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ABSTRACT

PIRES, J. P. Reconstruction of Neogene sea surface temperatures in Ceara
Rise (South Atlantic) based on alkenones. 2015. Dissertation (Master in

Chemistry) — University of Brasilia, Brasilia, 2015.

The Ceara Rise is a seismic peak located in the Atlantic Ocean and
receives both marine and terrigenous sediments. These sediments are
important for understanding the paleoclimatic and paleo-environmental
conditions in the ocean. With the goal of reconstructing the past sea surface
temperature (SST), the lipid biomarkers n-alkanes and alkenones were
analyzed in sediments of Ceara Rise. The quantification of both biomarkers was
performed by Gas Chromatography with Flame lonization Detector (GC-FID).
For the n-alkanes, analytical curves, which resulted in acceptable figures of
merit by official norms and the National Institute of Metrology, Quality and
Technology (Inmetro) were built. Because there is no alkenone standard
commercially available for the construction of analytical curves for alkenones,
the quantification was done by comparison of the areas of analytes to the area
of a standard ketone commercially available. The quantification by comparison
areas was validated by T-Test, in which the values of concentration of n-alkanes
obtained for this quantification method were compared with the calculated
concentrations from analytical curves, which led to satisfactory results. The
n-alkanes were evaluated according to the proxies Carbon Preference Index
(CPI) and Average Carbon Length (ACL). The results suggest that the main
source of organic matter in the studied sediments originates from terrigenous
material transported by rivers and by wind action. The , proxy that use the
concentration of alkenones to calculate the SST, was used for climatic
reconstruction of the region. The concentration range of alkenones was 0.001 to
0.516 pg g-1. According to the result of proxy, the estimated lowest
temperature was 22.5 °C, toward the end of Early Miocene, while the highest

temperature, 28.5 ° C, was held at half the Early Oligocene.

Keyword: Ceara Rise, Sediments, CPI, ACL, and SST
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1. INTRODUCTION

Studies based on past climate change are frequently used to understand
current climates trends and also making forecasts. The main climate data refer to
rainfall patterns and temperature variations (VILLALBA et al., 2009).

The tools proxies are equations that relate proportions of molecules with
different environmental conditions. They play an important role in the
reconstruction of temperature profiles and are widely used in paleoenvironmental
studies as a natural register of environmental changes (CASTANEDA et al.,2008;
MANN et al., 2008). Among the various proxies applied to achieve this goal, those
using organic molecules considered biomarkers have shown great potential for
application in determining the surface temperature of the sea.

The determination of sea surface temperature (SST) is one of the
fundamental parameter for the reconstruction of past climate conditions, as well as
for understanding the hydrological cycle and wind systems. (EGLINTON et al.,
2008).

Considering these aspects, the present study aims to evaluate the
temperature changes on sediment core from the Ocean Drilling Program (ODP)
154, site 925 using lipid biomarkers. Site 925 sediment samples were retrieved in
the Ceara Rise (South Atlantic), located 800 kilometers east of the mouth of
Amazon River. The sediments contain organic matter derived from both terrestrial
and marine sources. Therefore, core site 925 will provide valuable information
which can help to link paleoenvironmental and paleoclimatic conditions on land to
those in the ocean.

This study is part of the international project CLIM-AMAZON, the joint
Brazilian-European research facility for climate and geodynamic research on the

Amazon River basin sediments. The main objectives of this project were:
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to set up the analytical structure for the extraction and analysis of

lipid biomarkers in sediment samples in the analytical chemistry
laboratory at the Chemistry Institute in the University of Brasilia
(UnB), AQQUA group;

to analyze n-alkanes and alkenones, two types of lipid biomarkers,
in marine core sediments of Ceara Rise (South Atlantic) at different
core depth levels;

to generate analytical data for reconstruct the past sea surface

temperatures from the Miocene to the Holocene in the Ceara Rise.
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2. BIBLIOGRAPHIC REVIEW

2.1 CENOZOIC CLIMATE EVOLUTION

The Cenozoic, the most recent era, covers the period from 65.5 million
years ago (Ma) to present (Appendix A). This era is divided into three sub-periods:
Paleogene (65.5 - 23 Ma), Neogene (23 — 2.5 Ma, the sub-period containing the
Miocene and Pliocene epochs) and Quaternary (2.5 Ma to the present day)
(HELMOND, 2010).

The Cenozoic presents a complex climatic evolution and this information
is obtained mainly from the study of deep-sea sediment cores. In general, climate
changes over time are driven by shift in the distribution of sunlight (LISIECKI et al.,
2007), tectonic processes (FEARY et al., 1990) and orbital cycles (ZACHOS et al.,
2001).

Due to the high temperatures recorded during the early Cenozoic, the
planet was characterized as 'Greenhouse World' (HELMOND, 2010). The
concentration of greenhouse gases, mostly from volcanic emissions, is among the
facts that led to this high temperature, because the partial pressure of gases such
as carbon dioxide (CO2) affects the level of precipitations, the stability of the ice
sheets and atmospheric and oceanic circulation. In a period of less than 10,000
years in the transition between the Paleocene and Eocene (~ 55 Ma), an increase
of approximately 5 °C was recorded (ZACHOS et al., 2008). This warming trend
has spread from the early Eocene (~ 50 Ma), period in which there were records of
extreme high temperatures, until the Oligocene (~ 33 Ma) (PEARSON et al., 2007).

From then, the lowering of the concentration of greenhouse gases has
shown that climatic evolution was characterized by a global cooling trend, and this
coincided with the appearance of glaciers in Antarctica (PEARSON et al., 2007).
The trend to lower temperatures, which persisted until the late Oligocene (FEARY

et al., 1990; ZACHOS et al., 2001), could be demonstrated by increase in the
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concentration of oxygen isotopes (6180), parameter used to study changes in

volume of ice and water temperature (LISIECKI et al., 2007; PEARSON et al.,
2007; ZACHOS et al., 2001;. ZACHOS et al., 2008). Cooling happened milder in
the tropics but, at the poles, led to a decline of 5-10 °C in SST (PEARSON et al.,
2007).

In the middle Miocene (15 Ma) and early Pliocene (6 Ma) small intervals
of heat were registered, resulting in a reduction in the volume of glaciers. However,
it is observed that the general trend in the Cenozoic was the global cooling, due
mainly to the expansion of ocean passages and thermal isolation of Antarctica
(FEARY et al., 1990; ZACHOS et al., 2001; LISIECKI et al., 2007).

The climatic changes that occurred during the Neogene are especially
important because they resulted in significant impacts on the fauna and flora,
giving rise to modern climatic regimes and biomes (PETER et al., 2004).

It is estimated that at the end of the century, the concentration of CO2 in
the atmosphere will be similar to what occurred in the warm period of the early
Pliocene, in which the SST was 3 ° C warmer than the currently registered. Thus,
understanding climate changes that occurred in the Neogene is of fundamental
importance to predict the futures climate trends (HAYWOOD et al., 2009).

The regional impact of such changes, for instance on the Amazon basin,
is yet unclear. The marine sediment cores, which contain both terrestrial and
marine organic matter allow understanding the relationship between the oceanic
and climatic conditions, from the Miocene to the present day. This is possible
through the analysis of organic material recovered outside the Amazon Basin in
Ceara Rise (South Atlantic). Climatic variations in this region may also serve to
understanding climate dynamics that affect various parts of the globe (BOOT, et

al., 2006).
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2.2. LIPID BIOMARKER PROXY FOR CLIMATE

RECONSTRUCTION

Proxies can relate the variation of temperature with environmental
changes through a calibration, which allows to estimate the climatic conditions
over the years (CASTANEDA et al., 2008; MANN et al., 2008).

The determination of SST is one of the fundamental parameters for the
reconstruction of past conditions, as well as for understanding the hydrological and
wind systems (ENGLITON et al., 2008; KIM et al., 2009). SST also influences air
temperature, once the land surface has a lower specific heat than the water bodies
(FRITZSONS et al., 2008).

For the determination of SST, there are temperature proxies that were
developed from the study of geochemical properties, such as the ratio of isotopes
of carbon or oxygen, primary tool for climatic reconstruction of the Cenozoic
(FEARY et al., 1991; ZACHOS et al., 2001). However, proxies that use information
at the molecular level are more specific because they do not require many
additional data to the definition of profiles (VILLALBA et al., 2009; CASTANEDA et
al., 2008; EGLINTON et al., 2008; EIGENBROD et al., 2010). The biological
markers, known as biomarkers, are the major organic molecules used for this form
of proxy.

Biomarkers are complex organic molecules derived from living
organisms, especially plants and bacteria, which may be deposited with the
sediments and provide environmental information from the time they were
deposited. Their concentration depends on factors such as ocean temperature and
light level (CASTANEDA et al., 2008; EGLINTON et al., 2008; SMITH et al., 2013;
BLYTH et al., 2008; MEYERS et al.,2003; SACHS et al., 2013; SPERA et al.,

2012). They are widely applied in the stratigraphic temporal resolution because



20

they possess a high degree of preservation (CASTANEDA et al.,2008; EGLINTON

et al., 2008; BLYTH et al., 2008).
One of the major organic biomarkers for studying paleotemperatures
variation are alkenones, long chain ketones which have 37 carbons with two, three

or four unsaturations (Cs7: 2, C37:3and Ca7: 4, respectively) or 38 carbons with two or

three unsaturations (Css:2, Czs:3, respectively) (Figure 1). They are produced mainly
by two species of unicellular algae: Emiliania huxluji and Geophyrocpsa oceanica
(CASTANEDA et al., 2008; EGLINTON et al., 2008; SACHS et al., 2013; HEBERT
et al., 2003.). These algae reside above the photic zone and require sunlight for
photosynthesis (CASTANEDA et al., 2008; EGLINTON et al., 2008; SACHS et al.,
2013).

0
)k/.-\/r\/mvr\/’\/‘ T AV VaVEC AV A" C 37:2

0

S D
Jn i i
INIIN O SNV
G S St

Figure 1. Structure of methyl (Me) and ethyl (Et) long-chain alkenones. The position of the double
bounds are indicated by red circles. Adapted from CASTANEDA et al., 2008.

By using the alkenones abundance it is possible to calculate the

unsaturation index of ketones () (Equation 1), a proxy developed by Brassel et

al. in 1986 and considered one of the oldest and most applied proxies that use ratio

of organic compounds (CASTANEDA et al., 2008; EGLINTON et al., 2008;
SACHS et al., 2008; KIM et al., 2009; PRAHL et al., 2006).
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A marine sediment core study showed that the index was sensitive to

paleotemperature fluctuations in the late Pleistocene (BRASSEL et al., 1986),

showing that when the temperature of the sea surface increases, the concentration

of Ca7:3decreases relative to the concentration of Ca7: 2 (Figure 2) (CASTANEDA et
al., 2008; EGLINTON et al., 2008).
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Figure 2. lllustration of the SST proxy. On the left, gas chromatogram of a sample with

relatively cooler signal than the chromatogram on the right. Adapted from CASTANEDA et al.,

2008.

Later studies by Prahl et al. (1987) showed that the concentration of C37:4
in sediments was very low and did not produce significant differences in SST.
Thus, the index developed by Brassel et al. was modified, generating

(Equation 2), in which the concentration of Cs7: 4is disregarded (CASTANEDA
et al.,, 2008; SMITH et al., 2013; SACHS et al., 2013). The index relates to

SST according to the Equation 3.
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where is the proxy that relates the concentration of alkenones with 37 carbon

atoms and two and three unsaturation, [Cs7: 2] and [Cs7: 3] respectively, and SST is
the sea surface temperature (CASTANEDA et al., 2008; EGLINTON et al., 2008;
SMITH et al., 2013; PRAHL et al., 2006).

This proxy presents an empirical relationship between and SST and the

calculated values vary between zero and one. According to the literature, when

assumes a value equal to one unit, it follows that the SST is equivalent to 29
°C, with some variations, because the constant calculation can take different

values, which depend on the region where the calibration was performed

(EGLINTON et al., 2008; FRITZSONS et al., 2008; TONEY et al., 2012).

2.3. PROXIES CARBON PREFERENCE INDEX AND AVERAGE

CHAIN LENGTH AND SOURCE OF N-ALKANES

The n-alkanes (long-chain hydrocarbons) are biomarkers which provide

important paleoenvironmental informations as well as alkenones. Through
information on the size of the chains or distribution of the number of carbons it is
possible to identify whether there is a predominance of terrigenous material taken
to the sea or if these n-alkanes are produced in water bodies (CASTANEDA et al.,

2008; DUAN et al., 2010).
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Carbon preference index (CPI) measures the relative abundance of odd over

even carbon chain lengths (CASTANEDA et al., 2008; JENG et al., 2006). CPI is

calculated according to equation 4.

CPI= - X (4)

where C25 and C26 are respectively the concentration of n-alkanes that have 25 to
26 carbons and so forth.

If the calculated value for the CPI is between 5 and 10, there is a
predominance of chains with odd number of carbons, meaning that the source of
n-alkanes is predominantly from terrigenous plants (JENG et al., 2006). Most of
these n-alkanes with odd chains are derived from the wax layer that coats the
leaves (EGLINTON et al., 1962). These waxes help protect the leaves, inhibiting
insect attack, reducing water loss and protecting against excessive ultraviolet
radiation (EGLINTON et al., 1967; EGLINTON et al., 2008; SPERA, 2012;
CASTANEDA et al., 2008; DUAN et al., 2010).

CPI values near 1 indicate predominance of chains with even carbon number.
In most cases, these alkanes are produced by marine microorganisms or
introduced by petrogenic contamination (JENG et al., 2006).

The value obtained from the average chain length (ACL) has relation with the
origin of n-alkanes and with the temperature. The ACL is based on the relationship
between the average number of carbon atoms and the abundance of odd carbons,
as shown in Equation 5. Low values of ACL indicate that the source of n-alkanes is
predominantly from marine organisms or petrogenic hydrocarbons, similar to the
CPI, presenting a linear relationship between these two proxies (JENG et al.,
2006). On the other hand, low values of ACL also indicate the record of colder
temperatures (JENG et al., 2006; MEYERS et al., 2003; CASTANEDA et al.,
2008).
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ACL = (5)

2.4. STUDY AREA

Ceara Rise, a seismic ridge currently situated 2600-3200 meters below
sea level, is located in the Atlantic Ocean (Figure 3) some 800 kilometers east of
the Amazon River, surrounded on the north, west and south by distal deposits from

Amazon Fan (HEINRICH et al., 2013).

926 <
| Ceara Rise -

Figure 3. Location of Ceara Rise in the Atlantic Ocean. Adapted from CURRY et al., 1994.

Some 80 million years ago, estimated time of origin of Ceara Rise
according to studies by the age of igneous base ascension (SUPKO et al., 1977),
the region was subjected to intense volcanic extrusion, generating fractures up to 2
km thick. This period was marked by fits of plates in the North and South Atlantic,

generating an unusual volcanic activity (KUMAR et al., 1977).
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After the cessation of extrusive activity, the volcanic pile resulting from

such seismic activity was divided into two segments (Figure 4): the Ceara Rise, to

the west, and the Sierra Leone Rise, to the east (KUMAR et al., 1977).
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Figure 4. Structural map of the equatorial Atlantic and of the boundaries of the Ceara Rise and
Sierra Leone Rise, from KUMAR et al., 1977.

Since its formation, the deposition of limestone and siliceous material has
decreased the elevation of the Ceara Rise. However, with the growth of Amazon
Fan in the Early Miocene, there was also the intensification of influx of terrigenous
material, which is greater during periods of low sea level and generated a very high
sedimentation in the region (KUMAR et al., 1977; HEINRICH et al., 2013).

Amazon Fan is a body of sediments of deep submarine water located on
the continental margins of Brazil and contains eroded material of the Amazon
River basin. With sediments originated from this place it is possible to understand
the effect of climate changes that occurred during the Quaternary, because the
equatorial regions played an important role in transporting heat to high latitudes in

this period (FLOOD et al., 1997). Thus, the main source of terrigenous material
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present in Ceara Rise comes from Amazon (KUMAR et al., 1977), which makes it

able to monitor the changes that have occurred over the years in the region
(DOBSON et al., 2001).

This terrigenous material is usually deposited in the deepest parts of the
rise, which has distinct stratigraphic sequence due to the deposition of clays and
silts. In the higher parts of the Ceara Rise, where the sedimentation rate is low, the
main constitution of sediments is pelagic material, in other words, it comes from
the open sea (KUMAR et al., 1977).

There are also certain areas of hemipelagics sediments, consisting of both
terrigenous and pelagic material. Thus, it is observed that the distribution of
sediments has large influence of deepwater’s movement (KUMAR et al., 1977).
The depth of the sea that surrounds the Ceara Rise is approximately 4500 meters
and surface waters show little seasonal variability (HEINRICH et al., 2013).

Therefore, the region is essential for understanding the dynamics of the
climatic phenomena occurred near the Amazon Fan, one of the largest modern

submarine fans (FLOOD et al., 1997).

2.4.1. PREVIOUS WORK

The present study is a continuation of the work developed by Dobson et al.
(2001) and other researchers, as Curry et al. (1995) and Murayama et al. (1997),
who also studied and analyzed different properties of the samples collected in
Ceara Rise, site 925.

The work of Curry et al. (1995) presents a detailed description of sampling
performed at site 925, specifying the drilling techniques, the division of the core
into subparts and the relationship between depth and age of each sample,

obtained through the study of calcareous nannofossils. Curry et al. (1995)
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presented data of percentage of carbonates, magnetic susceptibility

measurements, particle size and x-ray diffraction analyses, besides
lithostratigraphic description of the samples (Appendix B).

Murayama et al. (1997) studied samples from site 925 Hole B, to evaluate
the variation of '°Be, based on the rate of accumulation of sediments, to explain
the input of terrigenous material from the area of the Amazon drainage. They
concluded that the ratio between '°Be and °Be was nearly constant and decreases

with depth. In addition, %Be is mainly associated with terrigenous fraction.

Subsequently, Dobson et al. (1997) performed chemical extractions to
isolate components and calculate the terrigenous mass accumulation rates of 47
sediment samples from Ceara Rise. From the analysis of the elemental
composition, they observed both terrigenous material source and the rate of
accumulation of mass changed over the years, probably due to the influence of
Andean uplift and the increase of the flow of the Amazon River.

In a following study, Dobson et al. (2001) evaluated the sources of river
discharge in South America describing the rate of accumulation of mass in other
57 core sediment samples from Ceara Rise.

Recently, Heinrich et al. (2013) studied the content of calcareous
dinoflagellate in sediment samples in Ceara Rise that corresponded to the
Neogene. The fossils of these species that develop in the oceans are able to
reflect the aquatic environment. They are also tools used for understanding the
oceanographic changes, the development of the Amazon River and the conditions
of the water surface in the Ceara Rise, site 926, where there were low acumulation
rates of calcareous dinoflagellates under 12 Ma and the subsequent increase

reflects differences in dissolution and preservation.



28

3. MATERIALS AND METHODS

3.1. SAMPLE COLLECTION AND PREPARATION

The sediments used in this study are originated from the exploration site
925, on the top of the Ceara Rise (Figure 5). The expedition took place in 1994 and
the samples were collected by Curry et al. To ensure the completeness of
information from core samples, three parallel holes (A, B and C) were made, and in
this study two of them are analyzed, A and B. The samples originated from the site
925 A vary between 303 and 660 meters below seafloor (mbsf). However, the
samples from site 925 B vary between zero and 312 mbsf. These intervals range
from the early Oligocene (~30 million years ago) to the present day (CURRY et al.,
1995). The depth and the corresponding age (Tables 1 and Table 2) for each
sample were obtained through the study of nannofossil (CURRY et al., 1995).

Information about holes A and B are shown in Table 3.

,,,,,
i
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Figure 5. Pesperctive view of Ceara Rise, ODP 154, site 925. Adapted from CURRY et al., 1994.
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Table 1. Information about the Core Recovery A (CRA): period, age, sample’s name and depth.

Expedition 154 Site 925 Hole A
Period Age (Ma) Sample Name Depth (mbsf)
_ 12.88 CRA3R1 304.65
Middle 13.42 CRA 4 R1 314.28
Miocene
13.96 CRA5R1 323.92
14.21 CRA 5 R4 328.92
14.51 CRA 6 R1 333.72
14.71 CRA 6 R3 337.21
15.19 CRA 7R3 345.76
16.05 CRA 8 R6 360.70
16.45 CRA 9 R4 367.81
16.75 CRA 10 R1 372.98
17.25 CRA 11 R1 381.71
17.66 CRA 11 R6 389.02
17.78 CRA 12 R1 391.03
18.33 CRA 13 R1 400.88
Early 18.85 CRA 14 R1 410.06
Viocene 19.19 CRA 14 R5 416.01
19.45 CRA 15 R1 420.67
20.21 CRA 16 R4 434.47
20.70 CRA 17 R3 443.27
21.15 CRA 18 R3 451.68
22.04 CRA 20 R1 468.35
22.29 CRA 20 R4 472.96
23.18 CRA 22 R3 490.36
23.49 CRA 22 R7 496.36
23.72 CRA 23 R3 501.06
24.02 CRA 24 R1 507.04
24.92 CRA 26 R1 525.73
25.35 CRA 26 R8 535.06
26.25 CRA 29 R1 555.02
Late 26.90 CRA 30 R5 570.35
Oligocene
27.46 CRA 32 R1 583.88
28.13 CRA 33 R6 601.02
O”';igzne 29.25 CRA 36 R7 631.56
30.10 CRA 39 R4 656.41
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Table 2. Information about the Core Recovery B (CRB): period, age, sample’s name and depth.

Expedition 154 Site 925 Hole B

Period Age (Ma) Sample Name Depth (mbsf)

0.02 CRB1H1 0.92

0.26 CRB 2 H3 7.95

Pleistocene 0.65 CRB 3 H4 19.64
0.91 CRB 4 H3 27.50

1.58 CRB 6 H4 47.58

1.73 CRB 7 H1 52.15

_ 1.84 CRB 7 H3 55.53

Late Pliocene 1.94 CRB 7 H5 58.40
2.17 CRB 8 H3 65.36

2.50 CRB 9 H3 74.86

Middle Pliocene 3.16 CRB 11 H3 93.87
3.31 CRB 11 H6 97.93

3.94 CRB 13 H5 115.25

4.22 CRB 14 H3 122.50

Early Pliocene 4.50 CRB 15 H2 129.80

4.92 CRB 16 H3 140.55

5.23 CRB 17 H1 148.04

5.43 CRB 17 H5 153.10

5.75 CRB 18 H3 160.72

6.31 CRB 19 H6 173.78

6.75 CRB 20 H6 183.60

6.95 CRB 21 H3 188.19

Milg)?eene 7.24 CRB 21 H7 194.44

8.34 CRB 24 H3 217.72

9.06 CRB 25 H7 232.43

9.26 CRB 26 H3 236.41

9.49 CRB 26 H6 241.04

9.79 CRB 27 H4 246.96

10.02 CRB 27 H7 251.29

10.21 CRB 28 H3 255.09

10.53 CRB 28 H7 261.18

10.78 CRB 29 H4 265.94

Middle 11.22 CRB 30 H3 274.27

Miocene 11.53 CRB 30 H7 279.93

11.84 CRB 31 H4 285.69

12.24 CRB 32 H3 293.00

12.55 CRB 32 H7 298.60

13.07 CRB 33 H7 308.10
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Table 3. Basic information of the studied exploration core.

Core Code ODP 154 SITE 925 A ODP 154 SITE 925 B
Lat/long (°) 4°12.249 N, 43°29.334 W 4°12.248 N, 43°29.349 W
End depth (m) 930,4 318
Begin date 14th february 1994 8th february 1994
End date 19th february 1994 10th february 1994
Objective Study the history of deep-water circulation

In total, 72 sediment samples were analyzed in the present work. The

samples were stored in bags at -18 °C until lab analyses.

3.2. ORGANIC GEOCHEMISTRY

3.2.1. CLEANING GLASSWARE

Initially, all glassware were washed with detergent and tap water. Then, the
materials were washed with deionized water and maintained for at least one night
in a solution 2-5 % of Extran MA 02 in deionized water. Removed from the
detergent solution, the materials were washed with deionized water and dried in
an oven at 100 °C for 2 hours. Finally, the openings of the recipients were sealed

with aluminum foil. During laboratory work, each material was washed twice with

methanol (MeOH) and twice with dichloromethane (DCM) before use.

3.2.2. LIPID EXTRACTION AND PURIFICATION
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3.2.2.1. EXTRACTION OF ALKENONES AND N-ALKANES

For biomarker analysis, about 15 g of each sample was wrapped in
aluminum foil and freeze dried (Liotop L101) for 24 hours. After drying, the
samples were homogenized using a mortar and pestle until it formed a fine
powder.

3 g of the homogenized sample were placed in centrifuge tubes and 5 mL
of DCM/MeOH (2/1) solution was added (Figure 6). The centrifuge tube was
placed in an ultrasonic bath (Cole-Parmer 8893) for 5 min and subsequently
centrifuged at 300 rpm for 5 min (Kindly KCS). The supernatant was collected and

the extraction procedure was repeated four more times.

Figure 6. Extracts of sediment samples from Ceara Rise.

The resulting total lipid extract (TLE) was evaporated on a rotary
evaporator (IKA RV 10 Basic) with heating bath at 30 °C. The final volume was
transferred to a previously weighed vial of 4 mL through a column containing

sodium sulfate (Na2S0a4) and cotton at the bottom (Figure 7) and then completely

dried by a stream of nitrogen (N2). The vial was weighed to obtain the total mass of
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TLE. 100 uL of each internal standard solution (scalene and ketone) were added to

the TLE and the extract was dried again. The method used was adapted from the

work of Kim et al. (2009), followed by validation.

Figure 7. (A) Sodium sulfate column prepared in a Pasteur pipette and (B) system to transfer the
extract to the vial through the column.

3.2.2.2. PREPARATION OF INTERNAL STANDARDS

The internal standard used for analysis of alkenones was prepared using
a solution of 2-nonadecanone in hexane. To prepare the solution, 10 mg of

2-nonadecanone was weighed (Shimadzu Model AX200) in a vial and successive

dilutions were made to obtain the concentration of 1 ug mL™. The process for the

preparation of solution of squalene in hexane (1 pug mL™) used as internal

standard in the nonpolar fraction was the same used for alkenones.

3.2.2.3. SEPARATION OF FRACTIONS OF ALKENONES AND

N-ALKANES

To separate the TLE in fractions containing n-alkanes, alkenones and the

polar compounds, a column containing aluminum oxide was prepared. To activate,



34

the aluminum oxide was kept in an oven at 150 °C for 2 hours and placed in a

desiccator for 1 hour with desiccant agent. To prepare the column, it was used a
small pipette with cotton at the bottom and approximately 4 cm of aluminum oxide.

First, the TLE was diluted in 2.5 mL of hexane/DCM (9/1) and transferred
to the column. The column was then washed twice with 2.5 mL of hexane/DCM
(9/1) solution to elute the nonpolar fraction of TLE.

For separating the fraction corresponding to alkenones, the vial that
contained the extract was washed with a 2.5 mL of hexane/DCM (1/1) solution
three times and transferred to a previously weighed vial of 1 mL using the same
column used for the nonpolar fraction.

To separate the fraction corresponding to polar compounds, the
procedure described above was repeated using 2.5 mL of DCM/MeOH (1/1)
solution.

Finally, the solvent of each fraction was completed evaporated using
nitrogen flow and the mass of each fraction was determined. The scheme of the

analytical work is illustrated on Figure 8.
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Figure 8. General scheme of the analytical work flow.

3.2.3. DETERMINATION AND QUANTIFICATION OF ALKENONES

The fraction corresponding to the alkenones was analyzed using a model
7890A Gas Chromatograph coupled to a Flame lonization Detector (GC-FID from
Agilent Technologies). All samples were dissolved in 50 pL of hexane and
injected using an Agilent 7650A autosampler. The column used was a silica
capillary (phase DB-5, 25 m x 0.32 mm, film thickness 0.25 pm). The injected
sample volume was 1 pL and the column flow was 2.4 mL min™, at constant
pressure.

The guantification of alkenones was taken in relation to the integration of
the area under the peak. The area under the peak of alkenones was obtained and
compared to the area under the peak of the internal standard. Each component

was identified based on retention time.
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3.2.4. DETERMINATION AND QUANTIFICATION OF N-ALKANES

The fraction corresponding to the n-alkanes was analyzed by GC-FID

(same equipment used for alkenones quantification, Figure 9) and quantification
of n-alkanes was taken in relation to the integration of the area under the peak.
The area under the peak of n-alkanes was obtained and compared to the area
under the peak of the internal standard.

Additionally, an analytical curve was made. This curve served as a tool for
assessment the internal standard quantification method.

For building the analytical curve, 1.1 mL of n-alkanes standard solution

(Supelco Analytical C8-C40 Alkanes Calibration Std, 500-5000 ug mL™ in CH2Cl2)

was diluted to 10 mL of hexane. The eight points of the analytical curve was

constructed (0.055, 0.165, 0.33, 0.66, 1.1, 2.2, 4.4 and 55 pug mL™) with

successive dilutions of the standard.

The standards used to construct the analytical curve are listed in Table 4.

Table 4. Information about the standard used to make the analytical curve.

Register Number of carbon Name Concentration
number (ug mL™)
629-97-0 22 N-Docosane 499.0
638-67-5 23 N-Tricosane 500.5
646-31-1 24 N-Tetracosane 501.0
629-99-2 25 N-Pentacosane 501.0
630-01-3 26 N-Hexacosane 500.5
593-49-7 27 N-Heptacosane 501.0
630-02-4 28 N-Octacosane 501.0

630-03-5 29 N-Nonacosane 500.0
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638-68-6 30 N-Triacontane 500.5
630-03-8 31 N-Hentriacontane 500.0
544-85-4 32 N-Dotriacontane 500.5
630-05-7 33 N-Tritriacontane 501.1
14167-59-0 34 N-Tetratriacontane 500.0
630-07-9 35 N-Pentatriancontane 500.1

Figure 9. Gas chromatography with flame ionization detector (GC-FID) Agilent 7650A.

The parameters used in the determination of alkenones and n-alkanes are
summarized in the Table 5.
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Table 5. Chromatographic parameters of the GC-FID used in the determination of alkenones and

n-alkanes.
Parameters Alkenones method N-alkanes method
Temperature (°C) 300 300
Injector Injection mode Splitless Splitless
Purge flow to split vent 40 mL min™ at 0.5 min 40 mL min™ at 0.5 min
Carrier gas Helium Helium
Temperature programming 70 °C (hold time 0 70 °C (hold time O
min); 20 °C min™ min); 20 °C min™* until
until 200 °C; 3°C min* 130 °C; 4 °C min*
until 320 °C; 320 °C until 320 °C; 320 °C
Column during 25 min during 30 min
Pressure Constant Constant
Total run time (min) 71 71
Temperature (°C) 330 330
Detector Make up gas Nitrogen Nitrogen
Flow (mL min™) 24 24

3.3. VALIDATION

3.3.1. DETERMINATION OF OUTLIERS IN ANALYTICAL CURVES

Grubb's test, known as G test, was used to verify the possible presence of

outliers in the analytical curves. In this test, the sample standard deviation is

compared with the deviation of the suspected measured in relation to the media,

according to equation 6:

(6)
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Where x is the value of the measure, is the average value and s is the standard

deviation. If the calculated value of G is greater than the tabular value, the

measure is an outlier and should be excluded from the line (MILLER et al., 2005).

3.3.2. LINEARITY

The analytical curves for quantification of n-alkanes were generated from 6 points
in triplicate. The linearity of these curves was evaluated in relation to its coefficient
correlation (R). According the National Institute of Metrology, Quality and
Technology (Inmetro), a linear relationship is obtained for values of R greater than

0.90 (Aragéo, 2009).

3.3.3. REPEATABILITY TEST

The precision of the analytical method was evaluated for repeatability.
According to recommendations of the Guide to International Conference on
Harmonisation (ICH) and the National Health Surveillance Agency (ANVISA)
Resolution Number 899, the value of the numeric precision level of repeatability is
estimated by the coefficient of variation (CV) of nine determinations covering the
entire calibration range, with samples in triplicate (Equation 7) (RIBEIRO et al.,

2008).

cV= — @)

Solutions with external standards of 2-nonadecanone and squalene were

used in the following concentration levels for this test: 0.11, 1.0 e 5 ug L™,

3.3.4.T TEST FOR COMPARISON OF CONCENTRATIONS
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The t test for comparison of averages was used to assess whether the

concentration obtained using the internal standard method are statistically equal
to the values of concentration obtained from the external standard method.

In this test, the value of t-calculated is compared with the t-tabular value
for a normal distribution with g degrees of freedom. If the calculated value of t is
less than the tabular, it can be considered that the values are statistically equal.
Otherwise, the values are statistically different. The calculated value of t and the
number of g degrees of freedom are calculated, respectively, according to

eguations 8 and 9.

= ——— (8)

g= (9)

where and are, respectively, the average and the standard deviation of the
concentration values calculated from the comparison with the area of the pattern,

and are the average and standard deviation of the concentration values
calculated from the analytical curves and and are the number of

replicates for each case.

3.3.5. RECOVERY TESTS

Tests were performed to evaluate the recovery factor of the analytes in
the following respects:
a) Rotoevaporation and concentration with a flow of nitrogen gas;

b) Complete method of extraction.
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Sediment samples collected at Lake Paranoa (an artificial water reservoir

located in the Distrito Federal, Brazil) were used to carry out the recovery tests.

For evaluation of the rotoevaporation step followed by concentration in
nitrogen gas, 100 pL of squalene solution (Img mL™") was added to 25 mL of
DCM/MeOH (2:1 v/v) and it was subjected to concentration steps. This solution
was analyzed by GC-FID and the results were compared with those obtained
when the solution is not rotoevaporated and concentrated under nitrogen flow.

The same procedure described above was performed with respect to
alkenones, using 100 pL of 2-nonadecanone solution (Img mL™).

Finally, the recovery was compared when performing different numbers of
extractions. For this step, the lake sediment was extracted five (in the same way

as core samples), ten, fifteen and twenty times, and analyzed by GC-FID.

3.3.6. LIMITS OF DETECTION AND QUANTIFICATION

The limit of detection (LOD) is the lowest concentration of the analytical
which can be detected by the techniqgue and can be determined from the visual
method. In this method, analysis of samples with low analyte concentrations were
performed and the LOD is the lowest concentration that results in a peak that can

be seen (RIBEIRO et al., 2008).

The quantification limit was taken as the lowest concentration point of the

analytical curve.
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4. RESULTS AND DISCUSSION

4.1. METHOD VALIDATION

4.1.1. VERIFICATION OF OUTLIERS

Grubb's test was performed to identify possible outliers in the analytical

curves. The G values calculated were compared with the tabular value (P = 0.05

of significance and G critic equal to 1.155). Since none of the calculated values

was greater than the critic value of G, it can be concluded that there were no

outliers in the curves and no value has been rejected.

4.1.2. LINEARITY

The analytical curves were constructed from six points with different

concentrations of n-alkanes, in triplicate. The values of the correlation coefficients

obtained are shown in Table 6.

Table 6. Values of correlation coefficients obtained from the analytical curves.

N-alcane R
N-Docosane 0.9973
N-Tricosane 0.9977

N-Tetracosane 0.9974
N-Pentacosane 0.9979
N-Hexacosane 0.9973
N-Heptacosane 0.9977
N-Octacosane 0.9978
N-Nonacosane 0.9975
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N-Triacontane 0.9982
N-Hentriacontane 0.9978
N-Dotriacontane 0.9975
N-Tritriacontane 0.9977
N-Tetratriacontane 0.9974
N-Pentatriacontane 0.9963

According to Inmetro all curves can be considered linear.

4.1.3. REPEATABILITY

The repeatability was evaluated taking into account the standard deviation

(SD) and coefficient of variation (CV). Solutions of squalene and 2-nonadecanone

standards were used in triplicate at three concentration levels: 0.11, 1.0 and 5.0 pg

mL™ (Table).

Table 7 Estimation of SD and CV to the standards of squalene and nonadecanone through the
repeatability of areas (in picoampere (pA)).

Concentration Areal Area2 Area3 Average SD CV (%)

01lpgmL™ 121 1.03 122 115 0.10 9.08

Squalene 1.0pugmL® 817 808 850 825 0.22 2.71
5pugmLt 5297  46.09 48.09 49.05 3.54 7.22

‘0llpgmL™  1.01 101 106 1.03 0.03 2.75
2-Nonadecanone | 1.0 pgmL*  7.95 918 10.11  9.08 1.09 11.95

5ug mL™ 55.23 36.66 49,29 47.06 9.48 20.15

According Ribani et al. (2004) the maximum value for the coefficient of

variation, when it takes into question analytes in low concentrations, is 20%. With
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the exception of alkenones with concentration equal 5 pg mL?, the others

coefficients of variation are smaller than 12%, validating the method of
determination in trace level for n-alkanes and alkenones. None of the samples
showed alkenones concentrations equal to or higher than 5 pg mL™ and it is
believed that the high coefficient for the most concentrated samples is due to loss

of linearity the ends of a curve.

4.1.4. T TEST FOR COMPARISON OF CONCENTRATIONS

The test for comparison of values was used to validate the quantification
performed from internal standard method. In this test, the values obtained from
the internal standard method were compared with the concentrations obtained
from the external standard method, taking in consideration the value of t
calculated according to Equation 8.

This test was performed for the following Samples: CRB 4-3H, CRB
14H-3, CRB 24H-3, CRB 30H-7 , CRA-1 and CRA 14R-1 and CRA 18 R-3

injected in duplicate. The t values calculated for each is in Table 8.



Table 8. Values of t-calculated for the average comparison test.
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t-calculated
Sample C-22 C-23 C-24 C-25 C-26 C-27 C-28 C-29 C-30 C-31 C-32 C-33 C-34 C-35
CRB 3H-4 1475 1133 0.747 0.881 0.908 0.740 0.961 0.780 0.892 0.734 0.796 0.853 1.230 1.525
CRB 14H-3 4758 7.415 2909 1.756 1.068 0.212 0.625 0.402 2.653 0.148 1.013 1.092 2.035 1.379
CRB 24H-3 3.411 1561 1.076 0.351 0.011 0.279 0.099 0.419 0.094 0530 0.194 0351 0.181 0.218
CRB 30H-7 9.408 5873 4264 7.784 1160 0.859 0.563 2.245 1314 0.066 0.684 0.797 8.795 0.396
CRA 14R-1 2.931 2274  1.563 1.488 1339 1.072 1413 0.626 1.186 1.011 0.397 0.770 0.145 1.611
CRA 18R-3 0.275 3.783 1.908 3.398

1.818

1.908

3.548

1.100

1.501

6.920

1.922

0.299

0.229

0.344

The number of degrees of freedom for the samples, calculated according to Equation 7, was 2. Comparing the T-calculated and the

respective degree of freedom with the t-tabulated value (9.925), it can be seen that for all samples used in this test, the value of the calculated

concentration from the internal standard method is statistically equal to the concentrations calculated from the external standard method for

99.5% of reliability.
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4.1.5. RECOVERY TESTS

The recovery method was evaluated in terms of the concentration step

and for the complete method.

To evaluate the stage of rotoevaporation and concentration with flow of

nitrogen gas, solutions with squalene (1mg mL'l) and 2-nonadecanone (1mg
mL'l) standards were used. The recovery factor for alkenones and n-alkanes is

shown in Figure 10.

120
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Alkenones N-alcanes
Compounds evaluated

Figure 10. Recovery factors (%) of rotoevaporation and concentration steps of the solvent with a
nitrogen flow.

To assess the recovery factor of the complete method, superficial

sediment samples from Lake Paranoa were extracted in ultrasonic bath five
times (as the method used for all the samples), ten, fifteen and twenty times.

The results are show in Figure 11 and 12.
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Figure 11. Comparing the concentrations obtained for different number of extractions of alkenones.
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Figure 12. Comparing the concentrations obtained for different number of extractions of n-alkanes.

When five extractions were performed, the concentration of extracted

alkenones and n-alkanes corresponded respectively to 34 and 36% of the
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highest concentration extracted. For alkenones, the best result was obtained
when the extraction was performed ten times and, for n-alkanes, fifteen times.

After reaching the maximum, the concentration of analyte in the extract
decreases, probably due to the extensive time required of rotoevaporation to get
the volume of 1 mL.

It can be seen by comparing Figure 11 and 12 that the concentrations of
alkenones obtained in the recovery test are lower than those obtained for the
n-alkanes. This can be explained by the fact that there was Unresolved
Complex Mixture (UCM) in the chromatograms of fraction of ketones and also
by the absence of alkenones objects of study in Paranoa Lake samples. This is
because the sediments collected in the lake are shallow and probably there was

not enough time for alkenones were deposited in the matrix.

4.1.6. LIMITS OF DETECTION AND QUANTIFICATION

The LOD, obtained by the visual method, and the LOQ obtained for the
squalene and 2-nonadecanone standards are shown in Table 9.

Table 9. LOD and LOQ obtained for nonadecanone and squalene.

Parameter LOD (ug mL™) LOQ (ug mL™)
2-nonadecanone 0.0313 -
Squalene 0.0181 0.055

4.2. QUALITATIVE DETERMINATION OF N-ALKANES

The qualitative determination of n-alkanes was made from the

correlation of retention time of aliphatic hydrocarbons present in the standard

with peaks present in the nonpolar fraction.



49

The retention times (RT) of n-alkanes used for this comparison and to

construct the analytical curves are shown in Table 10.

Table 2. Retention times (min) of n-alkanes used in the construction of analytical curves

N-alcane Code RT (in minutes)
N-Docosane C-22 34.1
N-Tricosane C-23 36.4

N-Tetracosane C-24 38.6
N-Pentacosane C-25 40.7
N-Hexacosane C-26 42.8
N-Heptacosane C-27 44.8
N-Octacosane C-28 46.7
N-Nonacosane C-29 48.6
N-Triacontane C-30 50.4
N-Hentriacontane C-31 52.2
N-Dotriacontane C-32 54.2
N-Tritriacontane C-33 56.3
N-Tetratriacontane C-34 58.6
N-Pentatriacontane C-35 61.3

The samples show chromatographic profile similar to that obtained for

the sample CRA 5 R4 (Figure 13).
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Figure 11. Typical chromatogram obtained for n-alkanes extracts (sample CRA 5 R4).

The other chromatograms obtained for the nonpolar fractions of the

samples are in the Appendix C.
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4.3. QUANTITATIVE DETERMINATION OF N-ALKANES

Analytical curves were constructed from n-alkanes present in the external standard. The curves (Figure 14 to 27) were plotted using the

referent areas of each n-alkane (dependent variable) versus the known concentrations (independent variable) from 8 standard solutions

prepared from diluting the stock solution (Table 11).

Table 11. Concentrations (ug mL )1 and total areas of the external standard analytical curve of n-alkanes used.

Average area (pA)

Concentration
C-22 C-23 C-24 C-25 C-26 c-27 C-28 C-29 C-30 C-31 C-32 C-33 C-34 C-35
(hg mL")
0.055 1.2 1.2 1.2 2.0 1.2 11 15 11 15 11 1.2 1.0 11 1.2
0.165 3.1 3.1 2.9 4.5 3.1 2.7 3.2 2.9 3.1 2.6 2.9 2.7 2.7 2.4
0.33 5.8 5.9 5.8 6.7 6.0 5.6 6.1 5.6 5.9 5.4 5.9 5.5 5.6 5.9
0.66 11.5 11.6 114 12.2 12.3 11.0 12.2 11.7 12.6 10.9 11.6 11.4 11.6 13.2
1.1 23.3 23.5 23.5 24.8 24.5 22.7 23.7 23.4 23.4 22.7 23.0 23.1 23.3 23.3
2.2 34.2 34.9 34.8 37.2 35.4 34.6 35.3 35.1 37.2 34.0 34.6 34.9 34.8 38.7
4.4 65.0 66.5 66.5 70.1 67.7 65.8 67.7 66.9 69.2 65.5 66.1 67.4 67.2 66.9
55 81.5 83.3 83.1 88.9 84.2 81.7 84.5 83.1 87.8 82.6 81.3 82.8 82.4 82.8
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Figure 17. Analytical curve of C-27.
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Figure 22. Analytical curve of C-30. Figure 18. Analytical curve of C-33.
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Figure 19. Analytical curve of C-34.
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Figure 20. Analytical curve of C-35.

The equations of the lines of each respective n-alkane and R are

shown in Table 12.

Table 12. Equations lines and R %or each n-alkane.

Equation line R
C-22 y=14.485 + 2.1032 0.9973
C-23 y=14.836 + 2.0247 0.9977
C-24 y=14.836 + 1.9342 0.9974
C-25 y=15.653 + 2.6065 0.9979
C-26 y=14.992 + 2.320 0.9973
C-27 y=14.67 + 1.7372 0.9977
C-28 y=15.039 + 2.1947 0.9978
C-29 y=14.875 + 1.9223 0.9975
C-30 y=15.597 + 1.9706 0.9982
C-31 y=14.752 + 1.5503 0.9978
C-32 y=14.578 + 2.0623 0.9975
C-33 y=14.914 + 1.7686 0.9977
C-34 y=14.836 + 1.8637 0.9974
C-35 y=14.834 + 2.5965 0.9963
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The areas were obtained from the integration of the peaks and
interpolated in the equations of the lines for the external standard method. The
resulting concentration (in pg mL™) was divided by the mass of each sample
multiplied by the volume present in each vial (50 pyL) extract to give a final
concentration in pug g™ of sediment (Table 13).

For the internal standard method, the concentrations were obtained by
the comparison with the area of the standard squalene. In this quantification
method, the area of squalene, whose concentration in the sample is known, is

compared with the area of the analyte (Table 14).
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Table 3. Weight and sediment concentrations (g g'l) of 14 n-alkanes in the sediment samples of the cores CRA and CRB of Ceara Rise obtained by interpolation in the analytical curves.

Concentration (in ug g'l)

Sample V\(/i?z:t C-22 (C-23 C-24 C-25 C-26 C-27 c-28 C-29 C-830 C-31 C(C-32 C-33 C-34 C-35
CRB-1H-1 2.02 <O 0.0385 0.0230 0.0415 0.0218 0.0524 0.0164 0.1119 0.0240 0.1173 0.0194 0.0575 <O 0.0159
CRB-2H-3 3.09 |0.0562 0.0784 0.0581 <O <0 0.0801 OLR OLR OLR OLR OLR 0.0792 OLR OLR
CRB-3H-4 3.11 |0.0111 0.0177 0.0259 0.0566 0.0752 OLR OLR OLR OLR OLR 0.0644 OLR 0.0279 0.0261
CRB-4H-3 3.13 |0.0013 0.0039 0.0050 0.0115 0.0188 0.0355 0.0394 0.0708 0.0418 0.0746 0.0256 0.0376 0.0093 0.0103
CRB-6H-4 3.17 OLR <0 OLR <0 OLR <0 OLR OLR OLR OLR OLR OLR OLR OLR
CRB-7H-1 3.12 |0.0237 0.0161 0.0160 0.0325 0.0293 0.0330 OLR OLR 0.0257 OLR 0.0123 OLR 0.0123 0.0322
CRB-7H-3 3.20 |0.0042 0.0080 0.0099 0.0196 0.0235 0.0540 0.0346 OLR 0.0424 OLR 0.0311 OLR 0.0114 0.0255
CRB-7H-5 3.07 |0.0033 0.0063 0.0074 0.0166 0.0220 0.0373 0.0343 0.0830 0.0378 0.0836 0.0265 0.0530 0.0100 0.0176
CRB-8H-3 3.17 |0.0024 0.0065 0.0082 0.0186 0.0208 0.0452 0.0264 0.0808 0.0296 OLR 0.0190 0.0779 0.0078 0.0193
CRB-9H-3 3.16 |0.0010 0.0039 0.0039 0.0094 0.0141 0.0225 0.0196 0.0458 0.0244 0.0526 0.0169 0.0316 0.0075 0.0091
CRB-11H-3  3.02 |0.0053 0.0081 0.0125 0.0209 0.0317 0.0393 0.0407 0.0691 0.0674 0.0736 0.0479 0.0429 0.0268 0.0185
CRB-11H-6 3.14 | OLR OLR 0.0717 OLR OLR <0 OLR OLR OLR OLR OLR <0 OLR OLR
CRB-13H-5 3.00 |0.0086 0.0188 0.0232 0.0350 0.0492 0.0531 0.0568 0.0904 0.0606 0.0811 0.0479 0.0473 0.0274 0.0183
CRB-14H-3  3.06 |0.0020 0.0053 0.0097 0.0174 0.0294 0.0383 0.0383 0.0611 0.0387 0.0613 0.0254 0.0324 0.0113 0.0103
CRB-15H-2  2.92 <0 <0 <0 OLR 0.0021 0.0054 0.0062 0.0113 0.0084 0.0134 0.0049 0.0066 0.0008 0.0015
CRB-16H-3  3.15 <0 OLR 0.0018 0.0049 0.0118 0.0194 0.0216 0.0440 0.0223 0.0721 0.0139 0.0345 0.0046 0.0083
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CRB-17H-1
CRB-17H-5
CRB -18H-3
CRB-19H-6
CRB-20H-6
CRB-21H-3
CRB-21H-7
CRB-24H-3
CRB-25H-7
CRB-26H-3
CRB-26H-6
CRB-27H-4
CRB-27H-7
CRB-28H-3
CRB-28H-7
CRB-29H-4
CRB-30H-3
CRB-30H-7
CRB-31H-4

CRB-32H-3

3.00

2.04
3.19
3.10
2.93
3.19
3.19
3.04
3.09
3.14
3.06
2.90
3.03
3.05
3.10
3.15
3.10
3.04
3.00
2.96

OLR

0.0034
OLR
OLR
OLR
0.0051
0.0014
<0
0.0011
OLR
OLR
0.0011
<0
0.0448
0.0123
0.0239
0.0019
0.0010
OLR

0.0015

OLR

0.0081
OLR
OLR
OLR

0.0151

0.0036

0.0018

0.0030

<0
<0

0.0093
OLR

<0
<0

0.0025

0.0046

0.0077

0.0032

0.0051

0.0013

0.0097
OLR
OLR
OLR

0.0110

0.0091

0.0023

0.0038
OLR
OLR

0.0077

0.0019

0.0436

<0

0.0258

0.0067

0.0197

0.0044

0.0079

0.0049
0.0131
<0
<0
<0
0.0140
0.0170
0.0062
0.0079
<0
<0
0.0145
0.0045
<0
0.0060
0.0096
0.0100
0.0362
0.0100
0.0168

0.0162

0.0156
OLR
OLR
OLR

0.0210

0.0315

0.0105

0.0169
OLR
OLR
0.0224
0.0080
0.0146
0.0038
0.0209
0.0156
0.0590
0.0155

<0

0.0362

0.0302
OLR
OLR
OLR

0.0434

0.0367

0.0133

0.0177
OLR

<0
0.0220
0.0098
0.0246
0.0173
0.0185
0.0220
0.0689
0.0183

0.0694

0.0498
0.0207
OLR
OLR
OLR
0.0303
0.0393
0.0138
0.0178
OLR
OLR
0.0250
0.0108
0.0218
0.0181
0.0185
0.0166
0.0737
0.0192

0.0350

0.0776

0.0776
OLR
OLR

0.0859
OLR

0.0508

0.0302

0.0337
OLR
OLR

0.0530

0.0155

0.0396

0.0309

0.0341

0.0481
OLR

0.0307
OLR

0.0552
0.0262
OLR
OLR
OLR
0.0371
0.0425
0.0166
0.0277
OLR
OLR
0.0352
0.0094
0.0554
0.0315
0.0332
0.0384
0.0762
0.0234

0.0429

0.0704 0.0322

0.1297 0.0186
0.0608 OLR
0.0383 OLR
0.0488 OLR
OLR 0.0240
0.0551 0.0333
0.0423 0.0115
0.0383 0.0194
<0 OLR
OLR OLR
0.0718 0.0303
0.0140 0.0054
0.0456 0.0330
0.0367 0.0163
0.0283 0.0192
<O 0.0209
0.0845 0.0559
0.0305 0.0169

OLR 0.0349

0.0352

0.0913
<0
<0
<0

0.0601

0.0306

0.0224

0.0190
<0

OLR

0.0507

0.0071

0.0236

0.0178

0.0150

0.0212

0.0474

0.0152
OLR

0.0142

0.0066
OLR
OLR

0.0875

0.0095

0.0179

0.0157

0.0102
OLR
OLR

0.0178

0.0015

0.0210

<0

0.0086

0.0110

0.0277

0.0059

0.0113

0.0073
0.0231
OLR
OLR
0.0703
0.0184
0.0138
0.0062
0.0060
OLR
OLR
0.0175
<0
<0
<0
<0
0.0178
0.0245
0.0039
0.0200
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CRB-32H-7
CRB-33H-7
CRA-3R-1
CRA-4R-1
CRA-5R-1
CRA-5R-4
CRA-6R-1
CRA-6R-3
CRA-7R-3
CRA-8R-6
CRA-9R-4
CRA-10R-1
CRA-11R-1
CRA-11R-6
CRA-12R-1
CRA-13R-1
CRA-14R-1
CRA-14R-5
CRA-15R-1
CRA-16R-4

3.00

2.07
3.09
3.12
3.04
3.05
2.02
3.09
2.00
2.95
3.09
3.16
3.02
3.10
3.10
3.01
3.17
3.11
3.17
3.00

OLR
<0
OLR
0.0048
0.0039
0.0348
<0
0.0063
0.0723
0.0051
OLR
<0
OLR
0.0010
0.0111
<0
0.0009
0.0037
0.0301
0.0311

0.0051 0.0113 0.0221

0.0176 0.0148 0.0262

0.0034 0.0044 0.0106

0.0100 0.0167 0.0343

0.0076 0.0085 0.0171

<0 <0
0.0026

0.0029

0.0229
0.0032 0.0071
0.0024 0.0095

<0 OLR <0

0.0054 0.0116
0.0102

0.0016

0.0203
0.0084 0.0220
OLR 0.0051

<0 OLR <0
0.0040 0.0098 0.0167
0.0052 0.0052 0.0123
<0 <O 0.0173
0.0029 0.0031 0.0097
0.0089 0.0132 0.0315
0.0101 0.0115 0.0208

0.0371 0.0339 <O

0.0356

0.0206
0.0162
0.0535
0.0230
0.0349
0.0140
0.0152
0.0372
0.0402
0.0542
0.0128
OLR
0.0360
0.0234
0.0619
0.0175
0.0689
0.0318
<0

0.0427 0.0451 0.0636 0.0434 0.0642 0.0327

0.0275 0.0196 0.1003 0.0264 OLR 0.0221

0.0259 0.0269 0.0545 0.0303 0.0825 0.0235

0.0765 0.0722 OLR 0.0707 OLR 0.0484

0.0302 0.0285 0.0604 0.0670 0.0575 0.0444

0.0469 0.0656 OLR 0.0693 OLR 0.0601

0.0271 0.0342 0.0977 0.0519 OLR 0.0403

0.0301 0.0391 0.0531 0.0442 0.0570 0.0328

<O 0.0498 0.0784 0.0322 0.0741 0.0435

0.0611 0.0713 OLR 0.0818 OLR 0.0572

0.0634 0.0762 OLR OLR OLR 0.0642

0.0198 0.0238 0.0363 0.0250 0.0343 0.0161

<0 OLR 0.0671 OLR 0.0705 0.0660

0.0588 0.0792 OLR 0.0840 OLR 0.0553
0.0390 0.0532 0.0680 0.0551 0.0658 0.0376

OLR OLR OLR OLR OLR OLR

0.0338 0.0404 0.0556 0.0447 0.0494 0.0284

OLR OLR OLR OLR OLR OLR

0.0492 0.0521 OLR 0.0581 OLR 0.0503
0.0464 OLR

OLR OLR 0.0707 OLR

0.0391

0.1243
0.0564
0.0559
0.0266
0.0500
0.0877
0.0304
0.0401
0.0842
0.0465
0.0177
0.0392
0.0509
0.0329
OLR
0.0240
OLR
OLR
0.0418

0.0147
<0
0.0090
0.0232
0.0208
0.0330
0.0156
0.0181
<0
0.0260
0.0278
0.0068
<0
0.0253
0.0162
0.0576
0.0115
0.0488
0.0191
OLR

0.0141

0.0222
0.0157
0.0216
0.0164
0.0246
0.0197
0.0188
<0
0.0371
0.0193
0.0057
<0
0.0219
0.0116
0.0348
0.0076
0,0409
0,0255
0,0534
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CRA-17R-3
CRA-18R-3
CRA-20R-1
CRA-20R-4
CRA-22R-3
CRA-22R-7
CRA-23R-3
CRA-24R-1
CRA-26R-1
CRA-26R-8
CRA-29R-1
CRA-30R-5
CRA-32R-1
CRA-33R-6
CRA-36R-7
CRA-39R-4

3.11

3.17
3.32
3.04
3.04
3.13
3.18
3.15
2.99
3.06
2.07
2.96
2.94
3.15
3.14
3.18

0.0035

0.0025
0.0016
0.0031
0.0305
0.0036
OLR
0.0047
0.0018
0.0026
0.0029
0.0081
0.0924
0.0020
0.0016
OLR

0.0130

0.0056
0.0043
0.0057
0.0114
0.0023
<0
0.0131
0.0054
0.0056
0.0033
0.0131
<0
0.0040
0.0049
<0

0.0148

0.0062
0.0066
0.0086
0.0261
0.0042
OLR
0.0145
0.0084
0.0061
0.0040
0.0081
0.0904
0.0053
0.0051
OLR

0.0318

0.0117
0.0147
0.0151
0.0245
0.0086
<0
0.0297
0.0195
0.0118
0.0046
0.0118
<0
0.0089
0.0102
<0

0.0439

0.0167
0.0232
0.0232
0.0411
0.0156
OLR
0.0434
0.0427
0.0205
0.0103
0.0198
OLR
0.0214
0.0170
OLR

0.0699

0.0225
0.0385
0.0296
0.0612
0.0211
<0
0.0753
0.0797
0.0252
0.0222
OLR
<0
0.0360
0.0208
OLR

0.0801

0.0190
0.0454
0.0335
0.0873
0.0230
OLR
0.0827
OLR
0.0284
0.0276
OLR
OLR
0.0443
0.0338
OLR

OLR

0.0354
OLR
0.0485
OLR
0.0348
OLR
OLR
OLR
0.0445
0.0472
OLR
OLR
0.0650
0.0416
OLR

0.0879

0.0273
0.0496
0.0322
OLR
0.0248
OLR
OLR
OLR
0.0379
0.0335
OLR
OLR
0.0440
0.0363
OLR

OLR

0.0361
OLR
0.0599
OLR
0.0413
0.0694
OLR
OLR
0.0459
0.0427
OLR
OLR
0.0610
0.0478
OLR

0.0586

0.0291
0.0345
0.0241
OLR
0.0171
0.0697
0.0778
0.0698
0.0280
0.0212
OLR
OLR
0.0290
0.0292
OLR

OLR

0.0355
0.0597
0.0358
OLR
0.0223
<0
OLR
0.0551
0.0304
0.0259
OLR
0.0724
0.0328
0.0273
OLR

0.0236

0.0164
0.0124
0.0102
OLR
0.0064
<0
0.0278
0.0297
0.0131
0.0108
0.0472
0.0922
0.0106
0.0142
OLR

0,0263

0.0065
0.0133
0.0116
OLR
0.0066
0.0249
0.0274
0.0211
0.0098
0.0076
0.0470
0.0878
0.0097
0.0075
OLR

OLR = Out of the linear range



Table 4. Concentrations (ug g'l) of n-alkanes in 14 samples of sediment cores CRA and CRB of Ceara Rise obtained by comparison with the area of the internal standard.

Concentration (in pg g'l)

Sample | C-22 C-23 C-24 C25 C26 C27 C28 C29 C30 C31 C-32 C-33 C34 C35
CRB-1H-1 - 0.0476 0.0298 0.0547 0.0294 0.0622 0.0231 0.1311 0.0324 0.1354 0.0256 0.069 - 0023
CRB-2H-3 |0.0564 0.0795 0.0594 - - 0.0801 0.4854 0.2746 0.4105 0.2093 0.2483 0.0805 0.1501 0.0998
CRB-3H-4 [0.0123 0.0186 0.0261 0.0584 0.0733 0.0978 0.0909 0.1786 0.1017 0.1634 0.0612 0.0845 0.0279 0.027
CRB-4H-3 |0.0037 0.0064 0.0075 0.0159 0.0228 0.0393 0.0449 0.0777 0.049 0.0806 0.0291 0.0423 0.012 0.0139
CRB-6H-4 |0.8703 - 07016 - 05654 - 04506 0.2091 0.3254 0.1525 0.2207 0.1000 0.1502 0.098
CRB-7H-1 |0.0233 0.0167 0.0166 0.0341 0.0294 0.0317 0.1168 0.1554 0.0268 0.1197 0.0132 0.0321 0.0132 0.0321
CRB-7H-3 |0.0069 0.0111 0.0132 0.0258 0.0288 0.061 0.0412 0.1489 0.0515 0.1816 0.0361 0.1455 0.0148 0.0312
CRB-7H-5 |0.0045 0.0068 0.0077 0.0165 0.02 0.0315 0.0301 0.0692 0.034 0.0687 0.0229 0.0448 0.0098 0.0166
CRB-8H-3 |0.0059 0.0109 0.013 0.0285 0.0299 0.0593 0.0371 0.1058 0.0423 0.1408 0.0265 0.1021 0.0124 0.0281
CRB-9H-3 |0.0034 0.0062 0.0062 0.0132 0.0173 0.0251 0.0231 0.0499 0.0288 0.0562 0.0196 0.035 0.0098 0.0124
CRB-11H-3 [0.0073 0.0099 0.014 0.024 0.0332 0.0392 0.0419 0.0686 0.0702 0.0719 0.0474 0.0433 0.0278 0.0205
CRB-11H-6 |0.0527 0.0766 0.0399 0.0663 0.573 - 05059 0.1836 0.34 0.1056 0.2371 -  0.1584 0.104
CRB-13H-5 [0.0095 0.0186 0.0224 0.0352 0.046 0.048 0.0529 0.0818 0.0581 0.0726 0.0436 0.0436 0.026 0.0187
CRB-14H-3 [0.0043 0.0075 0.0119 0.0214 0.0325 0.0401 0.0415 0.0638 0.0432 0.0631 0.0275 0.0347 0.0135 0.0132
CRB-15H-2 - - - 0.0114 0.015 0.0232 0.0277 0.0427 0.0348 0.0476 0.0226 0.0274 0.0092 0.0142
CRB-16H-3 |0.0019 0.0025 0.0033 0.0069 0.0123 0.0181 0.0209 0.0397 0.0219 0.0631 0.0136 0.0314 0.0056 0.0096
CRB-17H-1 |0.0024 0.0028 0.0033 0.0076 0.0177 0.0353 0.0496 0.0749 0.0564 0.0672 0.0318 0.035 0.0153 0.0096
CRB-17H-5 | 0.0057 0.0095 0.0107 0.0151 0.0161 0.0271 0.0204 0.0672 0.0256 0.1091 0.0179 0.0785 0.008 0.0227
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CRB-18H-3
CRB-19H-6
CRB-20H-6
CRB-21H-3
CRB-21H-7
CRB-24H-3
CRB-25H-7
CRB-26H-3
CRB-26H-6
CRB-27H-4
CRB-27H-7
CRB-28H-3
CRB-28H-7
CRB-29H-4
CRB-30H-3
CRB-30H-7
CRB-31H-4
CRB-32H-3
CRB-32H-7
CRA-3R-1

0.4820
0.0322
0.5525
0.0061
0.0031
0.0022
0.0033
0.5859
0.492
0.0038

0.0565
0.015
0.0295
0.0041
0.0036
0.0028
0.0044
0.0034
0.0027

0.0273
0.5467
0.0358
0.0145
0.0049
0.0044
0.0051

0.0124
0.0053

0.0053
0.0067
0.0107
0.0053
0.0084
0.008
0.0055

0.4215

0.4716
0.011
0.0097
0.0049
0.0058
0.4918
0.7277
0.0106
0.0086
0.0561

0.0321
0.0087
0.0236
0.0064
0.0116
0.0148
0.0064

0.4250

0.0148
0.0179
0.0105
0.0111

0.0196
0.0164
0.0096
0.0149
0.0132
0.0444
0.0131
0.0237
0.0287
0.0139

0.3547
0.4250
0.3678
0.02
0.0297
0.0146
0.0194
0.4395
0.5864
0.027
0.0228
0.0212
0.0066
0.0271
0.018
0.0672
0.0177
0.0421
0.0187

0.2504
0.0972
0.0911
0.0379
0.0331
0.0168
0.0193
0.0953
0.0255
0.0248
0.0321
0.0199
0.0233
0.0233
0.0757
0.0195
0.0809
0.0483
0.0272

0.0746
0.3801
0.2609
0.028
0.0365
0.0183
0.0203
0.3141
0.4674
0.0299
0.0286
0.0301
0.0218
0.0243
0.0189
0.0833
0.0213
0.0435
0.0527
0.0294

0.1978
0.1797
0.0778
0.0868
0.0459
0.0361
0.0357
0.0997
0.2169
0.0593
0.0378
0.0513
0.0347
0.0417
0.0496
0.0997
0.0321
0.1566
0.0721
0.0562

0.0421
0.3489
0.1877
0.0348
0.0405
0.0219
0.0311
0.2464
0.3375
0.042
0.0258
0.0741
0.0371
0.0427
0.0419
0.089
0.0261
0.0543
0.0523
0.0337

0.1197
0.0407
0.0443
0.0959
0.0489
0.0488
0.0396
0.1582
0.0784
0.0335
0.0577
0.0401
0.0343
0.0926
0.0312
0.2412
0.0717

0.083 0.0251

0.0218

0.0302

0.0151
0.0212

0.2289
0.0345
0.0164
0.0425
0.0191
0.0242
0.0224
0.0619
0.0184
0.042
0.0376

- 0.0774

0.2287 -
0.1149 -

0.0527
0.0283
0.0272
0.0209

0.1758 -

0.1037
0.0567
0.0194
0.0315
0.0208
0.0196
0.0229
0.0536
0.1687
0.1261
0.0452
0.0581

0.0686
0.1595
0.0790
0.0097
0.0172
0.0198
0.0122
0.1092
0.1558
0.0213
0.0076
0.0283
0.0122
0.0128
0.0322
0.0078
0.0154
0.0184
0.011

0.0686
0.1018
0.0646
0.0179
0.0144
0.0101
0.0088
0.0626
0.1017
0.022

0.0203
0.0296
0.0066
0.0263
0.0186
0.0183
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CRB-33H-7
CRA-4R-1
CRA-5R-1
CRA-5R-4
CRA-6R-1
CRA-6R-3
CRA-7R-3
CRA-8R-6
CRA-9R-4

CRA-10R-1

CRA-11R-1

CRA-11R-6

CRA-12R-1

CRA-13R-1

CRA-14R-1

CRA-14R-5

CRA-15R-1

CRA-16R-4

CRA-17R-3

CRA-18R-3

0.0034
0.0041
0.0366

0.0077
0.064
0.0062
0.0025
0.0019
0.2210
0.003
0.0126

0.0029
0.0051
0.027
0.0289
0.0046
0.0047

0.0179
0.006
0.0065

0.0067
0.0042

0.0064
0.0086
0.0035

0.0058
0.0071

0.0047
0.0097
0.0104
0.0347
0.0123
0.0077

0.0154
0.0092
0.0071

0.006
0.0046
0.5365
0.0116

0.01
0.0049
0.1979
0.0113

0.007

0.0049
0.0134
0.0116
0.0319
0.0138
0.0083

0.0274
0.0192
0.0139
0.0272
0.0121
0.0116

0.0205
0.0213
0.0109

0.0193
0.0153
0.0205
0.0121
0.0316
0.0211

0.0296
0.0152

0.0211
0.0278
0.017
0.038
0.0183
0.0161
0.0357
0.0363
0.0467
0.0205
0.1601
0.0367
0.0251
0.0628
0.0189
0.0633
0.0295
0.0381
0.0194

0.0258
0.0382
0.0211
0.0486
0.0305
0.0287

0.0524
0.0527
0.0285

0.0567
0.039
0.169
0.033

0.1121

0.0431

0.0422

0.0578

0.0243

0.0201
0.0372
0.0208
0.0694
0.0393
0.0381
0.0467
0.0628
0.0649
0.0353
0.112
0.078
0.0543
0.2448
0.0406
0.1554
0.0471
0.2055
0.068
0.0217

0.0891
0.0524
0.0415
0.096
0.1037
0.0502
0.0706
0.1135
0.0818
0.0512
0.0743
0.1065
0.0677
0.305
0.0541
0.2227
0.1223
0.103
0.1144
0.0378

0.0266 0.1473
0.0377 0.0536
0.0481 0.039
0.0755 0.0939
0.0593 0.1558
0.0441 0.0529
0.0321 0.0659
0.0741 0.1348
0.0784 0.0766
0.0379 0.0477
0.1197 0.0768
0.0854 0.095
0.058 0.0647
0.2389 0.2146
0.046 0.0475
0.1604 0.2031
0.054 0.1965
0.1906 0.0636
0.0769 0.1284
0.031 0.0378

0.0216 0.1098
0.0245 0.0286
0.0304 0.019
0.0618 0.0526
0.0441 0.0934
0.0313 0.0295
0.0399 0.0373
0.0492 0.0728
0.0533 0.0397
0.024 0.0262
0.0718 0.0443
0.0534 0.0502
0.0377 0.0337
0.1355 0.1016
0.0282 0.0244
0.0992 0.1045
0.0441 0.1153
0.1003 0.0388
0.0486 0.0733
0.031 0.0379

0.0124
0.0151
0.0353
0.0192
0.0183

0.0236
0.0243
0.0117
0.0018
0.0258
0.0176
0.0575
0.0126
0.0446
0.018
0.0846
0.0208
0.0185

0.0227
0.012
0.0128
0.0276
0.0246
0.0196

0.0336
0.018
0.0113

0.0233
0.0139
0.0364
0.0097
0.0383
0.0241
0.0497
0.0237
0.0093
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CRA-20R-1
CRA-20R-4
CRA-22R-3
CRA-22R-7
CRA-23R-3
CRA-24R-1
CRA-26R-1
CRA-26R-8
CRA-29R-1
CRA-30R-5
CRA-32R-1
CRA-33R-6
CRA-36R-7
CRA-39R-4

0.0048
0.0054
0.0209
0.0055
0.2052
0.0059
0.0035
0.0047
0.0058
0.0047
0.0826
0.0037
0.0038
0.4394

0.0084
0.0079
0.0088
0.0042

0.0132
0.0065
0.0075
0.0061
0.007
0.071
0.0053
0.0071

0.0113
0.0109
0.0184
0.006
0.1937
0.0143
0.009
0.0079
0.0066
0.0047
0.0826
0.0064
0.0072
0.4148

0.024
0.019
0.0187
0.0114
0.0295
0.0201
0.0147
0.0084
0.007

0.0106
0.0136

0.034 0.0526
0.0262 0.0315
0.0287 0.0406
0.0174 0.0217
0.1303 -
0.04 0.066
0.0391 0.0692
0.0223 0.0258
0.0131 0.0231
0.0102 0.0201
0.0976 -
0.021 0.0326
0.0196 0.0225
0.349 0.0736

0.0637
0.0368
0.0592
0.0246
0.1094
0.0745
0.0968
0.0299
0.0294
0.034
0.091
0.0411
0.0366
0.2584

0.119
0.0513
0.0788
0.0354
0.0893
0.1553
0.1248
0.0448
0.0471
0.1454
0.2326
0.0585
0.0438
0.1881

0.0714 0.1514
0.0364 0.0618
0.0749 0.0944
0.027 0.0409
0.0461 0.0614
0.0889 0.2064
0.1042 0.101
0.0403 0.0454
0.0358 0.042
0.0733 0.1997
0.0977 0.1558
0.0421 0.0543
0.0403 0.0493
0.207 0.2252

0.0476
0.0262
0.0711
0.0182
0.0614
0.068
0.0608
0.0285
0.0226
0.0528
0.1992
0.0267
0.0309
0.1311

0.0816
0.0383
0.0787
0.0233
0.1176
0.0492
0.0312
0.027
0.096
0.0668
0.0303
0.0294
0.1094

0.0189 0.021
0.0124 0.0147
0.0643 0.0706
0.0081 0.009

- 0.0241
0.0258 0.0261
0.0272 0.0205
0.0145 0.0121
0.0129 0.011
0.0224 0.0227
0.0842 0.081
0.011 0.0109
0.0162 0.0103
0.0684 0.0658

-: Species not detected.
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The values for concentrations calculated using external analytical

curves ranged from 0.0009 to 0.1297 ug g’l. Concentrations calculated from the
area compared to standard squalene ranged from 0.0019 to 0.8703 pg g™
Since the samples had a range of very high concentration of n-alkanes,
it was not possible to quantify some analytes. Quantification by the internal
standard method have no limitation of the linear range, making it possible to

guantify analytes in a wider range of concentrations.

4.4. QUALITATIVE DETERMINATION OF ALKENONES

The alkenones were identified qualitatively by injection of samples in a

gas chromatograph coupled to a mass spectrometry detector, performed at the
Laboratory NIOZ, Netherlands. The typical chromatogram with identified peaks

is shown in Figure 28.
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Figure 21. Representative chromatogram of sediment sample containing alkenones.
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The chromatograms obtained for the alkenone fractions of the samples

are in the Appendix D.

4.5. QUANTITATIVE DETERMINATION OF ALKENONES

As there are no standard available for construction of the analytical

curve, the alkenones were quantified by comparing the peak area of the internal

standard and the area of the analyte. The average concentrations in pg g™, for

the samples are shown in Table 15.

Table 15. Concentrations (ug g) of alkenones in sediment samples of cores CRA and CRB of

Ceara Rise obtained by comparison with the area of the internal standard.

Sample Name
925B-2H-3-(45-48)
925B-2H-6-(92-95)

925B-3H-4-(114-117)

925B-4H-3-(100-103)
925B-5H-3-(43-46)
925B-5H-6-(25-28)
925B-6H-4-(58-61)
925B-7H-1-(15-19)
925B-7H-3-(53-56)
925B-7H-5-(40-43)
925B-8H-3-(86-89)
925B-9H-3-(86-89)
925B-10H-3-(86-89)

Cars
0.006
0.020
0.017
0.001
0.003
0.008
0.005

0.015
0.001
0.015
0.001
0.006

Concentration (in g g'l)

Car:2
0.108
0.331
0.301
0.050
0.094
0.192
0.151
0.132
0.386
0.102
0.239
0.084
0.152

Cagek
0.071
0.232
0.155
0.029
0.043
0.093
0.082
0.084
0.130
0.057
0.140
0.043
0.081

Casmk
0.036
0.102
0.071
0.014
0.025
0.047
0.048
0.040
0.112
0.026
0.069
0.019
0.036

Cao
0.011
0.041
0.011
0.002
0.006
0.012
0.013
0.015
0.035
0.004
0.022
0.005
0.011
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925B-11H-3-(87-90)
925B-11H-6-(43-48)
925B-12H-4-(86-89)
925B-13H-5-(25-28)

925B-14H-3-(100-103)

925B-15H-2-(30-33)
925B-16H-3-(5-8)

925B-17H-1-(104-107)

925B-17H-5-(10-14)

925B-18H-3-(122-125)

925B-19H-3-(87-90)
925B-19H-6-(28-31)
925B-20H-6-(60-63)
925B-21H-3-(19-23)
925B-21H-7-(44-47)
925B-22H-7-(43-46)
925B-23H-5-(42-45)

925B-24H-3-(122-125)

925B-25H-2-(25-28)
925B-25H-7-(43-47)
925B-26H-3-(91-94)

925B-26H-6-(104-107)

925B-27H-4-(46-50)
925B-27H-7-(29-32)
925B-28H-3-(59-62)
925B-28H-7-(68-71)
925B-29H-4-(44-47)
925B-30H-3-(77-80)

0.007
0.002

0.033
0.205
0.064

0.032
0.032
0.032
0.020
0.021
0.006

0.044
0.017
0.009
0.008
0.022
0.017
0.008
0.007

0.002
0.006

0.013
0.030

0.018
0.116
0.036

0.016
0.019
0.016
0.013
0.016
0.006

0.032

0.009
0.008
0.017
0.011
0.006
0.005

0.001
0.006

0.009
0.018

0.006
0.040
0.017

0.006
0.012
0.004
0.007
0.004

0.012

0.004
0.001
0.012
0.005
0.003

0.005

0.003
0.007

0.001
0.015
0.004

0.021
0.001

0.001
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925B-30H-7-(43-46)
925B-31H-4-(119-122)
925B-32H-3-(50-53)
925B-32H-7-(10-13)
925B-33H-7-(10-15)
925A-3R-1-(95-98)
925A-4R-1-(58-61)
925A-5R-1-(52-55)
925A-5R-4-(52-55)
925A-6R-1-(62-65)
925A-6R-3-(111-114)
925A-7R-3-(6-10)
925A-8R-2-(136-139)
925A-8R-6-(80-83)
925A-9R-4-(131-134)
925A-10R-1-(128-131)
925A-11R-1-(41-44)
925A-11R-6-(22-25)
925A-12R-1-(23-26)
925A-13R-1-(48-51)
925A-14R-1-(6-9)
925A-14R-5-(125-128)
925A-15R-1-(97-100)
925A-15R-7-(20-23)
925A-16R-4-(67-70)
925A-17R-3-(137-140)
925A-18R-3-(8-11)
925A-18R-7-(16-19)

0.001
0.003
0.004
0.002

0.002

0.002
0.006
0.003
0.004
0.004
0.002
0.006

0.057
0.109
0.140
0.026
0.043
0.117
0.013
0.014
0.014
0.516
0.017
0.010
0.030
0.093

0.042
0.017
0.008
0.053
0.235
0.061
0.334
0.234
0.093
0.237

0.015
0.058
0.081
0.014
0.065
0.076
0.008
0.008
0.011
0.307
0.010
0.007
0.018
0.056

0.021
0.007
0.005
0.029
0.142
0.031
0.184
0.151
0.054
0.134

0.012
0.021
0.019
0.015
0.010
0.024
0.003
0.001
0.037
0.055
0.002
0.008
0.009
0.011

0.007
0.004
0.002
0.012
0.058
0.011
0.069
0.057
0.020
0.074

0.002
0.006
0.009

0.008
0.006

0.002
0.005

0.003
0.017
0.003
0.019
0.018
0.006
0.021
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925A-19R-3-(106-109)
925A-20R-1-(55-58)
925A-20R-4-(66-69)
925A-22R-3-(26-29)
925A-22R-7-(26-29)

925A-23R-3-(136-139)
925A-24R-1-(74-77)
925A-26R-1-(13-16)

925A-26R-8-(6-9)

925A-29R-1-(42-45)
925A-30R-5-(15-18)
925A-32R-1-(38-41)
925A-33R-6-(42-45)
925A-36R-7-(46-49)
925A-39R-4-(81-84)

0.014
0.001
0.017
0.002
0.004

0.015

0.001

0.174
0.062
0.033
0.091
0.018
0.050
0.156
0.021
0.040
0.094
0.059
0.060
0.048
0.037
0.154

0.108
0.041
0.025
0.053
0.011
0.035
0.112
0.016
0.033
0.073
0.045
0.046
0.039
0.031
0.128

0.038
0.014
0.009
0.021
0.004
0.012
0.044
0.006
0.033
0.022
0.014
0.014
0.011
0.009
0.047

0.012
0.006
0.004
0.004
0.006
0.017
0.001
0.005
0.011
0.006
0.003
0.003
0.005
0.020

-: Species not detected.

Values for concentrations calculated from the area compared with the

2-nonadecanone standard ranged from 0.001 to 0.516 pug g'l. Except for

samples CRB 33 H-7 and CRA 5 R-4, Cs7:2 has the highest concentration

among the other alkenones detected.

The predominant concentration of Cs7:2 was also found by Boot et al.

(2006) when evaluating the concentration of alkenones at site 942 (5°45'N,

49°6'W), located in the Amazon Fan. The dominance of Cs7:2 alkenones in

relation to the other suggests that their source is predominantly seaweed (ZINK

et al., 2001).

However, caution is needed with proxies results obtained from the

guantification of lipids because of its degradation. As Cs7: 2 suffer less the effect
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of degradation that Cs7: 3, the relative ratio between the compounds may be

affected, resulting in a bias in the calculated temperatures (HOEFS et al., 2002).

4.6. PROXIES CARBON PREFERENCE INDEX AND AVERAGE

CHAIN LENGTH

CPI values, which are calculated according to Equation 4, varied over
the years and record, as can be seen in Figure 29. The minimum values are
between 0.18 and 0.19 and are found in the portion of the core corresponding to
the beginning of the Late Miocene. The maximum value is 4.1, corresponding to
the end of the Middle Miocene.

In the intervals in which CPI values varies between ~1 and ~4, it is
possible to suggest that the primary source of n-alkane was wax leaves of
terrestrial plants (DUAN et al., 2010). At low degree, there is the influence of the
activity of marine microorganisms as a source of aliphatic hydrocarbons the CPI
values are less than 1(JENG et al., 2006; DUAN et al., 2010).

According to the proxy CPI, the main source of organic materials
present in the studied cores comes from terrestrial source. This result is in
agreement with the study by Boot et al. (2006) in the assessment of organic
materials input to Amazon Fan, in which all sediments originating from site 942,
were evaluated according to the CPI and indicated that the main source of

organic matter of the area comes from terrigenous material.
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Figure 22. Calculated CPI values along the record at sites 925 A and 925 B, situated at Ceara
Rise.

Throughout the record, the value of ACL varies between ~26.6 and
~30.7 (Figure 30), suggesting that the main source of n-alkanes also is derived
from terrestrial sources, and meaning, in most cases, that the organic material
was transported from the land to the sea due to the action of winds and the flow
of rivers.

Boot et al. (2006) also evaluated the results of the ACL on site 942. In
this work, the calculated values of ACL did not varied much, lying around ~29.8.
This fact led researchers to conclude that small variations in ACL indicate
consistency in the source of vegetation type, in which the primary source was

also terrigenous.
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Figure 30. ACL values calculated over the record sites 925 A and 925 B,
situated at Ceara Rise.

Dobson et al. (2001) also evaluated the terrigenous sediment on Ceara
Rise and concluded that most of the terrigenous sediment deposited on Ceara
Rise is product of weathering of rocks in the Andes, because terrigenous
materials derived from other sources are hardly deposited in Ceara Rise due its
location and the intense amount of sediment produced in Amazon, that forms a
physical barrier.

In general, the concentration of n-alkanes is higher than alkenones
because these are best preserved. This happens because the n-alkanes are
tougher and its headquarters act as a protective barrier, which is why
terrigenous lipids are better preserved than those present in marine sediments

(HOEFS et al., 2002).

4.7. RECONSTRUCTION OF SST
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The temperature profile obtained from the calculation of (Equation

1) for samples in which it was possible to quantify Cs7:2 and Ca7:3 is shown in

Figure 31.
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Figure 31. Alkenone derived sea surface temperature (°C) record at sites 925 A (represented in
red) and 925 B (in blue), situated at Ceara Rise.

According to Figure 31, it can be observed that between Pleistocene
and the Middle Pliocene there was little variation in the SST. From the Middle
Pliocene to half of Late Miocene the tendency of the SST was reach coldest

values, followed by heating until the beginning of the Early Miocene. At the end
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of Early Miocene there was the lowest recorded SST (22.5 °C), which was
followed again by a heating tendency until the registration of the highest
temperature (28.5 °C) at half the Early Oligocene.

The work of Boot et al. (2006) were unable to estimate the SST for
various samples of site 942. In this work, which included samples from 35 kyr,
the estimated SST ranged from 23 to 26 °C in the glacial period, corresponding
to the end of Pleistocene, and Cs7:3 was not detected in the glacial periods.
During the same period, the SST estimated for samples of Ceara Rise used in
this work was ~26 °C.

Temperatures estimated in Ceara Rise are consistent with the global
trend already observed by other researchers. Pearson et al. (2007) stated that
the global trend during the Early Oligocene, period in which the planet was
characterized as '‘Greenhouse World' was heating. In samples analyzed in this
work, the Early Oligocene was the period in which the highest SST was
estimated (~ 28 °C).

In the studied cores, there was no sample covering the Late Oligocene,
but estimates of SST from the beginning of the Early Miocene suggest that the
trend was cooling, fact that is consistent with prediction made by Pearson et al.
(2007) and coincides with the onset of glaciers.

During the Miocene until to the Early Pliocene, the world's propensity to
cooling, but with intervals of higher temperatures, already observed by FEARY
et al. (1990), ZACHOS et al. (2001) and LISIECKI et al. (2007). It was also
observed in cores analyzed in this work. The interval when the highest
temperatures were estimated happened in Middle Miocene. This period also
coincides with the last interval of warmer temperatures than today. SSTs
estimated in the Rio Grande Rise for this period are even 3 °C higher than the

temperatures recorded today (DOWSETT et al., 1996).
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Studies by Haywood et al. (2009) estimated an overall increase of SST
from the Early Pliocene to the present day, which can also be observed for
samples from site 925 at Ceara Rise (Figure 32).

The results obtained in the estimative of SST in Ceara Rise are
consistent with other studies conducted, even when using different extraction
methods or tool proxies. Therefore, this study may contribute to understanding

global trends of variation of SST over the last 30 Ma.
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5. CONCLUSIONS

The method for extraction of n-alkanes and alkenones in sediment

samples, first used in AQQUA Group, generated satisfactory results in
agreement with other studies conducted in what concerns the reconstruction of
sea surface temperatures and main origin of organic materials present in these
sediments.

The extraction with ultrasonic used little volume of solvent, resulted in
small amount of residues and generated satisfactory results in relation to the
recovery test of n-alkanes. For the recovery of alkenones the recovery factors
were not so good due the presence of UCM in chromatograms and absence of
alkenones used in this study at the sediment used for the recovery test.

Quantification of n-alkanes was performed from analytical curves and
the concentrations obtained from the curves were compared with the
measurement performed by the comparison of the area of the analyte to the
area of standard added to the sample, quantification method commonly used in
studies of paleotemperature. The results were concordant for both quantifying
and statistically equal, which, by analogy, justified the quantification of
alkenones only by the method of comparing areas, since there is no standard of
alkenones commercially available.

The Carbon Preference Index and Average Chain Length proxies used
to determine the main source of the organic material present in sediments were
both consistent and showed that the main source of organic matter in sediments
of the Ceara Rise is coming from terrigenous source, that is, the material
present in the coastal region was sent to the place from transport of rivers and
winds.

The concentration of the alkenones ranged from 0.001 to 0.516 ug g'1

and Cs72 was the compound with the highest concentration among these
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alkenones. The proxy brought estimated values of SST ranging between
22.5 and 28.5 °C. The results presented are in agreement with other studies that
show the South Atlantic paleoclimatic reconstruction.

Despite the temporal distance of the estimated temperature records, it
was possible to show the general trend of warming/cooling that occurred in
Ceara Rise during the last 30 Ma, result that contributes to a better
understanding of variations in temperature that occurred across the South
Atlantic and collaborates with studies of others important world regions, as the

Amazon Fan.
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APPENDIX

APPENDIX A: GEOLOGICAL TIME SCALE

{ennz) umsoess ‘wapue 609 Judefigess Lo LaSSIWIWOY rRUIRLEMT 5002 @ MBuiaxD

OPTSIe —
60 D kg 3202 ML 2ifonaD 330L09 EL. uE suaituvnﬁ.omil!.-iﬁennu.ﬁa < 2 EVEREE,
?B.mﬁum.onz,sguimuiﬁds!n oY 936 jjun uRugweD Paul o lpayeipesmme oy |
T UuERped O = EEST v —
fogios v, sion smwile pmsani e e | oo USIALEINES
BaeanuBo was) puom 34 1o dew paBonse o 28" < hatadbadd 7
4} i3 LORSPUILIOD g of Buipio0e 2 *.010D L 3z3- p cros ER—
Py kevunyjou 2w (wpdy ! il
=ddn pue apny ~63) ssuepunog sauac-ans -GS~ e oF0TH
TON RIEUL JTEO A3 Lo PaERIER waaewsiY LOiS~ o S0¥9'56 [——
och parmu Ipenn; 3q I URRALRD 3G SN sebms | 4 | e———
adfme auoc o =afgne am 4 590G~ ooToTE [
uSEaa:uSA..nasi: Bﬂm-!w.n.az « -  UBunG « 4 s ~uenonl
& wMA) RGN S e ~ — -
4} o peed a1p 4SO 1083 A0 vece < v~ ] LOFESE - 200
‘s oiudeigens peoume mane) Be anoew iz | of umacg | [r——
papipan: S0P Ryan ) - - (F L LDICES
(o doeo)iod pue Lopas adhoesc Aerurog | LELL g ueeduien
OIS FRR B I PAAEN W URP|PT 0 RS « ¥ vrates | vy < ICFIIL
243 pup (USRIIE 0 PN 2P0~ D0I0SLRLY UG 0 sy ey coesss ._Bﬁn_. n.o.
uenuzeg Uspunog imna iRy Lq pasuan ey | of — < < e
P pienas sfoieab waod 3¢ P sueRepaIc & LFIR o« & Vigm T
SIFELE i .g &
“ siesEw Bl “ M “ TN ey o
1250 ,.N., 7 ryvory, |
« , « ey - . =
¢ 13 gs W B 5 zoFyIy
Ty ATy e s .m sovzie @
SIFLEWw — [y LDIETS .
@ “ £1706Ey — m “ B W v VOFYIz = o
o | Frroers _N.? ﬁ.n & 1553 e Mv _w
© . 4 et " [Gebpra b=
65 <
s A i s [ 5
ez X o < “ 89k ﬂ S
i g iono o
crock “ LeeLEw < « =T N
s | Tk ¢ ¢ | = .
oose = TR |- e |=3E 3
ey « ezr ooy — 4 = « IS
oo “ ITES e - « “ QR o
o] L|ETEE s opi el —”s”.o B0 W
@ c3e o | e - 2333 3
< | = R & | T sddn ¢ | wor 2 |
s s O PR S And INN00K L
m n m
ghiss| B | of | | [€] | o0 | 07 [l (€] | w0 §| = | ot | 85 iR
AydeiBaens uo UDISSIIIOD [RUCHEWISIU [3e)!

«f'!

14VHO OIHdYHOILVYHLS TVYNOILYNSGILNI




82

APPENDIX B. RESULTS OF THE WORK OF CURRY ET AL. (1995)
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APPENDIX C. CHORMATOGRAMS OF N-ALKANES’' EXTRACTS
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APPENDIX D. CHORMATOGRAMS OF ALKENONES’ EXTRACTS
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