOC/TS ratio.
Organic carbon that was deposited during this time is **S-depleted, which indicates that

its source was either from terrestrial input (e.g., fluvial, acolian) or from primary

production in the upper water column by lacustrine species of algae (Meyers, 1994).

5.3.2 Unit B
Regional Unit B begins at the resumption of sedimentation after the «; hiatus at
~8,420 cal yr BP and extends to the a; conformable surface at ~4,700 cal yr BP (Figure

21). This unit shows a general trend of increasing marine organic matter deposition
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(beginning at <10% marine fraction before 8,000 cal yr BP, increasing to >40% by 6,000
cal yr BP). Throughout this unit, 8*S becomes more negative and TS values increase.
This pattern is indicative of microbial sulphate reduction (c.g., Berner, 1984). From

~8,149 cal yr BP to ~6,400 cal yr BP, the 5**S values range from ~0%o to —17%o but at

6,300 cal yr BP there is a sudden shift to more negative (less than —30%o) values. Thi
in association with a slight increase in the amount of TS found in the sediments. The
sudden isotopic shift could indicate the presence of a constant supply of seawater sulphate

(that is, an open system such as a permanent, sustained connection with the

Medi that today is associated with a two-way hydrological flow system). This
would allow the colonies of microbes to flourish, preferentially incorporating the light S
isotope during respiration and resulting in increased accumulation of sedimentary
sulphur. TS/TOC ratios for Unit B are greater than 0.357 (excluding one value of 0.283
at 8,100 cal yr BP), indicating that the benthic conditions might have been anoxic at the
time of deposition (Rullkdtter, 2006), although persistent bioturbation suggests otherwise

(see below).

Overall, the geochemistry of Unit B indicates a transition in the depositional
environment from brackish to more marine salinities. The organic carbon isotopic
signature becomes increasingly marine, which could mean that there is (1) a decrease in

errestrial sourcing and an increase of marine algac primary productivity, (2) a transition

from lacustrine-type algae to marine-type algae productivity, or (3) ially both. The
increase in sulphate reduction and sulphide formation suggests that oxygen levels in the
benthic environment and near-surface sediments became lower with time. This is
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believed to be a direct result of development, by ~6,300 cal yr BP, of a sustained two-way

flow system between the Black Sea and the M Sea, through the

Strait and other connecting water bodies, allowing the microbial community to thrive.

5.3.3 UnitA

Regional Unit A ranges from ~4,700 cal yr BP to the sediment water interface
(roughly present day) (Figure 21). The organic carbon content in this unit is relatively
stable at ~1.25% TOC and the organic matter fractions are ~70% terrestrial and ~30%

marine, on average. The TOC/TS ratio remains ~2.1, indicating marine salinities and

ygen-deficient depositional envi until ~2,500 cal yr BP. From this point
onward, there is a general upward increase in TOC/TS caused by upward declining TS
(Figure 21). This is likely not due to actual changes in the basinal water chemistry, but
instead is attributed to incomplete early diagenesis. The fixation of sulphur by sulphate-
reducing bacteria is interpreted to not be complete above this core depth (~150 cm), so
the sulphur destined for precipitation and burial may still be in the pore water and not
bound in relatively insoluble sulphide minerals. As a result, this would decrease the
amount of TS, and consequently increase the TOC/TS ratio. By the same principle, the
general upward decreasing trend in the TS is not believed to be indicative of a decrease in
the availability of sulphur.
The sulphur isotopes are mostly negative throughout Unit A, indicating
bacterially-driven isotopic fractionation. However, at ~4,200 cal yr BP, there is a sudden
shift to positive, isotopically heavy values that lasts until ~3,400 cal yr BP. Above and

below this interval, TS weight percentages are of ~1.0% or higher. According to
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Masuzawa et al. (1992), TS values in this order indicate euxinic or sulphidic benthic
conditions. Associated 8™'S values vary between 0% — +29.7%. There are two potential

scenarios that could produce these results. Either, (1) this pattern could indicate a period

of time when the inflow of i waters had reducing the

of sulphate for only ~600 yr BP. As a result of this briefly closed system, the microbial
fauna could not support their preferential fractionation of the light S isotope.
Consequently, the sedimentary 5*'S values are closer to those of seawater sulphate (c.g.,
Thode, 1991). Interestingly, the timing of this weakened exchange correlates within the
@ hiatus in core MAR02-45 (Figure 19). Or, (2) the closed system effect could be due to
burial and diffusion of sulphate from adjacent sedimentary layers (Goldhaber and Kaplan,
1980). During this time frame, the sedimentation rate in core MARO0S-50 is slightly
elevated in relation to the surrounding time intervals (Figure 19). It is important to note

that () this environmental change is only present in the sulphur data, as the carbon and

ostracod (Section 5.4) data show no discernable shifts and (b) the time of this minor event
may not be correctly portrayed in Figure 21. Due to the issues of diffusion during
diagenesis and sulphur fixation, neither an exact time nor duration can be determined
accurately. In order to decide which one of the two scenarios described above is most
probable, an understanding of the thickness of the two-way flow compared to the present-
day thickness of the layers is needed. The height of the sea-level, the excess water budget
in the Black Sea basin (i.c., riverine input + precipitation — evaporation), and the strength

of the i inflow are the i factors ing the thi of the

individual layers of the two-way flow. It is very difficult to predict the past river influx
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and the precipitation versus evaporation in the Black Sea. There are conflicting views
about the prevailing climate of the landmass surrounding the Black Sea: Ryan et al.
(1997a,b, 2003) and Major et al. (2002) suggested that the Black Sea remained
evaporative between 10,000 and 3,000 e yr BP (~11,150 and 2,755 cal yr BP), whereas
Hiscott et al. (2007a,b), Mudie et al. (2007) and Mertens et al. (2012) suggested that the
Black Sea region during the interval from 11,000 to 3,000 "“C yr BP (~12,630 to 2,733

cal yr BP was very pluvial and not evaporative. Thus, the balance between evaporation

. Sea-

and precipitation cannot be unequi i within the scope of this thes
level is a parameter that can be better evaluated. Fairbanks (1989) suggested that global
sea-level nearly reached its present height around 4,000 "*C yr BP (~3,995 cal yr BP) and
that it has not changed since. However, a sea-level curve published by Chepalyga (2002)
for the Black Sea suggests that there have been ~5-15 m fluctuations in the sea level
since ~6,000 "*C yr BP (~6,400 cal yr BP). A notable drop of ~15 m in the sea level is
proposed to have occurred at ~4,500 14C yr BP (~4,700 cal yr BP; Chepalyga, 2002).
This proposal was later criticized by Giosan et al. (2006) who argued that the level of the
Black Sea has remained stable in this time frame based on work in the Danube delta, only
to oscillate between —2 m and +1.5 m of its present day level. Although the results of this
thesis would generally support the putative sea-level drop (Chepalyga, 2002) as it
coincides with the prominent enrichment in 8*'S of ~30-40% at ~4.200 cal yr BP (Figure
21), additional data are needed to unequivocally determine which of the above two

potential scenarios is correct.
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hemical of a marine

Regional Unit A as a whole has
environment, akin to the upper part of regional Unit B. Benthic conditions were oxygen
poor, potentially anoxic at times, and sulphate-reducing bacteria were present,
concentrating the lighter S isotope in early-diagenetic sulphide minerals. From ~4,000-
3,400 cal yr BP, the sulphur geochemistry suggests a slight change in benthic conditions,
possibly due to a temporary reduction in the availability of seawater sulphate as a result
of a change in the volume of incoming Mediterranean bottom waters or due to an increase
in the rate of burial. As well, the modern zone of carly diagenesis appears to affect
sediments younger than ~2,500 cal yr BP, with apparently incomplete precipitation of

sulphide minerals so that TS values are lower than anticipated.

5.4 MARO05-50 Micropalacontology Correlation

Fellow MSc student Lorna Williams conducted a palacoecological study using
ostracods found within cores MAROS-50P and MAR0S-51G as proxies (Williams, 2012).
Her results can be compared with the geochemical data (Figure 22). Ostracods are micro-

crustaceans, ranging from 0.3-30 mm in length, that live at the sediment-water interface,

whose fossils can be found from the Cambrian through to present day (Athersuch et al.,
1989). They are sensitive to variations in water chemistry, and many Black Sea ostracods
have well known salinity tolerances or preferences. Although there are 43 different
species of ostracods in cores MAR05-50P and MAR05-51G, they can be divided into two
main assemblages: Ponto-Caspian (brackish) and Mediterranean (marine) (Williams,
2012). The species at the base of composite core MAR05-50 are almost entirely brackish,

while those at the top of the core are almost entirely marine (Figure 22). There is a
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noticeable transitional zone from ~7,500 cal yr BP to ~6,300 cal yr BP where the brackish

his occurs within the zone of rising marine

species are replaced by marine species.
organic matter input identified in this thesis. The ™S isotopes oscillate within the range
0f 0%o to —20%o during this transitional zone until 6,300 cal yr BP, when there is a sudden

blishment of

negative shift to values less than ~30%o. This shift is associated with the

a sustained two-way flow system and benthic bacterial sulphate reduction, and occurs at

the exact same time as the end of the ostracod assemblage transitional zone (Figure 22).
Below this transitional zone, the marine fraction is <15%, however by the time the

Mediterranean species take over, the marine fraction of the TOC increases to over 40%.

This indicates that the benthic conditions at the core site were governed by low salinity

(~5%o) until about 7,500 cal yr BP. Then, high salinity Mediterranean water must have

entered the area, bringing with it the marine ostracod assemblage. Those spe:

and ly i the seafloor, replacing the brackish

assemblage by ~6,300 cal yr BP.
5.5 Geochemical Interpretations of cores MAR02-45 and MAR05-13

3.5.1 Core MARO2-45 Geochemistry

Hiscott et al (2007b) published carbon and sulphur elemental and stable isotopic
geochemistry (Figure 23) from composite core MAR02-45 in the depth domain, but for
correlation purposes, the data have been converted to the time domain using the age
model presented in Chapter 3 (Figure 19). Conclusions drawn by Hiscott et al. (2007b),

recast into the time domain, are presented below.
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At the base of Unit C, beginning at ~10,700 cal yr BP, TOC sources were
predominately terrestrial and/or lacustrine (~90%), total sulphur was under 0.5% and 5*'S
showed positive isotopic ratios ranging from 0 — +10%. However, beginning at ~9.400
cal yr BP, there was a marked increase in total sulphur to >1% that coincided with a rapid
increase in 8**S which peaked at ~+30% by 8.800 cal yr BP. This shift caused the
isotopic signature of the sedimentary sulphur to be slightly higher than that of modern
seawater sulphate (+17-22%o, Paytan et al., 1998). At this point, there was a dramatic
decrease in TS and 8**S until the a; conformable surface at ~8,200 cal yr BP. Hiscott et
al. (2007b) attribute the 3*'S positive shift to a “first pulse™ of Mediterranean water into

the area rather than a i If the ion were complete, the

incoming seawater would have provided ideal conditions for bacterial sulphate reduction
leading to a negative shift in the sulphur isotopic values to ~30%o to ~40%o. Instead,
Hiscott et al. (2007b) attributed the rise to ~+30%o to be the result of the complete
conversion of the newly introduced sulphate from the Mediterranean waters to sulphides
by sulphate-reducing bacteria, but with no replenishment of sulphate so that the final pool
of sulphur in the sedimentary sulphides preserved the isotopic signature of scawater
sulphate. This was therefore a closed system. The supply of seawater sulphate is
reflected in the associated TS peak, as well as an abundance of fine pyrite particles in the
palynology samples of the associated intervals (Mudie et al., 2007).

Throughout Unit B (~8,200-5,465 cal yr BP), the §*'S signature becomes lower,
averaging around —20%, and total sulphur ranges between 1-2% until the a
unconformity. Hiscott et al. (2007b) attribute this to a rise in sulphate concentration just
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before the deposition of Unit B that allowed sulphate-reducing microbes to grow and

flourish just below the sediment-water interface. A continuous sulphate supply is

ofa two-way ion with the Medi Sea.

Unit A begins after the a, hiatus (~2,050 cal yr BP) and extends to the sediment—
water interface, which is considered to be roughly present day. Hiscott et al. (2007b)
have hypothesized that the o hiatus represents a break in sedimentation on the inner and
middle shelf due to surface currents strong enough to prevent deposition. TOC and 8"°C
stabilize (~1.0% and ~—25.7%o respectively) while TS gradually decreases toward 0%,
representing the same early diagenetic signature as at sitt MARO0S-50 where sulphate
reduction and fixation of sulphur in the sediment has not proceeded to completion. The
authors note that the TS values directly above the a, hiatus are lower than the values in
the sediments below the hiatus, however the sulphur isotopes are still *'S-depleted
(~—20%0) which indicates bacterial fractionation of sulphur associated with poorly

oxygenated benthic conditions.

3.5.2 Core MAROS-13 Geochemistry

The carbon and sulphur geochemistry of MARO5-13 was run in 2007 as part of
the Cranshaw (2007) undergraduate dissertation project (Figure 24). As part of that
project, the geochemistry was compared in the depth domain to the results from core
MARO02-45. The main conclusions of Cranshaw (2007) are converted and summarized
here in the time domain using the age model presented in Chapter 3 (Table 10; Figure

19).
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3.5.2.1 MARO3-13 Sulphur Isotopes

The methodology used for determining the sulphur isotopic values in cores
MARO0S-13P and MARO05-04G was slightly different than the method described in this
thesis (Chapter 2, Section 2.4.4). Instead, one run was performed on the Finnegan
MAT252 isotope-ratio mass spectrometer whereby elemental and isotopic abundances
were determined for both carbon and sulphur simultaneously. The amount of carbon in
these southwestern Black Sea sediments is much greater than the amount of sulphur and,

as a result, it is very difficult to obtain reliable data for both elements at the same time.

Since the ion counts from the isotope-ratio mass sp are exf d as electric
potential, the digital output results in peaks (measured in mV) that can be converted into
clemental and isotopic abundances. However, the smaller the peak size, the higher the
margin of error. For the MAROS-13 samples, there was a wide varicty of sulphur peak
sizes dispersed randomly throughout the runs, and several samples had to be re-run since
the sulphur peak sizes were far too small to quantify. In order to correct for this, isotope
size correction standards (e.g.. IAEA-S-2 (NZ-2) and IAEA-S-3, Table 2) were included
at the beginning of the run. Since then, industry standards have changed to include two
sets of size correction standards: one set at the beginning and one set (including varying
standard sizes) at the end of the run, which has increased the accuracy of the data
calibration (A. Pye, pers. comm., 2012). Peak size only affects the sulphur isotopic data,
and as a result, the margin of error for the MARO05-13 results in Cranshaw (2007) is much

greater than that of MARO05-50. Consequently, it was decided that the §"'S data for



MARO5-13 would not be included in comparisons with cores MAR02-45 and MAROS-

50.

5.5.2.2 MAROS5-13 Geochemical Results

Unit C at the base of the core ranges in age from ~11,236 cal yr BP to ~8.970 cal
yr BP at the a; unconformity (Figure 24). This unit has low TOC and TS values, as well
as low 8"°C signatures that are enriched in the light isotope '*C. The organic carbon
sources are predominately terrestrial (~82-100%), indicating high fluvial input and/or
lacustrine algal production relative to marine sources (i.e., primary marine algal
production in the upper water column). Cranshaw (2007) proposed that these

indicate little exchange with the Mediterranean Sea,

suggesting that the Black Sea was a closed basin during this time period. Toward the top
of Unit C, beginning at ~9,800 cal yr BP, there is a gradual increase in TS as well as §'°C.
Because these changes coincide with a negative shift in 8**S (not included in this study),
Cranshaw (2007) proposed that there was increased bacterial reduction of sulphate to
sulphide, indicating the potential onset of watermass communication with the
Mediterranean Sea.

Unit B extends from the «; unconformity to the a, level, spanning 7,805 cal yr BP
to ~4,800 cal yr BP (Figure 24). TOC and TS values exceed those in Unit C and the §"*C
signatures indicate enrichment in the heavy isotope "C relative to Unit C. Organic
carbon is increasingly marine in origin, ranging from 30-70% marine. Given that the

total sulphur in the sediment is consistently high, (~1%) Cranshaw (2007) interpreted a

116



with the dit Sea and a stratified water column,

providing idea benthic conditions for bacterial sulphate reduction.

Unit A begins at ~4,800 cal yr BP and extends to the present day at the sediment—
water interface (Figure 24). TOC and §"C decrease relative to Unit B, but show
relatively consistent values (~1% and ~25%o respectively). Organic carbon is 30-40%

marine. The total sulphur amounts in Unit A oscillate, but are slightly lower than in Unit

B. Cranshaw (2007) noted that these hemical si; are i with

continued Mediterranean connection and the in

ion of basin-wide low-oxygen bottom-
water condition in the Black Sea. Because the TS values always remain below 1.0%, the
bottom waters were probably not anoxic, but they must have been dysoxic (cf., Masuzawa

etal., 1992).

5.6 Geochemical correlations between MAR05-50, MAR02-45 and MARO5-13
Correlations between cores MAR05-50, MAR02-45 and MAROS-13 provide a

record for the Black Sea shelf for the entire

complete
Holocene Epoch. The hiatus in sedimentation present at the a; unconformity in cores
MARO05-50 and MARO05-13 is absent in MARO02-45, and vice versa for the «
unconformity, resulting in data from at least one site for each time step throughout the

Holocene.

The MARO5-50 core sire is found within a hydrodynamically complex region ~30

km north-northwest of the Strait of Here the i inflow

is spreading northward within a saline channel as a distinct bottom watermass. and
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significant volumes are spilling over the banks of that channel as the saline water crosses
the shelf (R.N. Hiscott, pers. comm., 2012). The Black Sea surface waters are being
advected eastward in the Rim Current system. The amount of organic matter preserved in
the surface sediments through time is thus a function of the strengths of the surface and
bottom currents, the temporal changes in the contribution of organic matter from
terrestrial and marine sources, as well as the consumption of organic matter by micro- and
meio-benthos and by sulphate reduction. Therefore, the broad and generalized statements

about environmental change described below must be view within this context.

The core sites at MAR02-45 ~85 km west-northwest of the Bosphorus Strait and

at MAR0S-13 ~165 km cast-southeast of the Bosphorus entrance represent open shelf

settings in the southwestern Black Sea. Here, h; are lled by

temporal changes in the position and strength of the Rim Current and the anticyclonic

Bosphorus and Sakarya eddies, temporal changes in the depth of the chemocline, the
spatial and temporal changes in the contribution of organic matter from terrestrial and

marine sources, as well as the oxidation and consumption of organic matter.

35.6.1 Carbon Results

The elemental carbon and carbon isotopic data (Figure 25) and by association, the

balance between marine and terrestrial/lacustrine organic-matter sources (Figure 26) for

cores MAR0S-50, MAR02-45 and MAROS-13 exhibit good correlations with one another.
Both the TOC and the §"°C values follow the same general trend, beginning with low
TOC and low 3"°C of the organic matter at the base of all three cores and then showing

notable increases in the amount of TOC and concomitant enrichments in 5" °C values.
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Figure 25: Carbon elemental and isotopic values for cores MARO0S-50 (red). MAR02-45

(blue) and MAROS-13 (green) with respect to time. The timing of the initial saline inflow

(ISI: from Major et al.. 2002), the beginning of a strong. sustained two-way flow (TWF:

from Hiscott et al., 2007b) and the disappearance of lacustrine species (DLS: from Ryan

ctal.. 1997) have been added for interpretation purposes.
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Figure 26: Organic carbon sediment source fractions for cores MAR05-50 (red), MAR02-
45 (blue) and MAROS-13 (green) presented with respect to time. Grey lines denote the

initial saline inflow (IS

I: from Major et al., 2002), the beginning of a strong. sustained
two-way flow (TWF: from Hiscott et al., 2007b) and the disappearance of lacustrine

(DLS: from Ryan et al.. 1997).
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Furthermore, the source of the organic matter similarly shows a noticeable, but
progressive shift in both cores MAR02-45 and MARO5-13 from predominantly a
terrestrial and/or lacustrine source immediately prior to the first, possibly temporary,
influx of saline Mediterranean water at 9,160 cal yr BP (Major et al., 2002) to a clearly
marine source by ~6,000 cal yr BP (Figure 26). The time of first influx is not captured in
MARO5-50 due to the presence of the a; hiatus. These trends are clearly associated with

the initial reconnection of the Black Sea with the Mediterranean Sea.

Despite these broad similarities in trends, there are minor, albeit noticeable
differences between the TOC and 8"°C values of core MAR05-50 compared to cores
MAR02-45 and MAROS-13 (Figure 25). For example, the TOC values are slightly higher
and the 3°C values are lower at the base of core MAR05-50. These small differences can
be interpreted as a slightly higher rate of organic matter influx as well as more terrestrial
organic matter input to the site of core MAR05-50 close to the exit of the Bosphorus

Strait d with the t

ic of open shelf core sites
to the west (i.e., MAR02-45) and east (i.e., MAR0S-13) of the Bosphorus Strait.

Another small difference is the onset of increasing TOC and coincident
enrichment in §"°C values. In MAR02-45 and MARO5-13 these changes occur across the
interval bracketed by the TWF (~8,085 cal yr BP) and DLS (~7,570 cal yr BP; Figure 25).
In these two cores the increasing TOC and enrichment in §*C values continue up-core to
~6,200 cal yr BP in core MAR02-45 and ~5,400 cal yr BP in core MARO0S-13. However,
the correlative onset of increasing TOC and enrichment in the §"°C values in core

MARO05-50 does not occur until ~6,300 cal yr BP. These small differences are interpreted
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to result from an initially lower rate of organic matter influx to the MAR05-50 core site.
The timing of the increase in TOC and broadly synchronous enrichment in the s"c

ablishment

values in core MAROS-50 at ~6,300 cal yr BP correspond exactly with the

of a fully marine ostracod assemblage in the same core (Figure 22; Williams, 2012).

In core MARO5-13 the interval marked by relatively high TOC percentage:

as
well as heavy §"C values oceur between ~7,570 cal yr BP and ~4,900 cal yr BP (Figure
25). In core MAR02-45, a similar interval occurs between ~7,570 cal yr BP and the onset
of the «, hiatus at ~5,465 cal yr BP. These intervals in these two cores represent a
prominent increase in the marine primary productivity across the southwestern Black Sea
(Figures 25, 26; Cranshaw, 2007; Hiscott et al., 2007b). In core MARO05-13, dramatic
transitions from higher to lower TOC values and from higher to lower 5"°C values occur
at ~4,900 cal yr BP. This transition is not observed in core MAR02-45 because of the a
hiatus. The correlative transitions in core MARO05-50 are notably subdued, and are
recorded 500 year later at ~4,400 cal yr BP (Figures 25, 26). The notably lower TOC
percentage throughout the ~6,300 cal yr BP to ~4.400 cal yr BP interval and the ~500

year lag in core MAROS-50 collectively suggest that strong saline inflow from the

Strait inued for an

| 500 years, and during that period

The near increases in the 8"°C values

regional
from ~7,500 cal yr BP to ~4,400 cal yr BP in all three cores suggest that marine primary

.

productivity was notably increased in the southwestern Black Sea during this
Despite this increase in marine primary productivity (as indicated by the heavier &' ‘e
values), TOC values remain relatively low in cores MAR0S-50 and MAR02-45 (Figures
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25, 26). This difference between the TOC content of core MAR05-13 and the other two
cores can be interpreted as (i) higher marine productivity at site MAR0S-13 than that at
sites MARO05-50 and MAR02-45 or (ii) a notable increase in the amounts of organic
matter preservation at site MAROS-13 compared to the other two sites. The fact that all
three cores show high marine primary productivity, as indicated by the §'°C values,
suggests that the greater TOC values in core MAR05-13 may best be interpreted as an

improvement of the preservation state of organic carbon on the seafloor at this core site.
The geochemical data presented in this thesis (particularly cores MAR0S-13 and
MARO05-50) show that the marine environment stabilized after ~4,400 cal yr BP and a

steady bi ical system became i in the Black Sea. Core

MARO2-45 is mute about this interval because of the a, hiatus. The near constant TOC
and §"°C values in all three cores strongly suggest that the physical and chemical
oceanographic makeup of the Black Sea shelves became established at ~4.400 cal yr BP,

with little subsequent deviation from these conditions. This is to say that changes in

climate, hy and benthic diti

including organic matter preservation
versus degradation rates, were less severe after ~4,400 cal yr BP, leading to no drastic

changes in the data.

5.6.2 Sulphur Results

Despite the interpretation difficulties associated with sulphate diffusion and
sulphide fixation, the data for elemental sulphur and its isotope 8"'S from cores MAROS-
50, MAR02-45 and MAR-13 show remarkably good general correlation (Figure 27). In

all three cores, the TS values follow similar trends, starting with low values close to (or
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marginally higher in the case of MAR05-50) the values found in normal oxygenated
marine/lacustrine sediments (<0.1% to 0.2%; Holser et al., 1988) and increasing so as to
approach levels characteristic of euxinic bottom waters (>1.0% to 1.2%: Masuzawa et al.,
1992) after the initiation of sustained two-way flow at ~8,085 cal yr BP (Hiscott et al.,
2007b). At ~1,500 cal yr BP, the TS values in all three cores decrease to <0.2%.
indicating that sulphur fixation is not complete in the near-surface sediments because of
ongoing early diagenesis.

During the interval from ~11,500 cal yr BP to ~9,160 cal yr BP (i.c., onset of ISI;

Figure 27) all three cores show very low TS, ing an i . The

8S values hover around 0%, suggesting that this was probably a closed system,

ial isotopic ionati This interpretation is in keeping with the

previ ished work which d that the bottom waters in the Black Sea were

isolated (e.g., Hiscott et al., 2007a,b). During this time, vigorous outflow of Black Sea
waters into the Marmara Sea (Hiscott et al., 2002, 2007a,b) would have prevented the
penetration of Mediterranean waters into the Black Sea basin.

The interval from the ISI (i.e., ~9,160 cal yr BP) to the TWF (~8,085 cal yr BP) is
only fully represented in core MAR02-45. In core MAR05-13 the record from ~8,970 cal
yr BP to ~7,805 cal yr BP is missing (i.c., a; hiatus), whereas in core MAR0S-50 the
sedimentary record from ~10,735 cal yr BP to ~8,420 cal yr BP is similarly missing. In
core MAR02-45, both the TS and §*'S values show a marked positive shift at ~8.085 cal

yr BP (Figure 27). Hiscott et al. (2007b) interpreted this shift to be the result of a “first

pulse” of sulphate-rich Medi into the Black Sca, where sulphate
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Figure 27: Elemental and isotopic sulphur data for cores MAROS-50 (red). MAR02-45
(blue) and MARO5-13 (green) presented in age domain. Sulphur isotopic data for core
MARO5-13 are not included for reasons explained in section 5.5.2.1. The superimposed
grey lines denote the initial saline inflow (ISI: from Major et al., 2002). the beginning of
sustained two-way flow (TWF: from Hiscott et al.. 2007b) and the disappearance of

lacustrine species (DLS: from Ryan et al.. 1997).
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reduction occurred, but bacterial fractionation could not occur due to the existence of a
closed biogeochemical system. In core MARO5-50 the sedimentary record starts at
~8.420 cal yr BP and continues up-core without interruption to the present-day
depositional surface. In the upper portion of the ISI — TWF interval the geochemical
proxies show lower amounts of sulphide production, as indicated by the TS and less

bacterial isotopic fractionation as indicated by the §**S values hovering around 0%o until

the initiation of the sustained two-way flow (TWF, Figure 27). During the a; hiatus, the
currents at the core site were probably strong enough to prevent deposition (Hiscott et al.,

2007b). The sedimentary environment at the core site soon after the a; hiatus was

probably not ive for the i i i of a healthy benthic community,

for the observed

During the period from the initiation of sustained two way flow (i.c.. TWF) at

~8,085 cal yr BP t0 ~5,000 cal yr BP the TS and the §"S values show increasing rates of

isotopic fractionati it with sulphate reduction in an open system as
indicated by a negative shift to **S-depleted values and the related sulphide precipitation
as indicated by the marked increase in the weight percentage of TS (Figure 27). This
interval is also distinct in the TOC and §"C data, since organic matter becomes
increasingly marine from ~8,085 cal yr BP to ~5,000 cal yr BP (Figures 25, 26). The
progressive increase in the contribution of marine organic carbon follows a good
correlation with the depletion of 3**S values, suggesting that the efficiency of sulphate
reduction paralleled an enrichment in 8"°C values (compare Figures 25 and 27). It is
noteworthy that at ~6,300 cal yr BP the sulphur isotopic values reached their most
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depleted values (~30 to —35%o), indicating an open geochemical system for sulphate
reduction (Figure 27) coincident with the termination of the ostracod faunal turnover zone
from Ponto-Caspian to Mediterrancan assemblages (Figure 22; Williams, 2012).

In core MAR02-45 the zone of increasingly active sulphate reduction only extends
from ~8,085 cal yr BP to ~5.465 cal yr BP (Figure 27). TS values in core MAR02-45
remain consistently higher that those in cores MAR05-13 and MAR05-50. In fact the TS
values are invariably >1.0% and as high as ~2.0%. These high TS values suggest that the
MARO02-45 core site must have been situated very close to the chemocline so that the
conditions were near euxinic (Raiswell and Berner, 1985). However, the presence of a
continuous and diverse ostracod fauna from core MAR02-45 through this interval (Evans,
2004; Hiscott at al., 2007b) precludes the rise of the chemocline to the core site, and
strongly suggests that the core site must have been situated beneath oxygenated or

dysoxic bottom waters.

The broad shape of the TS curve for core MAR05-50 matches reasonably well
with that of core MAR02-45. In core MAROS-13, the interval from ~8,085 cal yr BP to
~5,000 cal yr BP (Figure 27) shows two zones where the TS values exceed 1.0%. These
intervals are interpreted similar to the correlative interval in core MAR02-45. Except for
a very short interval at ~5,500 cal yr BP, the TS values in core MARO0S5-50 does not reach
>1.0% level, suggesting that the core site was probably oxic/dysoxic during this entire
interval. The presence of an abundant and diverse ostracod fauna throughout core

MARO0S-50 strongly suggests that bottom waters at the core site were oxic (Williams,
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2012). possibly explaining the generally lower TS values in core MAR0S-50 than in the

other two cores.

5.6.3 Results from Carbon to Sulphur and Sulphur to Carbon Ratios

At the base of the cores MAR0S-50, MAR02-45 and MAROS-13, the general
trend of the TOC/TS ratios shows that sediments were deposited in oxic marine
environments with TOC/TS > 2.8. This interpretation confirms the earlier assessment of
TS and the 'S data which suggested that this interval was probably oxic to dysoxic.
Although this interval from ~11,000 cal yr BP to ~9,160 cal yr BP at the MAR02-45 core
site remained oxic, data from core MAROS-13 show that the environment at this site
gradually transitioned toward lower oxygen levels at or around 9,600 cal yr BP, prior to
the ISI boundary at ~9,160 cal yr BP (Figure 28). Core MARO0S-50 does not contribute
any information for conditions at this time due to the a; hiatus which spans from ~10,735
cal yr BP to ~8,420 cal yr BP (Figure 28). Ignoring time gaps at hiatuses, near constant
TS/TOC ratios that are greater than 0.357 begin in all three cores at the ISI boundary and
continue until ~2,000 cal yr BP with only occasional, small oscillations toward oxic
marine values. After ~2,000 cal yr BP, the data provide the false suggestion of an up-
core “freshening” of salinities because of incomplete sulphur fixation in the zone of carly
diagenesis — because the TS denominator of the TOC/TS ratio is artificially low close to
the sediment-water interface, graphs show high or “fresh™ TOC/TS values (Figure 28).

The principal concern with the above general interpretation of the carbon to
sulphur ratio data is that it suggests that the cores recovered sediments that were

deposited in very poorly oxygenated to anoxic conditions. For the data collected from the
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Figure 28: Ratios of TOC/TS and TS/TOC for cores MAR0S-50 (red), MAR02-45 (blue)

and MAROS-13 (green) presented in age domain. The grey lines denote the initial saline

inflow (ISI: from Major et al., 2002), the beginning of sustained two-way flow (TW
from Hiscott et al.. 2007b) and the disappearance of lacustrine species (DLS: from Ryan
et al.. 1997). The purple shaded zones indicate the standard deviation of the oxic to

anoxic transition for normal marine sediments (Berner, 1986: Rullkdtter, 2006).
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southwestern Black Sea shelf, it is clear that this statement cannot be true. Firstly, the
palacoceangraphic data suggest that the chemocline in this region has never risen to the
relatively shallow depths of the three cores (collected in present waters depths of <91 m
below sea-level), rather that it had been much lower, progressively rising to the present
day level (Deuser et al., 1974; Glenn and Arthur, 1984). Secondly, all three cores show
moderate burrow mottling and both MAR02-45 and MAROS5-50 possess abundant and
diverse ostracod fauna for the entire Holocene interval (Evans, 2004, Williams, 2012,
respectively). The presence of these lacustrine and marine fauna precludes the existence
of euxinic or anoxic bottom waters on the southwestern Black Sea shelf, and implies that,
at the very least, the benthic environment was dysaerobic (i.e., 0.1-1.0 mL/L dissolved
oxygen content; Raiswell and Berner, 1985, 1986). It may be that the thresholds
proposed in the literature (Table 12) are too restrictive when applied to the samples from

the Black Sea shelves.

As mentioned in section 5.2.5, a better explanation for the ratio data of the three
cores is that, given the presumed positions of the core sites above the chemocline
throughout the Holocene, the benthic conditions might have oscillated between
predominantly oxic and dysoxic. This is supported by the fact that most of the ratio data
hovers around the normal oxic marine/lacustrine value of Quaternary sediments (2.8 + 0.8

as defined by Berner, 1986). Taking the lowest value consistent with the standard

deviation, that is TOC/TS = 2.0, more data points become consistent with oxic conditions.



Chapter Six: Discussion

The results of geochemical analyses in 89 sediment samples extracted from a long
piston core (MAR05-50P) and its nearby gravity core (MAR05-51G) recovered from the
southwestern Black Sea shelf provide a detailed palaco-oceanographic and palaco-
environmental reconstruction of the region for the last ca. 11,500 years. The comparison
of the geochemical data from these cores with two other cores collected west-northwest
and east of the exit of the Strait of Bosphorus into the Black Sea allow a regional and
holistic evolution of the southwestern Black Sea to be deduced. The following discussion
is presented under the following four headings based on chronological age: (i) the last
glacial maximum - interglacial transition, (ii) the period of basin isolation, (iii) initial
saline inflow and evolution of the two way flow exchange and (iv) the Late Holocene to

Present.

6.1 Last Glacial Maximum — Interglacial Transition (~20,000 — ~12,630 cal yr BP)
Major et al. (2002) and Ryan et al. (2003) indicated that the Black Sea level stood

at ~—140 m during the last glacial maximum, some ~20.000 cal yr BP. During this time

they proposed that the Black Sea was a fresh water lake disconnected from the Marmara

Sea. The timing of the early post-glacial reconnection of the Black Sea with the Marmara

Sea is in dispute. The of the Oscille Sea-Level Hyp i d that
between ~17,000 and ~11,000 14C yr BP (~19,735 and ~12,630 cal yr BP) the warming

from the

of the climate iated with the glacial-i al transition caused wate:

Caspian Sea to enter the Black Sea (referred to, by the authors, as the Late Neoeuxinian
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lake) via the Manych Spillway, which connected the Caspian Sea and the Black Sea
(Yanko-Hombach et al., 2004; Kerey et al., 2004; Yanko-Hombach, 2007). This event
apparently raised the level of the Black Sea to ~20 m, but also produced a small outflow
into the Marmara Sea. On the other hand, the proponents of the Flood Hypothesis
suggested that at ~16,000 to 14,700 14C yr BP (~18.,760 to ~17.380 cal yr BP) the level
of the Black Sea rose to the breach depth of the Strait of Bosphorus, permitting outflow
into the Marmara Sea (Ryan et al., 2003). Hiscott et al. (2002, 2007a) mapped a lower
delta (i.e., their A2, also see Chapter 1) across the northeastern Marmara Sea shelf
immediately south of the mouth of the Strait of Bosphorus. They speculated that A2
might have developed during this period of strong Black Sea outflow associated with this

carly reconnection between the Black Sea and the Marmara Sea. So the dispute between

the Oscillating Sea-Level Hypothesis and the Flood Hypothesis is in the timing and
duration of the initial post-glacial reconnection of the Black Sea with the Marmara Sea:

the Oscillating Sea-Level Hypothesis suggests that this connection occurred ~975 cal

years earlier than suggested by the Flood Hypothesis, and that the connection was not
severed until the Younger Dryas cool interval some ~11,000 *C yr BP (~12,630 cal yr

BP). In contrast, the Flood Hypothesis suggests that the connection was a short-duration

event and that the Black Sea experienced an evaporati starting at ~14,700
"C yr BP (~17.380 cal yr BP), when the level of the Black Sea dropped to ~120 m
below present level (Major et al., 2002; Ryan et al. 2003; Hiscott et al., 2007a,b). There
is no disagreement between the Outflow Hypothesis 11 and the Flood Hypothesis in the

timing and duration of this early reconnection because Hiscott et al. (2007a) had no data
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pertaining to this time period, and therefore accepted the scenario advanced by Ryan et al.
(2003). The core data presented in this thesis do not address these controversies, because

the cores do not penetrate into sediments of older than ~11,500 cal yr BP.

6.2 Period of basin isolation (~11,300 —~9,160 cal yr BP)

The data presented in Chapter 4 and interpreted in Chapter 5 show that from
~11,500 cal yr BP until ~9,160 cal yr BP the southwestern Black Sea shelf was a brackish
environment with oxic bottom waters, albeit with depleted levels of dissolved oxygen
relative to normal marine conditions. The organic matter preserved in the sediments
during this time was of predominantly lacustrine and/or terrestrial origin. The stable

isotopic data clearly show that the interval from ~11,500 cal yr BP to ~9,160 cal yr BP

represented a closed system which p f ial isotopic fractionation during

bacterial sulphate reduction, and also prevented abundant sulphide mineral formation.

Hiscott et al. (2002, 2007a) suggested that during this interval, specifically between
~10,000 and ~9,000 "*C yr BP (~11,150 to ~9,660 cal yr BP) a prominent delta was
developing in the northeastern Marmara Sea (i.e., Al, see Chapter 1). They evaluated the
sediment-discharge budgets of all the rivulets around the southern exit of the Strait of
Bosphorus, and decided that the discharges of these small streams were not sufficient to
account for the sediments contained within this delta. They also noted that the seismic-
stratigraphic architecture of the delta shows vertical aggradation during the period of
seaward progradation, suggesting that the delta was building into a rising sca-level.
Based on these characteristics, they attributed the development of this delta to vigorous

outflow from the Black Sea across the Strait of Bosphorus. The core data from MAROS-
133



50, MAR02-45 and MARO5-13 do not allow consideration of the level of the Black Sca
during this interval, and cannot directly support or refute the existence of the vigorous
outflow from the Black Sea during this time interval. However, the data do indicate that
there is no geochemical and isotopic evidence for inflow of Mediterranean water into the
Black Sea during this time. This conclusion is further supported by a recent MSc thesis
(Williams, 2012) which shows that this interval is solely represented by a very distinctive
Ponto-Caspian brackish ostracod assemblage. The closed oxic bottom-water system in
the Black Sea, the Ponto-Caspian ostracod assemblage and vigorous outflow of Black Sea
waters into the Marmara Sea are not unrelated observations. The interpretation of a
closed geochemical system with oxic bottom waters is in keeping with previously
published work which suggested that the bottom waters in the Black Sea were isolated
(e.g., Hiscott et al., 2007a,b). It is entirely possible that vigorous outflow of Black Sea
waters into the Marmara Sea (Hiscott et al., 2002, 2007a,b) prevented any significant
inflow of Mediterranean waters into the Black Sea basin during this time, thus creating an
closed geochemical system. Furthermore, because there was no inflow of Mediterranean
water into the Black Sea, the shelf waters were brackish, thus the Ponto-Caspian ostracod
assemblage flourished.

According to the Flood Hypothesis, the Black Sea should have experienced a
sustained evaporative drawdown from ~10,000 to ~8,400 "*C yr BP (~11,150 t0 9,160 cal
yr BP), when the Black Sea level is proposed to have dropped to —95 m below its present
level (Major, 2002; Ryan et al. 2003). These authors further argued that the level of the
Marmara Sea rose before that in the Black Sea, breaking a hypothetical sediment dam
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across the Bosphorus Strait (Ryan et al., 1997a,b) at 9.160 cal yr BP, catastrophically
inundating the Black Sea, creating the “Great Flood™. The fact that the geochemical data

in cores MAR02-45 and MAROS-13 confirm fully ition and

sedimentation at these core sites shows that the Black Sea level was never as low as =95

m as by the of the Flooc hesis (c.g.. Major, 2002; Ryan ct al.

2003).

6.3 Initial saline inflow and two way flow exchange (~9,160 —~4,400 cal yr BP)

The geochemical data from core MAR02-45 shows that Mediterranean waters
penetrated into the Black Sea starting at ~9,160 cal yr BP. This interval is within the al
hiatus in cores MAR05-50 and MAROS-13. This age (i.c.. 9,160 cal yr BP) exactly

matches the age proposed by others for catastrophic flooding (Major, 2002: Ryan et al.

2003). However, the of the Outflow Hypothesis used the data from core
MARO02-45 to counter the arguments of a catastrophic flooding event (Hiscott et al..
2007b). These authors interpreted the notable enrichment in the §**S values and the co-
occurring increase in the TS amounts as a first pulse of Mediterranean water inflow into
the Black Sea. They argued that the inflow of Mediterranean water was brief and short
lived, but that ... it was enough to shifi the *’Sr/**Sr ratio to open marine values, but not
enough to maintain an isotopic offset between a heavy reservoir of sea water sulphate

and a light reservoir in the sulphide minerals in the sediments ... Hiscott et al. (2007b)

used I and h | data to suggest that the inflow of the

Mediterranean waters into the Black Sea during the “first pulse™ was not a catastrophic

imply caused by the
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weakening of the outflow to the point that some Mediterranean water could penetrate as a
tongue of bottom water. This interpretation is supported by palynological studies in the
Black Sea (e.g., Mudie et al., 2007) which suggest that the initial first pulse of incoming
sulphate was reduced and entirely preserved as abundant <Spm particles of pyrite. They
showed that at ~9,000 "*C yr BP (~9,660 cal yr BP) the landmass around the southern
Black Sea included a vegetation dominated by Quercus cerris, Tilia, Fagus, Castenca,
Ulmus as well as shade ferns, aquatics and swamp plants. This flora indicates a palaco-

di the

climate with warm winters and d ipitation, directly
proposal by Major et al. (2002) and Ryan et al. (2003) of a dry climate needed to drive an
evaporative drawdown of the Black Sea.

Whether the 9,160 cal yr BP event is associated with catastrophic flooding or
simply with the weakening of Black Sea outflow remains conjectural: the primary data
presented in this thesis for core MAR05-50 do not cover this time interval. These data
do, however, provide insight into the oceanographic history after 8,420 cal yr BP, several
hundred years before the initiation of sustained two-way flow at 8,085 cal yr BP (as
proposed by Hiscott, 2007b).

The clemental carbon and carbon isotopic data show concomitant increases in

5"°C values from ~7,500 cal yr BP to ~4,400 cal yr BP in all three cores, suggesting that
marine primary productivity increased in the southwestern Black Sea during this time. In
core MARO5-50, the sedimentary record re-started after the a; hiatus at ~8,420 cal yr BP

and continued up-core without interruption to the present-day depositional surface.

Between ~8,420 cal yr BP and ~7,570 cal yr BP the data discus:

d in Chapters 4 and 5
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show lower amounts of sulphide production, and low rates of sulphate reduction. But,
this condition rapidly changed by ~7.000 cal yr BP as the environment progressively

transitioned into a fully open marine envi with oxic/dysoxic bottom

and very active bacterially mediated sulphate reduction in the near-surface sediments.

The period from ~7,000 cal yr BP to ~5,000 cal yr BP shows that the southwestern
Black Sea shelf became an open marine environment with organic matter supplied from
predominantly marine sources. The data further indicates that the progressive increase in
the contribution of the marine organic carbon correlated with depleted §'S values,
suggesting that sulphate reduction accelerated along with the enrichment in the §"C
values. Parallel studies of ostracods shows that at ~6,300 cal yr BP the establishment of
an open system with an essentially unlimited supply of sulphate coincided with the
termination of the ostracod faunal turnover from Ponto-Caspian to Mediterranean

assemblages (Williams, 2012). The interpretations for this time period are in good

with the Outflow Hypothesis (e.g., Hiscott et al., 2007b), the Flood Hypothesis

(e.g., Major, 2002; Ryan et al. 2003) as well as the Oscillating Sea Level Hypothesis
(Kerey et al., 2004; Yanko-Hombach et al., 2004; Yanko-Hombach, 2007). The only

possible ption is that the Oscillating Sea Level I suggests that the

watermass communication between the Black Sea and the Marmara Sea may have
occurred via a waterway to the east of the modern Bosphorus Strait, called the Sakarya

Bosphorus. The data from this thesis cannot add any new insight to this claim.

137



6.4 Late Holocene to Present (~4,400 — present day)

The geochemical data presented in this thesis (particularly cores MAR05-13 and
MARO05-50) show that the marine environment stabilized after ~4,400 cal yr BP and an
open biogeochemical system was well established in the southwestern Black Sea by this
time. During this time the sea level reached the present day elevation, allowing full-scale
watermass communication across the Strait of Bosphorus. The consistent geochemical
and stable isotopic signatures of the sedimentary data in all three cores across the
southwestern Black Sea shelf strongly suggest that a full and open-marine

biogeochemical environment had reached equilibrium by ~4,400 cal yr BP.

This study clearly provides a glimpse into the evolution of the World’s largest
anoxic and euxinic basin, and illustrates how seemingly small oceanographic events had
profound impacts on the biogeochemical conditions that prevailed in this basin. The
preservation of organic matter in ancient semi-isolated basins, such as the North Sea and

the Jeanne d’Arc Basin must have had similar evolutionary histories, controlled by

pal i and pal i ints. Thus, it is true that the
Black Sea forms an analogue for these ancient deposits, and will continue to provide
much needed insight into various fundamental problems in the fields of geology and

environmental science.
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Chapter Seven: Conclusion

7.1 Summary

The main scientific objective of this thesis was to acquire and interpret the carbon

and sulphur geochemical data and to use these as proxies to develop a local palaco-

environmental history, as well as to add to the existing regional history of the

southwestern Black Sea shelf. The i ion of the li ical and hemical data

in cores MAROS-50P and MAR-51G and the correlation with regional composite cores

MARO02-45 and MAROS5-13 reveals the following salient conclusions.

. A 787 em-long composite core MAR0S5-50 was constructed using a 737
cm long-piston core (MAR05-50P) and the upper 50 cm portion of a 157 cm long-
gravity core, collected from the southwestern Black Sea shelf on the eastern levee of

saline density-c t channel. n dates were collected using

ap
a variety of carbonate fossils, which were then calibrated to correct for the apparent
reservoir offsets and to conform with tree-ring chronology. An age model using nine
radiocarbon dates was constructed to use for interpretation and correlation purposes,
resulting in a model that spanned from ~11,500 cal yr BP to present day. The same
procedure was used by the author to create age models for the previously published
composite cores MAR02-45 (~10,720 cal yr BP to present) and MAROS-13 (~11,236
cal yr BP to present).

. Euhedral gypsum crystals were discovered within the >63-micron fractions

of cores MAR05-50P and MARO05-51G, and had been noted to be “growing™ on the
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exteriors of the wet sediment cores post-collection in the cold storage unit. Given
that gypsum is a sulphate mineral, the precipitation of gypsum crystals could have
had a detrimental effect on the sulphur isotope values presented in this thesis,

pecially if the cr ization involved isotopic ionation or if the HCI treatment

dissolved some of the gypsum during sample processing. The abundance of gypsum
crystals was counted in each sample interval, and 15 crystals were selected for
compositional analysis with a scanning electron microscope which confirmed that
they were in fact gypsum. Literature review provided insight on the solubility of
gypsum in HCI, which revealed that with the applied treatments, no dissolution of
gypsum should have occurred. Stable isotope mass spectrometry results from six

difference samples revealed that there was no issue with isotopic fractionation of the

sediment samples jated with gypsum precipitation. Thus, it was concluded that
the presence of post-collection gypsum has no effect on the integrity of the sulphur
geochemistry presented in studies such as this.

. The reservoir age models used in this thesis were based on calibrated
radiocarbon dates collected from fossil material. Due to various reservoir effects, the
carbon bound in the dated material required calibration in order to interpret the
information with respect to solar years, as well as with dates from other regions and
environments. The reservoir correction for the Black Sea area is under debate and
awaits final resolution based on ongoing studies. A thorough literature review
suggests that correction values of 280 'C yr for dates younger than 7,500 "*C yr BP
and 415 "C yr for dates older than 7,500 "'C yr BP are most appropriate. These
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values were used in the Oxcal 4.1 program, which calibrated the samples using the

Marine09 calibration curve and the selected reservoir correction value.
. Lithological correlations between cores MAR05-50, MAR02-45 and

MARO5-13 show good regional continuity of facies across the southwestern Black

Sea shelf. Three regional units (Units A, B and C) are present in all cores, which lie

directly above the shelf-crossing ive « unconformity. The local «;
unconformity (located above the a unconformity) is found within cores MAR0S-50
and MAROS-13, while core MAR02-45 intersects the shallower a, unconformity that
is absent at the other two core sites. Given that the @; and o> unconformities are

located at different sub-seabed depths, their i hiatuses in sedij ion also

occur at different times. The lithological correlations provide a complete and holistic
view for the interval from ~11,500 cal yr BP to present day in the southwestern Black

Sea shelf during the Holocene.

. Geochemical results from regional Unit C in MARS0-50 (~11,500 to

~10,635 cal yr BP) show predominately terrestrial/lacustrine organic matter sources
(>80%) and a low amount of sulphide mineral production. Interpretation of this unit

suggests that the core site was a closed benthic system, as indicated by the lack of

| isotopic fractionati iated with small TS Carbon to

sulphur ratios lic within the oxic/anoxic boundary region, excluding one TOCY!
peak of 8.1, which possibly indicates benthic waters transitional between brackish

and fresh. As a result, this unit is interpreted to have formed in a poorly oxygenated,

m, supporting the brackish benthic faunal and floral assemblages
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suggested by other researchers in this area for this time period (c.g.. Mudie et al.,
2007; Marret et al., 2009; Mertens et al., 2012; Williams, 2012).

. The results from regional Unit B in MAR05-50 (~8,420 to ~4.700 cal yr
BP) show a transitional environment with upwardly increasing marine organic matter
input (up to >40% by 6,000 yr BP) and increasing rates of sulphate reduction as
indicated by increasing TS (approaching ~1.0%). The benthic environment was
likely an open marine system by ~6.300 cal yr BP, indicated by the presence of
preferential isotopic fractionation by sulphate reducing microbes (5**S values from

~30%o to —35%o). The TS/TOC ratios lie above the oxic/anoxic boundary (TS/TOC

>0.357), which typically indicates anoxic conditions. However, this geochemical
signal is only taken to imply low dissolved oxygen contents, as the presence of
moderate bioturbation, as well as benthic fauna (i... ostracods) require some

amounts of dissolved oxygen (o sustain life.

i The carbon elemental and isotopic geochemistry from regional Unit A

(~4.700 cal yr BP to the sediment-water interface) indicates a shift to an equilibrium
ecosystem similar to that of the modern day. TOC is stable at ~1.25% with ~70% of
the organic material originating from terrestrial sources while the other ~30% is
derived from marine sources. The carbon to sulphur ratios are low (TOC/TS ~2.1),

but within the standard deviation of published values for normal oxic marine

sediments. The benthic conditions initially mimicked those observed in Unit B with

respect to sulphate reduction; however, there was an anomalous peak of positive &

isotopes at ~4,200 cal yr BP lasting some 600 years, associated with an increase in
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the TS amounts (~1.0% and above). This short-lived change in the rate and isotopic
signatures of sulphate reduction was probably associated with a brief drop in the
Black Sea level to ~15 m at ~4,500 cal yr BP which resulted in a temporary

reduction in the availability of seawater sulphate. At ~3,400 cal yr BP, this situation

had resolved, and the benthic envi returned to an op 1
. All three cores (MAR05-50, MAR02-45 and MARO5-13) show a notable
upward decline in sulphur values in the uppermost ~150 em. This is attributed to the

incomplete precipitation of sulphide minerals in the zone of carly diagenesis.

Sulphate reduction processes have not gone to completion, therefore all the potential

sulphur has not yet been fixed in the sedi Thus, no pal
information could be taken from the sulphur geochemistry of these uppermost

sediments.

. Correlation of the geochemical results with the ostracod data also collected
in MARO5-50P and MARO05-51G as part of a recent master’s thesis (see Williams,
2012) further define the regional Unit B transitional zone. The ostracods clearly
show a prominent transition from a solely brackish assemblage to a solely marine
assemblage from ~7,500 to ~6,300 cal yr BP. The end of this transition is
synchronous with the shift in the sulphur isotopes to open-system sulphate reduction

patterns. This confirms the interpretation of a full and renewable (from the viewpoint

of sulphate) op ine benthic envi during the deposition of this unit.

. Correlations between core MARO05-50, and nearby cores MAR02-45 and

MARO5-13 provides the ity to create a i hemical history of
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the southwestern Black Sea shelf. Trends in the carbon, sulphur and ratio data shows
good correlation, with only minor variations attributed to local core site variability.
For example, there is a local delay of the onset of increasing TOC and enrichment in
marine §"°C values in core MAR05-50 in relation to core MAR02-45, which is
attributed to an initially lower rate of organic matter influx to the core site MAROS-
50. All three cores agree with the basic regional successions of: (i) Unit C indicating
brackish conditions, followed by (ii) the transitional Unit B marking the onset of
persistent saline inflow from the Mediterranean Sea and (iii) Unit A showing the
establishment of an open-marine benthic system at equilibrium with current
environmental parameters.

. The results and interpretations presented in this thesis cannot contribute to
the reconnection debate until after ~11,500 cal yr BP. The data presented in the
thesis support (or cannot refute) the major points of both the Quiflow Hypothesis 11
and the Oscillating Sea-Level Hypothesis. The data confirm the view that the benthic
conditions were isolated and brackish from ~11,300 cal yr BP until ~9,160 cal yr BP,
however cannot disprove the Quiflow Hypothesis 11 suggestion that there was
substantial outflow through the Strait of Bosphorus during this time interval.
However, the data do not support some of the components of the Flood Hypothesis,
which has suggested that the interval from ~11,300 cal yr BP until ~9,160 cal yr BP
was marked by regression with the sea level situated at an elevation of ~~95 m.
Given that cores MAR02-45, MARO5-13 and MARO05-50 are currently located in
shallower water depths of 69 m, 75 m and 91 m, respectively, and that the cores show

144



constant sedimentation during this time interval, a sea level of —95 m is not feasible.
Specific data from core MAR05-50 cannot refute the presence of a catastrophic
flooding event at 9,160 cal yr BP, as the core contains a hiatus in sedimentation

through this period. After this time interval, the data are in good agreement with all

three conflicting hypotheses.

7.2 Recommendations for Future Work

The following recommendations are made with the intent of augmenting the
current body of geological research in the southwestern Black Sea region, and specifically
would complement the results and interpretations of the data presented in this thesis.

L Ideally, a second longer core at the MAROS-50P core site would be useful
to augment the results found in this thesis. This core would need to extend only ~2 m
deeper in order to penetrate through the a unconformity. Results from this core would

give a time int to the formity at the MAROS-50 location, as well

as yield information about the evolution of the channel and the benthic conditions

dates from this

the P of the a
adjacent core could be used to further identify the age of the «; unconformity, and add to
the existing age model for this site.

2. It would be beneficial to re-run the sulphur geochemistry for MAR0S-13P
and MARO05-04G given the issues with the sulphur isotope results from the use of an

older mass spectrometer methodology. These new results could be used to assess the

margin of error of the older methodology, and thus give perspective on the reliability and
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reproducibility of these experiments. As well, the new data could be used to correlate
with results from cores MAR05-50 and MAR02-45, in hopes of further constraining the
palaco-environmental conditions, in particular the 5**S isotope enrichment in MAR05-50
during the accumulation of regional Unit A.

35 A second long piston core at sitt MAROS-13P would be useful for

resolving the cerning fon in the lower portion of the existing
core, presented in Bradley et al. (in press). The current core is 8.13 m in length, but
seismic profiles across the core site suggest that the second core would need to be ~11 m
in length in order to transect the level of the @ unconformity. This second core would be

useful to constrain the age of this shelf crossing transgressional unconformity in this

region of the southwestern Black Sea shelf.

4. It would be interesting to correlate the geochemical results from cores

MARO5-50P and MAROS-51G with other multi-proxy data found at this core site, such as

p gy and Sr-isotop istry of fauna found within the sediments.
This information would provide further invaluable information about the palaco-
environment (e.g.. climate and salinities) at this location, further expanding and

reinforcing the palaco-environmental history of the region.
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DeltaVPlus-Carlo Erba: Carbon Isotope Analy ial University
Run Date: Thursday, September 09, 2010 CREAIT Network - TERRA Facility
Client: A. Linegar Stable Isotope Lab
Operator: A. Linegar
Isotope: 8"C
Mean StdDev of
Peak Delta of Deltas of %C for Mean %C StdDev of
Analysis Amount Amplitude Delta of All All applicable of All %C of All
Sample ID Comment (mg) (mV) Peak  Analyses Analyses media Analyses Analyses
MUN-Sulfanilamide primer 0.310 999 55.48 45.38 5.72
MUN-Sulfanilamide primer 0.310 746 -30.72 -30.60 0.12 42.59 45.38 5.72
MUN-Sulfanilamide primer 0.310 909 -30.41 -30.60 0.12 51.50 45.38 5.72
MUN-Sulfanilamide primer 0.329 761 -30.73 -30.60 0.12 40.79 45.38 5.72
MUN-Sulfanilamide primer 0311 761 -30.67 -30.60 0.12 43.16 45.38 5.72
MUN-Sulfanilamide primer 0312 755 -30.59 -30.60 0.12 42.80 45.38 5.72
MUN-Sulfanilamide primer 0.320 748 -30.51 -30.60 0.12 41.36 45.38 5.72
Blank capsule 0.000 11
Blank capsule 0.000 14
Blank capsule 0.000 12
MUN-CO-2 0.952 664 -40.49 -40.11 0.47 12.38 12.46 0.20
MUN-CO-2 0.958 660 -40.52 -40.11 0.47 12.24 12.46 0.20
IAEA-CH-6 0.310 810 -11.01 -10.45 0.74 46.22 45.47 0.63
IAEA-CH-6 0.315 816 -11.08 -10.45 0.74 45.82 4547 0.63
Sulfanilamide 0.253 603 -29.37 -29.52 0.11 4217 41.57 0.77
Sulfanilamide 0.818 1972 -29.52 -29.52 0.11 42.16 41.57 0.77
MO05-50P - 0 cm 14.025 1095 -26.26 -26.26 1.38 1.38
MO05-50P - 10 cm 14.031 1138 -26.25 -26.25 1.43 1.43

MO05-50P - 20 cm 14.049 1102 -25.90 -25.90 1.38 1.38



Mean StdDev of

Peak Delta of Deltas of %C for Mean %C StdDev of
Analysis Amount Amplitude Delta of All Al applicable of All %C of All

Sample ID Comment (mg) (mV) Peak  Analyses Analyses media Analyses Analyses
M05-50P - 30 cm 14.038 967 -26.32 -26.32 1.21 1.21

MO05-50P - 40 cm 14.045 976 -25.85 -25.85 1.22 1.22

USGS-24 0.130 702 -16.55 -16.38 0.14 96.51 94.77 3.27
MO5-50P - 50 cm 14.001 1031 -26.07 -26.07 1.30 1.30

MO05-50P - 60 cm 14.106 1180 -26.16 -26.16 1.47 1.47

MO5-50P - 70 cm 14.020 861 -26.07 -26.07 1.08 1.08

MO5-50P - 80 cm 14.043 961 -25.65 -25.65 1.24 1.21

MO05-50P - 90 cm 14.045 1135 -25.64 -25.64 1.42 1.42

MUN-CO-2 0.951 657 -39.81 -40.11 0.47 12.34 12.46 0.20
IAEA-CH-6 0.316 795 -9.61 -10.45 0.74 44.98 45.47 0.63
Sulfanilamide 0616 1453 -29.44 -29.52 0.1 41.79 41.57 0.77
Sulfanilamide 0.083 192 -29.70 -29.52 0.1 40.10 41.57 0.77
MO5-50P - 100 cm 14.077 1053 -25.47 -25.47 1.32 1.32

M05-50P - 110 cm 14.051 1048 -25.90 -25.90 1.32 1.32

MO05-50P - 120 cm 14.106 1134 -25.34 -25.34 1.43 1.43

MO5-50P - 130 cm 14.183 1320 -26.49 -26.49 1.65 1.65

MO05-50P - 140 cm 14.118 1109 -25.76 -25.76 1.39 1.39

USGS-24 0.130 703 -16.29 -16.38 0.14 96.80 94.77 3.27
MO5-50P - 150 cm 14.074 1253 -25.90 -25.90 1.58 1.58

MO5-50P - 160 cm 14.053 1281 -26.50 -26.50 1.61 1.61

M05-50P - 170 cm 14.056 1120 -25.60 -25.60 1.41 1.41

MO5-50P - 180 cm 14.107 1066 2525 -25.25 1.34 1.34

MO05-50P - 190 cm 14.088 1252 -25.24 -2524 1.57 1.57

MUN-CO-2 0.950 673 -39.44 -40.11 0.47 12.69 12.46 0.20



Mean StdDev of

Peak Delta of Deltas of %C for Mean %C StdDev of

Analysis Amount Amplitude Delta of All All applicable of All %C of All
Sample ID Comment (mg) (mV) Peak Analyses Analyses media Analyses Analyses
IAEA-CH-6 0.312 778 -9.69 -10.45 0.74 4468 45.47 0.63
Sulfanilamide 0.406 940 -29.52 -29.52 0.11 41.48 41.57 0.77
MO05-50P - 200 cm 14.033 1181 -26.06 -26.06 1.49 1.49
MO05-50P - 210 cm 14.030 1137 -26.09 -26.09 1.43 1.43
MO05-50P - 220 cm 14.080 1010 -25.57 -25.57 1.28 1.28
MO5-50P - 230 cm 14.030 1125 -24.81 -24.81 1.42 1.42
MO05-50P - 240 cm 14.108 1122 -25.97 -25.97 1.41 1.41
USGS-24 0.136 688 -16.32 -16.38 0.14 91.00 94.77 3.27
MO5-50P - 250 cm 14.029 1285 -26.18 -26.18 1.62 1.62
MO5-50P - 260 cm 14.024 1179 -26.21 -26.21 1.49 1.49
MO05-50P - 270 cm 14.136 1005 -256.39 -25.39 1.26 1.26
MO5-50P - 280 cm 14.044 1118 -25.57 -25.57 1.41 1.41
MO5-50P - 290 cm 14.027 1164 -25.73 -25.73 1.48 1.48
MUN-CO-2 0.948 668 -40.29 -40.11 0.47 12.63 12.46 0.20
IAEA-CH-6 0.310 786 -10.86 -10.45 0.74 45.62 45.47 0.63
Sulfanilamide 1.019 2412 -29.56 -29.52 0.1 41.72 41.57 0.77

Al



DeltaVPlus-Carlo Erba: Carbon Isotope Analysis Memorial University

Run Date: Friday, September 10, 2010 CREAIT Network - TERRA Facility
Client: A. Linegar Stable Isotope Lab
Operator: A. Linegar
Isotope: 8"C
Mean StdDev of
Peak Delta of Deltas of %C for Mean %C StdDev of
Analysis Amount Amplitude Delta of All Al applicable of All %C of All
Sample ID Comment (mg) (mV) Peak  Analyses Analyses media Analyses Analyses
MUN-Sulfanilamide primer 0.317 755 -28.63 -28.60 0.04 42.78 42.27 1.63
MUN-Sulfanilamide primer 0.312 728 -28.56 -28.60 0.04 43.24 4227 1.63
MUN-Sulfanilamide primer 0.323 782 -28.62 -28.60 0.04 43.20 4227 1.63
MUN-Sulfanilamide primer 0319 711 -28.57 -28.60 0.04 39.85 42.27 1.63
Blank capsule 0.000 12
Blank capsule 0.000 M
MUN-CO-2 0.950 652 -40.08 -40.11 0.10 12.30 12.45 0.22
MUN-CO-2 0.955 683 -40.18 -40.11 0.10 12.79 12.45 0.22
IAEA-CH-6 0.313 761 -10.43 -10.45 0.09 43.32 42.50 0.85
IAEA-CH-6 0.310 743 -10.51 -10.45 0.09 4277 42.50 0.85
Sulfanilamide 0252 587 -29.04 -29.07 0.09 41.73 41.16 1.86
Sulfanilamide 0.810 1889 -29.02 -29.07 0.09 41.29 41.16 1.86
M05-50P - 300 cm 14.009 1151 -25.37 -25.37 1.45 1.45
MO05-50P - 310 cm 14.076 1092 -2590 -25.90 1.37 1.37
MO05-50P - 320 cm 14.069 1136 -2545 -2545 1.43 1.43
MO05-50P - 330 cm 14.025 1018 -25.87 -25.87 1.28 1.28
MO5-50P - 340 cm 14.050 1016 -25.60 -25.60 1.28 1.28
USGS-24 0.134 678 -15.98 -15.99 0.11 90.89 91.33 265
MO5-50P - 350 cm 14.025 1448 -26.46 -26.46 1.82 1.82

<



Mean StdDev of
Peak Delta of Deltas of %C for Mean %C StdDev of
Analysis Amount Amplitude Delta of All All applicable of All %C of All

Sample ID Comment (mg) (mV) Peak  Analyses Analyses media Analyses Analyses
MO05-50P - 360 cm 14.091 1293 -25.77 -25.77 1.62 1.62

MO05-50P - 370 cm 14.056 1231 -25.66 -25.66 1.54 1.54

MO5-50P - 380 cm 14.102 1352 -25.64 -25.64 1.69 1.69

M05-50P - 390 cm 14.012 1342 -25.54 -25.54 1.68 1.68

MUN-CO-2 0.950 668 -39.99 -40.11 0.10 12.54 12.45 0.22
IAEA-CH-6 0.310 747 -10.34 -10.45 0.09 42.85 42.50 0.85
Sulfanilamide 0.610 1463 -29.24 -29.07 0.09 42.48 41.16 1.86
Sulfanilamide 0.082 174 -29.09 -29.07 0.09 37.45 41.16 1.86
M05-50P - 400 cm 14.038 1479 -25.96 -25.96 1.85 1.85

MO5-50P - 410 cm 14.040 1236 -25.35 -25.35 1.5 1.5

MO05-50P - 420 cm 14.022 1245 -25.09 -25.09 1.56 1.56

MO5-50P - 430 cm 14.134 1385 -24.94 -24.94 1.72 1.72

MO05-50P - 440 cm 14.030 1386 -24.90 -24.90 1.73 1.73

USGS-24 0.129 679 -16.11  -15.99 0.11 94.17 91.33 2.65
MO05-50P - 450 cm 14.005 1316 -25.25 -25.25 1.65 1.65

MO05-50P - 460 cm 14.013 1263 -25.34 -25.34 1.59 1.59

MO05-50P - 470 cm 14.043 1101 -25.98 -25.98 1.38 1.38

MO05-50P - 480 cm 14.011 1135 -25.92 -25.92 1.43 1.43

MO5-50P - 490 cm 14.025 879 -26.87 -26.87 1.10 1.10

MUN-CO-2 0.961 661 -40.24 -40.11 0.10 12.27 12.45 0.22
IAEA-CH-6 0.318 735 -10.56 -10.45 0.09 41.07 42.50 0.85
Sulfanilamide 0.399 944 -29.02 -29.07 0.09 42.02 41.16 1.86
MO05-50P - 500 cm 14.108 895 -26.68 -26.68 1.12 1.12

M05-50P - 510 cm 14.098 842 -26.64 -26.64 1.05 1.05

<



Mean StdDev of

Peak Delta of Deltas of %C for Mean %C StdDev of

Analysis Amount Amplitude Delta of All Al applicable of All %C of All
Sample ID Comment (mg) (mV) Peak  Analyses Analyses media Analyses Analyses
MO05-50P - 520 cm 14.119 831 -26.51 -26.51 1.04 1.04
MO05-50P - 530 cm 14.098 939 -26.61 -26.61 1.17 1.17
MO5-50P - 540 cm 14.035 802 -26.71 -26.71 1.01 1.01
USGS-24 0.131 650 -15.88 -15.99 0.1 88.92 91.33 2.65
MO05-50P - 550 cm 14.124 919 -26.54 -26.54 1.15 1.15
MO05-50P - 560 cm 14.114 827 -26.91 -26.91 1.03 1.03
MO5-50P - 570 cm 14.008 864 -27.34 -27.34 1.08 1.08
MO05-50P - 580 cm 14.010 1035 2717 -27.17 1.30 1.30
MO05-50P - 590 cm 14.014 832 -26.97 -26.97 1.05 1.05
MUN-CO-2 0.952 656 -40.06 -40.11 0.10 12.36 12.45 0.22
IAEA-CH-6 0.314 748 -10.41 -10.45 0.09 42.47 42.50 0.85
Sulfanilamide 1.036 2468 -28.99 -29.07 0.09 41.97 41.16 1.86

1A



DeltaVPlus-Carlo Erba: Carbon Isotope Analysis Memorial University

Run Date: Monday, September 13, 2010 CREAIT Network - TERRA Facility
Client: A. Linegar Stable Isotope Lab
Operator: A. Linegar
Isotope: 8"C
Mean StdDev of
Peak Deltaof Deltas of %C for Mean %C StdDev of
Analysis Amount Amplitude Delta of All All applicable of All %C of All
Sample ID Comment (mg) (mV) Peak  Analyses Analyses media Analyses Analyses
MUN-Sulfanilamide primer 0.319 745 -28.83 -28.70 0.09 42.50 4269 1.91
MUN-Sulfanilamide primer 0313 793 -28.69 -28.70 0.09 4543 42.69 1.91
MUN-Sulfanilamide primer 0312 719 -28.65 -28.70 0.09 41.63 42.69 1.91
MUN-Sulfanilamide primer 0.312 720 -28.61 -28.70 0.09 41.18 42.69 1.91
Blank capsule 0.000 12
Blank capsule 0.000 11
MUN-CO-2 0.947 650 -40.23 -40.11 0.24 12.32 12.67 0.35
MUN-CO-2 0.950 654 -40.31 -40.11 0.24 12.32 12.67 0.35
IAEA-CH-6 0.318 829 -10.58 -10.45 0.20 46.65 4437 1.32
IAEA-CH-6 0.331 819 -10.66 -10.45 0.20 44.28 44.37 1.32
Sulfanilamide 0.265 618 -29.03 -29.13 0.1 42.06 1.7 0.75
Sulfanilamide 0.810 1919 -29.05 -29.13 0.1 41.62 41.71 0.75
MO05-50P - 600 cm 14.094 676 -27.04 -27.04 0.86 0.86
MO05-50P - 610 cm 14.087 784 -27.13 -27.13 0.99 0.99
MO05-50P - 620 cm 14.099 1046 -27.88 -27.88 1.32 1.32
MO05-50P - 630 cm 14.077 650 -27.17 2747 0.82 0.82
MO5-50P - 640 cm 14.020 839 27.75 -27.75 1.07 1.07
MO05-50P - 660 cm 14.053 682 -26.85 -26.92 0.1 0.87 0.87
USGS-24 0.140 737 -15.97 -15.99 0.02 95.08 94.03 4.12
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Mean StdDev of

Peak Deltaof Deltas of %C for Mean %C StdDev of
Analysis Amount Amplitude Delta of All Al applicable of All %C of All

Sample ID Comment (mg) (mV) Peak  Analyses Analyses media Analyses Analyses
MO05-50P - 650 cm 14.013 868 -27.02 -27.02 1.1 1.1

50P-DUP - 660 cm 14.006 694 -27.00 -26.92 0.11 0.89 0.89

MO05-50P - 670 cm 14.010 657 -26.70 -26.70 0.84 0.84

MO05-50P - 680 cm 14.056 870 -27.50 -27.50 1.1 1.1

MO5-50P - 690 cm 14.037 802 -27.46 -27.46 1.03 1.03

50P-DUP - 430 cm 14.018 1546 -25.68 -25.68 1.96 1.96

MUN-CO-2 0.968 681 -39.72 -40.11 0.24 12.75 12.67 0.35
IAEA-CH-6 0.326 783 -10.21 -10.45 0.20 43.65 44.37 1.32
Sulfanilamide 0.606 1398 -29.08 -29.13 0.11 41.58 41.71 0.75
Sulfanilamide 0.098 224 -29.34 -29.13 0.1 40.39 41.71 0.75
M05-51G - 10 cm 14.012 1049 -25.84 -25.84 1.34 1.34

M05-51G - 20 cm 14.005 1042 -26.04 -26.04 1.33 1.33

M05-51G - 30 cm 14.067 1045 -25.83 -25.83 1.33 1.33

M05-51G - 40 cm 14.061 1204 -26.88 -26.88 1.54 1.54

M05-51G - 50 cm 14.013 1088 -25.97 -25.97 1.39 1.39

50P-DUP - 180 cm 14.091 1056 -25.48 -25.48 1.34 1.34

USGS-24 0.136 669 -16.00 -15.99 0.02 89.49 94.03 4.12
M05-51G - 60 cm 14.080 1022 -25.68 -25.68 1.31 1.31

M05-51G - 70 cm 14.090 1015 -26.13 -26.13 1.30 1.30

M05-51G - 80 cm 14.073 1036 -25.89 -25.89 1.32 1.32

M05-51G - 90 cm 14.003 1235 -26.51 -25.51 1.58 1.58

M05-51G - 100 cm 14.007 1027 -26.62 -25.62 1.32 1.32

M05-51G - 120 cm 14.013 1095 -25.15 -25.38 0.32 1.41 1.41

MUN-CO-2 0.955 688 -40.06 -40.11 0.24 13.12 12.67 0.35
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Mean StdDev of

Peak Deltaof Deltas of %C for Mean %C StdDev of

Analysis Amount Amplitude Delta of All Al applicable of All %C of All
Sample ID Comment (mg) (mV) Peak  Analyses Analyses media Analyses Analyses
IAEA-CH-6 0.333 790 -10.28 -10.45 0.20 43.91 44.37 1.32
Sulfanilamide 0.405 944 -29.16 -29.13 0.1 42.66 4.7 0.75
M05-51G - 110 cm 14.052 801 -25.55 -25.55 1.03 1.03
51G-DUP - 120 cm 14.114 1151 -25.61 -25.38 0.32 1.46 1.46
M05-51G - 130 cm 14.063 1090 -25.32 -25.32 1.40 1.40
M05-51G - 140 cm 14.041 888 -25.40 -25.40 1.14 1.14
M05-51G - 150 cm 14.035 1094 -25.50 -25.50 1.40 1.40
50P-DUP -0 cm 14.083 1096 -25.96 -25.96 1.40 1.40
USGS-24 0.149 799 -16.01 -15.99 0.02 97.53 94.03 412
MO5-50P - 700 cm 14.052 939 -27.25 -27.25 1.21 1.21
MO05-50P - 710 cm 14.157 1007 -27.56 -27.56 1.28 1.28
MO05-50P - 720 cm 14.042 705 -26.85 -26.85 0.91 0.91
MO05-50P - 730 cm 14.067 659 -27.00 -27.00 0.85 0.85
MUN-CO-2 0.963 679 -40.24 -40.11 0.24 12.82 12.67 0.35
IAEA-CH-6 0.317 755 -10.52 -10.45 0.20 43.35 44.37 1.32
Sulfanilamide 1.061 2464 -29.10 -29.13 0.1 41.95 4M1.7 0.75



MAT252 Carlo Erba: Sulfur Isotope Analysis Memorial University

Run Date: July 21, 2010 CREAIT Network - TERRA Facility
Client: A. Linegar Stable Isotope Lab
Operator: A. Linegar, A. Pye
Isotope: 5%S
Mean StdDev StdDev
Peak Delta of  of Deltas %S for Mean of %S of
Analysis  Amount Amplitude Delta of All of All applicable %S of All All

Sample ID Comment (mg) (mV) Peak  Analyses Analyses media Analyses Analyses
MUN-Sulfanilamide  primer 0.833 3060 1.34 2.02 0.39 17.60 18.41 0.47
MUN-Sulfanilamide  primer 0.817 3087 217 2.02 0.39 18.68 18.41 0.47
MUN-Sulfanilamide  primer 0.824 3223 2.03 2.02 0.39 18.92 18.41 0.47
MUN-Sulfanilamide  primer 0.806 2943 2.36 2.02 0.39 18.16 18.41 047
MUN-Sulfanilamide  primer 0.804 3037 217 2.02 0.39 18.45 18.41 0.47
Sulfanilamide 0.827 3203 224 2.24 18.63 18.41 0.47
High org sed B2150 1.525 164 528 5.53 0.92 0.90 0.92 0.03
IAEA-S-3 0.850 2167 -32.45 -32.55 0.09 13.77 14.27 0.59

0.849 2431 -32.64 -32.55 0.09 14.93 14.27 0.59
0.861 2239 2247 2267 0.23 13.84 13.69 0.20
0.855 2045 22.82 2267 0.23 13.40 13.69 0.20

MARO05-50P - 0 cm 15.209 868 -32.86 -32.86 0.36 0.36
MARO05-50P - 10 cm 15.149 1049 -32.28 -32.28 0.42 0.42
MARO05-50P - 20 cm 15.022 1498 -31.95 -31.95 0.56 0.56
MARO05-50P - 30 cm 15.670 758 -27.80 -27.80 0.31 0.31
MARO05-50P - 40 cm 15.109 1311 -28.16 -28.16 0.50 0.50
High org sed B2150 8.128 1274 4.28 5.53 0.92 0.93 0.92 0.03
High org sed B2150 0.701 66 6.79 5.53 0.92 0.97 0.92 0.03
MARO05-50P - 50 cm 15.222 1377 -26.04 -26.04 0.52 0.52
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Mean StdDev StdDev
Peak Deltaof  of Deltas %S for Mean of %S of
Analysis  Amount Amplitude Delta of All of All applicable %S of All All

Sample ID Comment (mg) (mV) Peak  Analyses Analyses media Analyses Analyses
MARO05-50P - 60 cm 15.256 1681 -22.45 -22.45 0.61 0.61

MARO05-50P - 70 cm 15.517 833 -28.74 -28.74 0.33 0.33

MARO05-50P - 80 cm 15.509 2387 -24.47 -24.47 0.80 0.80

MARO05-50P - 90 cm 15.004 4094 -26.04 -26.04 1.19 1.19

IAEA-S-3 0.857 2284 -32.56 -32.55 0.09 14.10 14.27 0.59
IAEA-S-2 0.854 2193 2247 2267 0.23 13.84 13.69 0.20
IAEA-S-2 0.867 2251 2291 2267 0.23 13.66 13.69 0.20
MARO5-50P - 100 cm 15.279 3654 -28.48 -28.48 1.09 1.09

MARO05-50P - 110 cm 15.373 2548 -25.47 -25.47 0.84 0.84

MARO5-50P - 120 cm 15.843 1200 -25.96 -25.96 0.44 0.44

MARO05-50P - 130 cm 15.102 2015 -26.15 -26.15 0.70 0.70

MARO5-50P - 140 cm 15.080 2489 -28.42 -28.42 0.84 0.84

High org sed B2150 12.032 2037 5.88 5.53 0.92 0.92 0.92 0.03
High org sed B2150 5.562 832 5.44 5.53 0.92 0.91 0.92 0.03
MARO05-50P - 150 cm 15.603 3407 -25.38 -25.38 1.01 1.01

MARO05-50P - 160 cm 15.112 2087 -2459 -24.59 0.73 0.73

MARO05-50P - 170 cm 15.349 3540 -20.11  -20.11 1.06 1.06

MARO05-50P - 180 cm 15.484 3079 -14.87 -14.87 0.95 0.95
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MAT252 Carlo Erba: Sulfur Isotope Analysis Memorial University

Run Date: July 22,2010 CREAIT Network - TERRA Facility
Client: A. Linegar Stable Isotope Lab
Operator: A. Linegar, A. Pye
Isotope: MS
Mean StdDev StdDev
Peak Deltaof of Deltas %S for  Mean of %S of
Analysis  Amount Amplitude Delta of All of All applicable %S of All All
Sample ID Comment (mg) (mV) Peak  Analyses Analyses media Analyses Analyses
MUN-Sulfanilamide  primer 0.824 3155 1.64 223 0.45 17.90 16.27 18.62
MUN-Sulfanilamide  primer 0.818 3050 274 223 0.45 18.52 16.27 18.62
MUN-Sulfanilamide  primer 0.838 3240 2.26 223 0.45 18.50 16.27 18.62
MUN-Sulfanilamide  primer 0.815 3249 228 223 0.45 18.89 16.27 18.62
Sulfanilamide 0.801 3161 245 0.78 237 18.72 16.27 18.62
High org sed B2150 1.575 189 4.46 5.52 0.82 0.93 0.50 0.92
S: 0.854 2238 -31.93 -32.55 0.45 13.06 12.94
0.860 2264 -32.65 -32.55 0.45 13.29 12.94
0.849 2626 2207 2267 0.43 15.12 12.94
0.860 1845 23.64 2267 0.43 12.69 12.94
IAEA-S-2 0.853 2185 2273 2267 0.43 13.05 12.94
High org sed B2150 8.022 1364 5.67 5.52 0.82 0.91 0.50 0.92
High org sed B2150 0.707 56 6.45 5.52 0.82 1.05 0.50 0.92
MARO05-50P - 190 cm 15.535 4266 -21.31 -21.31 1.25
MARO05-50P - 200 cm 15.436 2542 -7.67 -7.67 0.81
MARO05-50P - 210 cm 15.608 5179 7.84 7.84 1.46
MARO05-50P - 220 cm 15.440 554 30.52 30.52 0.22
MARO05-50P - 230 cm 15.774 1581 3.21 3.21 0.53
IAEA-S-3 0.859 2214 -32.20 -32.55 0.45 13.51 12.94
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Mean StdDev StdDev
Peak Deltaof  of Deltas %S for Mean of %S of
Analysis  Amount Amplitude Delta of All of All applicable %S of All All

Sample ID Comment (mg) (mV) Peak  Analyses Analyses media Analyses Analyses
IAEA-S-3 0.875 2162 -32.33 -32.55 0.45 12.59 12.94
0.853 2092 2268 2267 0.43 13.01 12.94
IAEA-S-2 0863 2127 2233 2267 0.43 12.84 12.94
High org sed B2150 2550 326 550 552 0.82 0.88 0.50 0.92
Sulfanilamide 1.110 4560 -0.90 0.78 237 18.59 16.27 18.62
IAEA-S-3 1.104 3087 -32.94 -32.55 0.45 13.70 12.94
IAEA-S-3 0.605 1647 -32.91 -32.55 0.45 14.22 12.94
IAEA-S-3 0.400 923 -33.24 -32.55 0.45 13.18 12.94
IAEA-S-3 0.259 418 -32.74 -32.55 0.45 1.75 12.94
IAEA-S-3 0.098 160 -32.02 -32.55 0.45 13.51 12.94
IAEA-S-2 0.105 137 2257 2267 0.43 11.52 12.94
IAEA-S-2 0.250 473 2297 2267 0.43 12.71 12.94
IAEA-S-2 0407 984 2243 2267 0.43 13.32 12.94
IAEA-S-2 0608 1517 2243 2267 0.43 13.35 12.94
IAEA-S-2 1.100 2778 2284 2267 0.43 13.30 12.94
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MAT252 Carlo Erba: Sulfur Isotope Analysis Memorial University

Run Date: July 26, 2010 CREAIT Network - TERRA Facility
Client: A. Linegar Stable Isotope Lab
Operator: A. Linegar, A. Pye
Isotope: %S
Mean StdDev StdDev
Peak Delta of  of Deltas %S for Mean of %S of
Analysis Amount Amplitude Delta of All of All applicable %S of All All
Sample ID Comment (mg) (mV) Peak  Analyses Analyses media Analyses Analyses
MUN-Sulfanilamide 8 psidilut 0.812 2397 1.78 1.42 0.61 17.57 18.61 0.73
MUN-Sulfanilamide  primer 0.811 2450 1.92 1.42 0.61 18.23 18.61 0.73
MUN-Sulfanilamide  primer 0.812 2630 1.24 1.42 0.61 19.03 18.61 0.73
MUN-Sulfanilamide  primer 0.828 2780 0.93 1.42 0.61 19.45 18.61 0.73
MUN-Sulfanilamide  primer 0.817 2598 1.24 1.42 0.61 18.78 18.61 0.73
Sulfanilamide 0.807 2562 1.69 -0.76 3.47 18.69 18.64 0.07
High org sed B2150 1.500 111 4.96 4.74 0.46 0.86 0.93 0.07
IAEA-S-3 0.850 1837 -32.26 -32.55 0.39 13.17 13.27 0.39
IAEA-S-3 0.863 1920 -32.85 -32.55 0.39 12.98 13.27 0.39
IAEA-S-2 0.852 1899 2255 22.67 0.09 12.96 13.37 0.34
IAEA-S-2 0.858 1960 2273 2267 0.09 13.27 13.37 0.34
MARO05-50P - 240 cm 15.624 2081 7.95 7.95 0.76 0.76
MARO0S5-50P - 250 cm 15.556 3313 -0.34 -0.34 1.12 1:12
MARO05-50P - 260 cm 15.883 2024 0.66 0.66 0.74 0.74
MARO05-50P - 270 cm 15.725 1223 20.53 20.53 0.49 0.49
MARO05-50P - 280 cm 15.568 893 1.66 1.66 0.38 0.38
High org sed B2150 8.014 1132 5.45 4.74 0.46 0.90 0.93 0.07
High org sed B2150 0715 54 4.95 4.74 0.46 1.07 0.93 0.07
MARO05-50P - 290 cm 15.576 1050 -12.90 -12.90 0.41 0.41
]
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Mean StdDev StdDev

Peak Delta of  of Deltas %S for Mean of %S of
Analysis  Amount Amplitude Delta of All of All applicable %S of All All

Sample ID Comment (mg)  (mV) Peak  Analyses Analyses media Analyses Analyses
MARO05-50P - 300 cm 15.861 1367 -23.82 -23.82 0.51 0.51
MARO05-50P - 310 cm 15.015 1221 -24.14 -24.14 0.50 0.50
MARO0S5-50P - 320 cm 15.481 1796 -35.82 -35.82 0.67 0.67
MARO05-50P - 330 cm 15.303 2616 -37.71 -37.71 0.94 0.94
IAEA-S-3 0.853 1677 -31.99 -32.55 0.39 12.85 13.27 0.39
IAEA-S-3 0.863 1905 -33.07 -32.55 0.39 13.13 13.27 0.39
|IAEA-S-2 0.857 1971 2267 22.67 0.09 13.47 13.37 0.34
IAEA-S-2 0.858 2021 2273 2267 0.09 13.76 13.37 0.34
High org sed B2150 12.084 1890 4.58 4.74 0.46 0.93 0.93 0.07
High org sed B2150 5506 798 4.28 4.74 0.46 0.93 0.93 0.07
High org sed B2150 2530 308 4.25 4.74 0.46 0.92 0.93 0.07
Sulfanilamide 1.103 3974 -3.22 -0.76 3.47 18.60 18.64 0.07
IAEA-S-3 1.132 2926 -32.54 -32.55 0.39 13.63 13.27 0.39
IAEA-S-3 0.604 1342 -32.60 -32.55 0.39 13.85 13.27 0.39
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MAT252 Carlo Erba: Sulfur Isotope Analysis Memorial University

Run Date: July 27, 2010 CREAIT Network - TERRA Facility
Client: A. Linegar Stable Isotope Lab
Operator: A. Linegar, A. Pye
Isotope: 5%S
Mean StdDev StdDev
Peak Delta of  of Deltas %S for Mean of %S of
Analysis  Amount Amplitude Delta of All of All applicable %S of All All
Sample ID Comment (mg) (mV) Peak ly y. media ly ly
MUN-Sulfanilamide 20 psi dilut0.813 3210 1.24 1.66 0.32 18.20 18.57 0.30
MUN-Sulfanilamide  primer 0.824 3238 2.01 1.66 0.32 18.46 18.57 0.30
MUN-Sulfanilamide  primer 0.830 3311 1.64 1.66 0.32 18.77 18.57 0.30
MUN-Sulfanilamide  primer 0.825 3350 1.76 1.66 0.32 18.84 18.57 0.30
Sulfanilamide 0.808 3275 2.16 0.86 1.84 18.88 18.71 0.25
High org sed B2150 1.507 181 6.56 5.42 0.86 0.92 0.97 0.15
IAEA-S-3 0.866 2207 -32.38 -32.55 0.36 12.73 13.51 0.65
IAEA-S-3 0.857 2365 -32.73 -32.55 0.36 13.23 13.51 0.65
IAEA-S-2 0.857 2307 2248 2267 0.09 12.91 13.01 0.36
IAEA-S-2 0.859 2315 2269 2267 0.09 12.98 13.01 0.36
MARO05-50P - 340 cm 15.088 1896 -30.71 -30.71 0.61 0.61
MARO05-50P - 350 cm 15.324 2402 -34.32 -34.32 0.75 0.75
MARO05-50P - 360 cm 15.351 2022 -32.02 -32.02 0.64 0.64
MARO05-50P - 370 cm 15.254 1867 -30.79 -30.79 0.60 0.60
MARO05-50P - 380 cm 15.365 2713 -32.19 -32.19 0.85 0.85
High org sed B2150 8.188 1427 4.97 5.42 0.86 0.90 0.97 0.15
High org sed B2150 0.702 86 6.27 5.42 0.86 1.27 0.97 0.15
MARO05-50P - 390 cm 15.073 2702 -35.28 -35.28 0.85 0.85
MARO05-50P - 400 cm 15.574 1858 -35.17 -35.17 0.59 0.59
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Mean StdDev StdDev

Peak Delta of  of Deltas %S for Mean of %S of

Analysis  Amount Amplitude Delta of All of All applicable %S of All All
Sample ID Comment (mg) (mV) Peak  Analyses Analyses media Analyses Analyses
MARO05-50P - 410 cm 15.237 3729 -38.21 -38.21 1.12 1.12
MARO05-50P - 420 cm 15.304 2934 -35.88 -35.88 0.92 0.92
MARO05-50P - 430 cm 15.082 2034 -35.14 -35.14 0.67 0.67
IAEA-S-3 0.859 2298 -32.563 -32.55 0.36 13.07 13.51 0.65
IAEA-S-3 0.854 2333 -32.57 -32.55 0.36 13.28 13.51 0.65
IAEA-S-2 0.854 2316 2266 22.67 0.09 13.15 13.01 0.36
IAEA-S-2 0.853 2271 2272 2267 0.09 13.13 13.01 0.36
MARO05-50P - 440 cm 15.479 3223 -36.55 -36.55 0.98 0.98
MARO05-50P - 450 cm 15.124 2097 -33.59 -33.59 0.69 0.69
MARO05-50P - 460 cm 15.096 2040 -35.25 -35.25 0.66 0.66
MARO05-50P - 470 cm 15.041 2260 -36.78 -36.78 0.73 0.73
MARO05-50P - 480 cm 15.021 2302 -36.26 -36.26 0.74 0.74
High org sed B2150 12.014 2170 4.91 5.42 0.86 0.93 0.97 0.15
High org sed B2150 5519 876 4.33 5.42 0.86 0.89 0.97 0.15
MARO0S5-50P - 490 cm 15.180 1593 -16.25 -15.25 0.53 0.53
MARO05-50P - 500 cm 15.521 1844 -3.05 -3.05 0.59 0.59
MARO05-50P - 510 cm 15.065 1685 -10.05 -10.05 0.56 0.56
MARO05-50P - 520 cm 15.086 2752 -16.44 -16.44 0.86 0.86
MARO05-50P - 530 cm 15.620 2370 -14.88 -14.88 0.74 0.74
IAEA-S-3 notusedincal 0.854 2283 -30.94 13.03 13.51 0.65
IAEA-S-3 11.5hr break 0.860 2419 -3299 -32.55 0.36 13.40 13.51 0.65
IAEA-S-2 0.866 2225 2273 2267 0.09 13.17 13.01 0.36
IAEA-S-2 0.853 2307 22.80 2267 0.09 13.33 13.01 0.36
High org sed B2150 2518 329 5.49 5.42 0.86 0.88 0.97 0.15
%
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Mean StdDev StdDev

Peak Delta of  of Deltas %S for Mean of %S of
Analysis  Amount Amplitude Delta of All of All applicable %S of All All

Sample ID Comment (mg) (mV) Peak  Analyses Analyses media Analyses Analyses
Sulfanilamide 1.135 4456 -0.44 0.86 1.84 18.53 18.71 0.25
IAEA-S-3 11156 3212 -32.46 -32.55 0.36 13.80 13.51 0.65
0.618 1578 -31.83 -32.55 0.36 13.35 13.51 0.65
0.405 991 -32.64 -32.55 0.36 13.31 13.51 0.65
IAEA-S-3 0.253 649 -33.09 -32.55 0.36 14.85 13.51 0.65
IAEA-S-3 0.102 201 -32.27 -32.55 0.36 14.56 13.51 0.65
IAEA-S-2 0.106 167 2271 2267 0.09 12.47 13.01 0.36
0.259 548 2275 2267 0.09 12.42 13.01 0.36
0.401 926 2257 2267 0.09 12.76 13.01 0.36
0.601 1541 2262 22.67 0.09 13.23 13.01 0.36
IAEA-S-2 1.116 3195 2263 2267 0.09 13.60 13.01 0.36
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MAT252 Carlo Erba: Sulfur Isotope Analysis Memorial University

Run Date: July 29, 2010 CREAIT Network - TERRA Facility
Client: A. Linegar Stable Isotope Lab
Operator: A. Linegar, A. Pye
Isotope: %S
Mean StdDev StdDev
Peak Deltaof  of Deltas %S for Mean of %S of
Analysis  Amount Amplitude Delta of All of All applicable %S of All All
Sample ID Comment (mg) (mV) Peak y Analy: media y Analyses
MUN-Sulfanilamide 8 psi dilut 0.807 3155 1.24 1.90 0.44 18.62 19.33 0.53
MUN-Sulfanilamide  primer 0.820 3259 221 1.90 0.44 19.72 19.33 0.53
MUN-Sulfanilamide  primer 0.818 3307 2.07 1.90 0.44 19.73 19.33 0.53
MUN-Sulfanilamide  primer 0.819 3223 2.06 1.90 0.44 19.24 19.33 0.53
Sulfanilamide 0.813 3076 241 1.04 1.93 18.68 18.65 0.04
High org sed B2150 1518 196 6.18 4.78 0.73 0.90 0.92 0.03
S 0.856 2129 -31.87 -32.55 0.70 13.20 5.40 6.40
0.857 2391 -32.31 -32.55 0.70 14.08 13.45 0.72
0.859 2124 2263 2267 0.35 13.23 13.13 0.68
0.869 2298 2229 2267 0.35 13.37 13.13 0.68
MARO05-50P - 540 cm 15.215 1621 2.63 2.63 0.56 0.56
MARO05-50P - 550 cm 15.370 1838 -4.00 -4.00 0.62 0.62
MARO05-50P - 560 cm 15.058 2550 -2.86 -2.86 0.86 0.86
MARO05-50P - 570 cm 15.051 2468 -1.10  -1.10 0.84 0.84
MARO05-50P - 580 cm 15.154 2272 -6.12  -6.12 0.76 0.76
High org sed B2150 8.098 1376 4.63 4.78 0.73 0.94 0.92 0.03
High org sed B2150 0705 75 4.63 4.78 0.73 0.97 0.92 0.03
MARO05-50P - 590 cm 15.056 1849 -17.58 -17.58 0.65 0.65
MARO05-50P - 600 cm 15.425 1177 -10.72  -10.72 0.43 0.43
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Mean StdDev StdDev
Peak Delta of  of Deltas %S for Mean of %S of
Analysis  Amount Amplitude Delta of All of All applicable %S of All All
Sample ID Comment (mg) (mV) Peak  Analyses Analyses media Analyses Analyses
MARO05-50P - 610 cm 15.056 1056 1.36 1.36 0.39 0.39
MARO05-50P - 620 cm 15.218 984 -1.07  -1.07 0.36 0.36
MARO05-50P - 630 cm 15.224 1167 217 217 0.43 0.43
IAEA-S-3 0.858 2200 -32.27 -32.55 0.70 13.44 13.45 0.72
0.851 2239 -32.11 -32.55 0.70 13.58 13.45 0.72
0.870 2229 2235 2267 0.35 13.62 13.13 0.68
0.859 2010 22.64 2267 0.35 13.04 13.13 0.68
MARO5-50P - 640 cm 15.284 1167 1.06 1.06 0.42 0.42
MARO05-50P - 650 cm 15.107 1127 -27.83 -27.83 0.41 0.41
MARO05-50P - 670 cm 15.025 823 -13.31 -13.31 0.31 0.31
MARO05-50P - 680 cm 15.210 1029 -4.03 -4.03 0.38 0.38
High org sed B2150 12.055 2010 4.43 4.78 0.73 0.91 0.92 0.03
High org sed B2150 5.504 870 4.77 4.78 0.73 0.94 0.92 0.03
MARO05-50P - 690 cm 15.092 2260 0.67 0.67 0.80 0.80
MARO05-51G - 10 cm 15.033 546 -32.28 -32.28 0.21 0.21
MARO05-51G - 20 cm 15.073 477 -30.05 -30.05 0.19 0.19
MARO05-51G - 30 cm 15.203 909 -31.28 -31.28 0.34 0.34
MARO05-51G - 40 cm 15.095 174 -16.60 -16.60 0.08 0.08
IAEA-S-3 notusedincal 0.867 1831 13.23 13.45 0.72
IAEA-S-3 0.865 2239 -33.02 -32.55 0.70 13.46 13.45 0.72
IAEA-S-2 0.851 2207 2248 2267 0.35 13.58 13.13 0.68
IAEA-S-2 0.868 2200 2252 2267 0.35 13.36 13.13 0.68
High org sed B2150 2518 349 4.04 4.78 0.73 0.88 0.92 0.03
Sulfanilamide 1.116 4435 -0.32  1.04 1.93 18.62 18.65 0.04
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Mean StdDev StdDev
Peak Delta of  of Deltas %S for Mean of %S of
Analysis  Amount Amplitude Delta of All of All applicable %S of All All

Sample ID Comment (mg) (mV) Peak  Analyses Analyses media Analyses Analyses
IAEA-S-3 1.104 2897 -33.19 -32.55 0.70 13.47 13.45 0.72
IAEA-S-3 0610 1195 -32.74 -32.55 0.70 11.93 13.45 0.72
IAEA-S-3 0.409 993 -33.59 -32.55 0.70 13.79 13.45 0.72
IAEA-S-3 0251 521 -33.11  -32.55 0.70 12.90 13.45 0.72
IAEA-S-3 0.113 238 -31.29 -32.55 0.70 14.83 13.45 0.72
IAEA-S-2 0.100 141 2225 2267 0.35 11.26 13.13 0.68
IAEA-S-2 0.251 502 23.02 2267 0.35 12.66 13.13 0.68
IAEA-S-2 0411 938 2278 2267 0.35 13.41 13.13 0.68
IAEA-S-2 0.604 1439 2329 2267 0.35 13.52 13.13 0.68
IAEA-S-2 1.118 2778 2312 2267 0.35 13.36 13.13 0.68
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MAT252 Carlo Erba: Sulfur Isotope Analysis

Memorial University

Run Date: July 30, 2010 CREAIT Network - TERRA Facility
Client: A. Linegar Stable Isotope Lab
Operator: A. Linegar, A. Pye
Isotope: 5%S
Mean StdDev StdDev
Peak Deltaof  of Deltas %S for Mean of %S of
Analysis  Amount Amplitude Delta of All of All applicable %S of All All
Sample ID Comment (mg) (mV) Peak ly ly media ly Analyses
MUN-Sulfanilamide  primer 0.804 3053 -0.20 -0.55 0.69 17.70 18.69 0.82
MUN-Sulfanilamide  primer 0.810 3305 -1.58 -0.55 0.69 19.66 18.69 0.82
MUN-Sulfanilamide  primer 0.812 3191 -0.32 -0.55 0.69 18.95 18.69 0.82
MUN-Sulfanilamide  primer 0.813 3112 -0.11  -0.55 0.69 18.46 18.69 0.82
Sulfanilamide 0.803 3093 0.23 0.23 18.56 18.56
High org sed B2150 1.518 184 4.65 4.99 0.26 0.92 0.93 0.03
IAEA-S-3 0.867 2236 -32.12 -32.55 0.39 13.65 13.56 0.47
IAEA-S-3 0.865 2337 -32.66 -32.55 0.39 13.63 13.56 0.47
IAEA-S-2 0.864 2268 2256 22.67 0.08 13.37 13.59 0.29
IAEA-S-2 0.856 2186 2273 22.67 0.08 13.30 13.59 0.29
MARO05-51G - 50 cm 15.483 1130 -29.96 -29.96 0.41 0.41
MARO05-51G - 60 cm 15.209 565 -27.88 -27.88 0.23 0.23
MARO05-51G - 70 cm 15.393 1006 -28.82 -28.82 0.38 0.38
MARO05-51G - 80 cm 15.025 644 -23.31 -23.31 0.26 0.26
MARO05-51G - 90 cm 15.336 1401 -30.01 -30.01 0.51 0.51
MAR05-51G - 100 cm 15.150 1170 -33.91 -33.91 0.43 0.43
High org sed B2150 8.012 1223 5.06 4.99 0.26 0.91 0.93 0.03
High org sed B2150 0.709 68 5.27 4.99 0.26 0.97 0.93 0.03
MARO05-51G - 110 cm 15.041 482 -34.53 -34.53 0.20 0.20
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Mean StdDev StdDev

Peak Delta of  of Deltas %S for Mean of %S of
Analysis  Amount Amplitude Delta of All of All applicable %S of All All

Sample ID Comment (mg) (mV) Peak  Analyses Analyses media Analyses Analyses
MARO05-51G - 120 cm 15.145 1719 -39.02 -39.02 0.61 0.61
MARO05-51G - 130 cm 15.062 1771 -37.61 -37.61 0.64 0.64
MARO05-51G - 140 cm 15.014 731 -33.36 -33.36 0.29 0.29
MARO05-51G - 150 cm 15.226 1796 -34.11 -34.11 0.63 0.63
IAEA-S-3 gitchinchom 0.860 1967 12.91 13.56 0.47
IAEA-S-3 0.853 2264 -32.87 -32.55 0.39 14.04 13.56 0.47
IAEA-S-2 0.853 2273 2264 2267 0.08 13.78 13.59 0.29
IAEA-S-2 0.858 2313 2275 2267 0.08 13.89 13.59 0.29
MARO5-50P - 700 cm 15.028 2388 13.30 13.30 0.84 0.84
MARO05-50P - 710 cm 15.271 397 -4.39 -4.39 0.17 0.17
MARO05-50P - 720 cm 15.344 211 4.74 4.74 0.10 0.10
MARO05-50P - 730 cm 15.240 533 1768 17.68 0.22 0.22
High org sed B2150 12.104 2062 4.96 4.99 0.26 0.93 0.93 0.03

High org sed B2150 HV tripped 5.524 834
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MAT252 Carlo Erba: Sulfur Isotope Analysis

Memorial University

Run Date: September 22, 2010 CREAIT Network - TERRA Facility
Client: A. Linegar Stable Isotope Lab
Operator: A. Linegar, A. Pye
Isotope: 5%S
Mean StdDev StdDev
Peak Delta of  of Deltas %S for Mean of %S of
Analysis  Amount Amplitude Delta of All of All applicable %S of All All
Sample ID Comment (mg) (mV) Peak  Analyses Analyses media Analyses Analyses
W95-32 PY 9psidilut 0.120 1458 7.44 7.33 0.23 46.40 47.70 1:21
W95-32 PY primer 0.116 1432 7.06 7.33 0.23 47.91 47.70 1.21
W95-32 PY primer 0.129 1661 7.48 7.33 0.23 48.79 47.70 1.21
IAEA-S-3 0.506 1877 -32.63 -32.55 0.20 13.50 13.45 0.26
IAEA-S-3 0.520 1865 -32.46 -32.55 0.20 13.30 13.45 0.26
IAEA-S-2 0.520 1824 2274 2267 0.08 12.88 13.24 0.23
IAEA-S-2 0.501 1769 2260 22.67 0.08 13.18 13.24 0.23
IAEA-S-1 0.568 2089 0.12 -0.12 0.34 13.15 13.37 0.31
IAEA-S-1 0.579 2227 -0.35 -0.12 0.34 13.59 13.37 0.31
IAEA-S-3 0511 1921 -32.59 -32.55 0.20 13.58 13.45 0.26
IAEA-S-3 0.526 1968 -32.52 -32.55 0.20 13.51 13.45 0.26
IAEA-S-2 0.515 1847 2274 2267 0.08 13.28 13.24 0.23
IAEA-S-2 0.530 1977 2252 2267 0.08 13.51 13.24 0.23
IAEA-S-2 0.412 1409 2273 2267 0.08 13.14 13.24 0.23
IAEA-S-2 0.317 934 2269 2267 0.08 13.03 13.24 0.23
IAEA-S-3 0.335 1040 -32.90 -32.55 0.20 13.00 13.45 0.26
IAEA-S-3 0.420 1453 -32.18 -32.55 0.20 13.22 13.45 0.26
DUP: M05-50P - 20 cm 15.098 2221 -30.33 -30.33 0.53 0.53
DUP: M05-50P - 200 cm 15.288 3706 -7.94  -7.94 0.79 0.79
>
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Mean StdDev StdDev

Peak Delta of  of Deltas %S for Mean of %S of
Analysis  Amount Amplitude Delta of All of All applicable %S of All All

Sample ID Comment (mg) (mV) Peak  Analyses Analyses media Analyses Analyses
DUP: M05-50P - 320 cm 15.048 2823 -33.61 -33.61 0.65 0.65
DUP: M05-50P - 390 cm 15.053 3917 -34.83 -34.83 0.85 0.85
DUP: M05-50P - 620 cm 15.051 1484 -2.06 -2.06 0.39 0.39
High org sed B2150 0.710 88 6.19 5.72 0.39 1.15 0.94 0.1
High org sed B2150 1.557 204 6.17 5.72 0.39 0.85 0.94 0.11
High org sed B2150 2505 417 5.31 572 0.39 0.87 0.94 0.11
High org sed B2150 5521 1223 5.36 5.72 0.39 0.91 0.94 0.1
High org sed B2150 8.061 2042 5.77 5.72 0.39 0.96 0.94 0.1
High org sed B2150 12.187 3144 5.54 5.72 0.39 0.90 0.94 0.11
Sulfanilamide 0.801 4869 1.08 1.08 18.69 18.69
Sulfanilamide peaktoolarge 1.116 6199
IAEA-S-3 0.858 3604 -32.65 -32.55 0.20 13.72 13.45 0.26

0.854 3613 -32.47 -32.55 0.20 13.76 13.45 0.26
IAEA-S-2 0.858 3470 2271 2267 0.08 13.52 13.24 0.23
IAEA-S-2 0.857 3501 22.63 22.67 0.08 13.39 13.24 0.23
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MAT252 Carlo Erba: Sulfur Isotope Analysis

Memorial University

StdDev
of %S of
All
Analyses
4.55
4.55
4.55
4.55
0.39
0.39
0.23
0.23
0.40
0.40

0.39
0.39
0.23
0.23
0.40
0.40
0.39

Run Date: December 6, 2010 CREAIT Network - TERRA Facility
Client: A. Linegar Stable Isotope Lab
Operator: A. Linegar, A. Pye
Isotope: 5%S
Mean StdDev
Peak Deltaof  of Deltas %S for Mean
Analysis Amount Amplitude Delta of All of All applicable %S of All

Sample ID Comment (mg) (mV) Peak  Analyses Analyses media Analyses
W95-32 PY primer 0.091 2126 6.31 6.94 0.45 38.45 44.99
W95-32 PY primer 0.084 1323 7.06 6.94 0.45 46.18 44.99
W95-32 PY primer 0.095 1962 7.37 6.94 0.45 49.02 44.99
W95-32 PY primer 0.092 1880 7.00 6.94 0.45 46.31 44.99
IAEA-S-3 0.352 2058 -32.51 -32.55 0.20 12.96 13.15

0.360 2086 -32.60 -32.55 0.20 13.00 13.15
IAEA-S-2 0.341 1843 2265 2267 0.09 12.99 13.00
IAEA-S-2 0339 1774 2269 2267 0.09 13.29 13.00
IAEA-S-1 0357 1278 0.04 0.18 0.18 12.72 12.63
IAEA-S-1 0.347 880 0.43 0.18 0.18 12.07 12.63
MARO05-50P - 660 cm 9.464 1020 -29.74 -29.74 0.43 0.43
IAEA-S-3 0.339 1110 -32.29 -32.55 0.20 13.73 13.15
IAEA-S-3 0.376 1199 -32.82 -32.55 0.20 12.90 13.15

0.366 1145 2279 2267 0.09 13.14 13.00

0.352 987 2255 2267 0.09 12.64 13.00

0.346 784 0.08 0.18 0.18 12.69 12.63
IAEA-S-1 0.362 948 0.16 0.18 0.18 13.02 12.63
IAEA-S-3 0.356 642 -32.39 -32.55 0.20 12.78 13.15
IAEA-S-3 0.335 702 -32.69 -32.55 0.20 13.54 13.15

Fel
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Mean StdDev StdDev
Peak Deltaof  of Deltas %S for Mean of %S of
Analysis  Amount Amplitude Delta of All of All applicable %S of All All

Sample ID Comment (mg) (mV) Peak naly ly media ly Analyses
IAEA-S-2 0.351 687 2260 22.67 0.09 12.87 13.00 0.23
IAEA-S-2 0.352 686 22.74 2267 0.09 13.06 13.00 0.23
High org sed B2150 6.604 985 5.18 5.42 0.20 0.92 0.92 0.02
High org sed B2150 5226 581 5.65 5.42 0.20 0.91 0.92 0.02
High org sed B2150 4.140 340 5.37 5.42 0.20 0.92 0.92 0.02
High org sed B2150 3.150 220 5.47 5.42 0.20 0.94 0.92 0.02
High org sed B2150  peaktoosmal 1.679 41 3.39 0.90 0.92 0.02
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MAT252-Carlo Erba: Sulfur Isotope Analysis Memorial University

RunDate:  Wednesday, December 21, 2011 CREAIT Network - TERRA Facility
Client A. Linegar Stable Isotope Lab
Operator:  A.Pye
Isotope: 8"Sycor
Mean  StdDev of
Peak Deltaof Deltas of
Analysis  Amount  Amplitude  Deltaof Al Al
Sample ID___Comment_(mg) (mV) Peak  Analyses Analyses LastName
W95-32PY  primer  0.083 3202 684 693 0.13 Reference
W95-32PY  primer 0095 4986 7.08 6.93 0.13 Reference
W95-32PY  primer 0092 3429 6.76 6.93 0.13 Reference
W95-32PY  primer 0093 4084 6.98 6.93 0.13 Reference
W95-32PY  primer 0098 4407 6.98 6.93 0.13 Reference
IAEA-S-3 0357 3664 3246 3255 020 Reference
IAEA-S-3 0348 2846 3258 -3255 020 Reference
IAEA-S-2 0345 3882 2285 2267 017 Reference
IAEA-S-2 0381 4151 2264 2267 017 Reference
B1-430 cm 0257 3962 2972 2972 Linegar
B1-460 cm 0240 2523 2127 2127 Linegar
B1-470 cm 0243 3092 2932 -29.32 Linegar
B1-490 cm 0243 2406 993 993 Linegar
B1-520 cm 0250 2426 448 448 Linegar
IAEA-S-1 0340 3517 004 010 0.21 Reference
IAEA-S-1 0369 3971 018 0.10 021 Reference
B1-540 cm 0239 3352 1.85 1.85 Linegar
B2-430 cm 0245 3113 2898 -28.98 Linegar
B2-460 cm 0246 3595 2687 -26.87 Linegar
B2-470 cm 0243 3181 2706 -27.06 Linegar
B2-490 cm 0254 3480 1247 1247 Linegar
IAEA-S-3 0358 3670 3230 3255 020 Reference
IAEA-S-3 0343 3635 3275 3255 020 Reference
IAEA-S-2 0339 3274 2289 2267 0417 Reference
IAEA-S-2 0348 3648 2260 2267 0417 Reference
B2-520 cm 0240 2311 7.00  -7.00 Linegar
B2-540 cm 0240 2283 1.07 1.07 Linegar
DUP-B2-430 0241 2741 2867 2867 Linegar
DUP-B2-540 0254 2991 1.19 1.19 Linegar
DUP-B1-470 0243 3596 2940 -29.40 Linegar
IAEA-S-1 0352 3901 035 0.10 021 Reference
IAEA-S-1 0365 2781 0.1 0.10 021 Reference
IAEA-S-3 0345 3822 3236 3255 020 Reference
IAEA-S-3 0357 3964 3265 3255 020 Reference
IAEA-S-2 0339 3688 2293 2267 047 Reference
IAEA-S-2 0343 3507 2259 2267 0417 Reference
IAEA-S-2 0526 4445 2252 2267 047 Reference
IAEA-S-2 0237 2276 2240 2267 047 Reference
IAEA-S-2 0127 1203 2256 2267 047 Reference
IAEA-S-2 0058 336 2271 2267 047 Reference
IAEA-S-3 0068 411 3232 -3255 020 Reference
IAEA-S-3 0123 903 3293 3255 020 Reference
IAEA-S-3 0522 2163 3258 3255 020 Reference
IAEA-S-3 0450 5114 3256 -3255  0.20 Reference
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HFW WD det 0 ym
00 mm|11.9 mm ETD HiRes Gold on Carbon

Plate 1: Low magnification secondary electron scanning electron microscope image of a

gypsum crystal. Gypsum crystal was taken at 490 cm depth in core MAR03-50P
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6/82011 | HV | HFW | WD  det
1:54:18 PM|25.00 kV|213 mm | 11.9 mm ETD HiRes Go

Plate 2: Low ma cation secondary electron scanning electron microscope image of a

gypsum crystal showi

a twinned crystal. Crystal was taken from 490 ¢cm depth in core

MAROS-50P.
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WD det 0 pm
HiRes Gold on Carbon

Plate 3: Low ma;

cation backscatier electron image of a gypsum crystal (also shown in

Plate 1).
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Gold on Carbon

Plate 4: High magnification image of an iron (Fe) inclusion in a gypsum crystal from

depth 490 cm.
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HV HFW WD | det
00 kV_149 ym |11.9 mm | BSED

Plate 5: High magnification backscatter electron imag

¢ of an inclusion containing iron

(Fe). magnesium (Mg) and aluminium (A1) in a gypsum crystal.
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