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Abstract: Element and mineral associations are fundamental parameters for palaeoceanographical
reconstructions but laboratory methodologies are expensive, time-consuming and need a lot of
material. Here, we investigate the quality and reliability of XRF measurements of major elements (Fe,
Ti and Ca) using BTX II Benchtop, by comparing them with previous ICP-OES elemental analysis for
a set of Late Pleistocene marine sediments from Campos Basin. Although the numerical values of the
logarithmic form of the elementary ratios were different, the InTi/Ca and InFe/Ca ratios measured
by both techniques (XRF and ICP-OES) presented similar downcore results. To correct the XRF
intensity data, a linear regression model was calculated and, based on the linear equation generated,
the logarithmic values of the elementary XRF ratios were corrected. After the correction, One-Sample
t-test and Bland-Altman plot show that both techniques obtained similar results. In addition, a brief
paleoceanographic interpretation, during the MIS 5 and MIS 4 periods, was conducted by comparing
mineralogical and elementary analysis aiming to reconstruct the variations of the terrigenous input to
the studied area. As a conclusion, the results from XRF measurements (BTX II) presented to confirm
the viability of such a technique, showing that analysis using BTX Il is a reliable, cheap, rapid and
non-destructive option for obtaining elementary ratios and mineralogical downcore results at high
resolution, allowing stratigraphic and paleoceanographic interpretations.

Keywords: X-ray fluorescence; ICP-OES; elementary ratios; Fe/Ca; Ti/Ca; Campos Basin (Brazil);
MIS 4; MIS 5

1. Introduction

The investigations of mineral and elemental composition of bulk sediments are ex-
tremely important in the field of marine geology because they are directly related to
paleoclimate, source-to-sink processes, marine primary productivity and post-depositional
changes. The main expression of those processes is the glacial-interglacial alternations
along the Quaternary period, which produce contrasting depositional regimes on the conti-
nental shelf and on the slope on the Brazilian Margin [1-4]. There are still uncertainties on
how those processes express in terms of mineralogical and elemental abundances on slope
environment in a tropical climate. This lack is related to the fact that minerals and elements
are time-consuming, expensive, and need several grams of material that is completely
destroyed during the measurements.

The study of elemental ratios in marine sediment cores using X-ray fluorescence (XRF)
analysis is a valuable technique, which is cheap, rapid, and non-destructive, and so has
enormous potentials for stratigraphic and paleoceanographic studies. XRF defines the
concentrations of chemical elements and, consequently, minerals in the sample, or directly
in the core, obtaining several key information from the past climate, oceanography and
atmosphere (e.g., [1,5-7]).

The principle of XRF analysis is based on the excitation of electrons by incident X-
radiation. The fluorescence energy is detected by a characteristic wavelength spectrum of
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specific elements, which permits the estimation of their relative abundances [8]. Although
the XRF is the most common technique to analyze the elemental concentrations of the bulk
marine sediments [9], some destructive techniques can be applied, using devices such as
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES).

ICP is an atomic emission technique, which measures the energy of an atom that
returns to the ground state by emitting a photon, passing from an excited state to a lower
energy state. The number of photons emitted is proportional to the number of atoms of
the element present [10]. Therefore, it is possible to analyze and identify the elements in
the sample, by separating the emitted light into its spectral components, using a high-
performance spectrometer. The ICP-OES reaches a precision and accuracy of 5% for major
element ratios, as determined by analyzing certified standards of contaminated soils (SS-1
and SS-2 EnviroMAT), which gives an excellent validation reference to our study.

The Olympus BTX II benchtop equipment combines XRF with X-ray diffraction (XRD)
techniques on stratigraphical samples or discrete specimens directly collected from cores.
This equipment performs one measurement in 10-20 min technique and needs a very small
amount of dry material (3 mg) with no particular preparation, which can be used again
for other measurements because it is non-destructive. This analytical technique reveals
detailed structural information about the crystallography of materials and can be also
applied in several paleoceanographic/climatology studies [11,12]. This XRD/XRF device
is ideal to perform a general analysis of bulk material in the field and in the laboratory,
by combining the techniques, allowing a better and more complete characterization of
any given crystalline sample, that can be used in paleoceanographic or paleoclimatic
studies [13-15] as well as in extraterrestrial missions [16,17].

Here, we investigate the efficiency of XRF measurements of major elements (Fe, Ti and
Ca) using BTX II Benchtop, by comparing them with previous ICP-OES elemental analysis
for a set of marine sediments recovered from piston core GL-451 (21°09.8’ S; 39°57.2' W),
located in the Brazilian Continental Margin [18], and compare the results obtained from this
technique with data from XRD measurements to identified different patterns of terrigenous
input to the studied area.

2. Materials and Methods
2.1. Marine Sediment Core

The performance of the BTXII Benchtop XRF (Olympus, Woburn, USA) was evaluated
by investigation of 20 samples from the sediment piston core GL-451, which was retrieved
from the continental slope of the Campos Basin (Rio de Janeiro, Brazil), at a 1503 m
water depth (Figure 1). These samples were selected from Costa et al. [18] that cover the
greatest amplitudes of environmental variability observed along the period studied, thus
including the main gradients of environmental variability, enabling the discussion of both
methodological validation and paleoclimatic application.

The continental supply in this region is controlled mainly by variations in precipitation,
which influences directly the discharge of the two main rivers responsible for transport the
continental input into the slope region: the Paraiba do Sul and the Doce River [18,19].

The chronology of the GL-451 core was previously established by Costa et al. [18],
based on the variation of oxygen stable isotopes measured in benthic foraminifera. The
lithology of the core was based on its carbonate content, being separated in carbonate-rich
mud (30-60%) and carbonate-poor mud (20-10%) (Figure 2, see Costa et al. [18] for more
details). For the present study, the samples ranging from 600 cm to 1200 cm were selected,
which allows study the period between 59 kyrs BP and 100 kyrs BP, to investigate the
efficiency of XRF measurements of major elements and compare these results with the
mineralogy changes occurring along the marine isotope stage (MIS) transition from MIS 5
to MIS 4.
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Figure 1. Region studied with the location of the core GL-451, Botuvera cave and the main rivers that contributes to the
terrigenous supply, using the software Ocean Data View [20]. Modified from Wang et al. [21], based on Costa et al. [18].

2.2. XRD and XRF Analysis

Costa et al. [18], at the Laboratory of Marine Inorganic Chemistry (LAQIMAR—
IOUSP), originally analyzed the same samples, using a Varian Inductively Coupled
Plasma-Optical Emission Spectrometry, model VISTA-MPX. Therefore, the samples were
re-analyzed to determine if BTX II Benchtop XRF measurements ensure precision and
consistent measurements. The selected samples were prepared as described below.

The first step of sample preparation was the weighing of the humid bulk sample.
After this, the samples were heat-dried at less than 60 °C in a laboratory stove and then
weighed again to obtain the dry weight. The next step was the wet sieving in a 63 um
mesh. The fraction >63 pm was weighted and stored for future foraminiferal analysis.
Approximately 1 cm3 of sediment (<63 pum fraction) per sample was hand-ground in a jade
mortar to be used in the XRF analysis. This size fraction was selected due to the smaller
interference in the intensity values measured by the Olympus BTX II Benchtop XRD/XRF
device (Olympus, Woburn, MA, USA).

The measurements were performed in the Centro Oceanogréfico de Registros Es-
tratigraficos (CORE) at the Instituto Oceanografico from Universidade de Sao Paulo.
This equipment utilizes a cobalt source to perform XRD/XRF measurements that gen-
erate noise in the iron trace reading, causing overestimation. To eliminate noise, a 99%
calcium carbonate (Merck, Darmstadt, Germany) sample, with small amounts of iron
(concentration < 0.001%), was used and subtracted.

It is also important to point out that XRF is a semi-quantitative analysis able to support
variations in the core depths. Since each element has its peak of intensity in a different
quantity of incident energy. It is possible to compare the data of every sample, relating
how was the variation of intensity in any sample at every depth of the core.

To determine the optimal number of expositions, diffractograms were obtained with
different exposure times, and the best time/resolution was found at 100 exposures. The
average energies utilized for peaks (Ka) intensity measurement were: 3.70 keV for Calcium,
4.49 keV for Titanium, and 6.43 keV for Iron.
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Figure 2. (a) Depth vs. age model of the core GL-451. (b) Carbonate content (%). (c) Benthic foraminifera (Cibicidoides
wuellerstorfi) 5180 record. Modified from Costa et al. [18].

To analyze the elemental ratios, the intensity data were transformed and presented in
the logarithmic form of elementary rates. According to Weltje and Tjallingii [8], unlike the
analyses that use the elements separately, elementary ratios are not subjected to dilution
effects, avoiding the lack of symmetry exhibited by ratios.

The BTX II applies at the same time the XRD and XRF techniques, therefore, ad-
ditionally to the elementary analyses, mineralogical data were also obtained. After the
measures, semi-quantitative analysis was conducted with the High Score plus version
3.0 software [22], with the goal to identify the minerals present in the samples and then
observe the variations of the main mineral constituents along the different studied periods.
The data were then presented in percentages of the main mineral constituents.

2.3. Data Analysis

The obtained data from the XRF and ICP-OES techniques were submitted to Shapiro-
Wilk’s test, in order to test the Gaussian distribution. After the normality test, the variables
were conducted to a Pearson correlation analysis to determine the degree of association
between the two different techniques.
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Attempting to better calibrate the XRF intensity, we use the ICP-OES data as a sample
with known elementary ratios and calculated a linear regression model. Then, to compare
the dissimilarity of the results obtained after the calibration, a One-Sample t-test, were
applied with a given mean = 0, on the differences between the logarithmic values obtained
in each technique. In addition, to make sure that the results are robust, a Bland—Altman
plot (B-A plot), which is a widely used technique to compare the difference between two
different methods [23-25], was also realized to compare the differences of the techniques.

The PAST™ software version 3.22 [26] was used to do the statistical analysis, besides
only the B-A plot that was calculated separately.

3. Results
3.1. XRF Technique and Elementary Ratios

The InTi/Ca varied between 1 and —1, while the InFe/Ca —0.4 and —2.8. The ele-
mentary ratios showed mirror distributions, with higher values during the MIS 5b, a rapid
decrease in the MIS 5a and maximum values along the MIS 4.

For comparison purposes, the selected samples were from the same GL451 depths
for ICP-OES and XRF analysis of the same elements. The InTi/Ca and InFe/Ca ratios
measured by both approaches (XRF and ICP-OES), presented similar downcore results
(Figure 3), although the numerical values of the logarithmic form of the elementary ratios
were different due to lack of equipment calibration (Table 1).

Table 1. Summary statistics for the samples (1 = 20). The values are for the logarithmic form of the
elementary ratios.

In (Ti/Ca) In Fe/Ca
XRF ICP-OES XRF ICP-OES

Min —2.087 —2.733 —0.341 —0.911
Max —0.481 —1.130 0.837 0.376

Mean —0.993 —1.683 0.389 —0.146
Std. Error 0.090 0.096 0.077 0.092
Variance 0.162 0.183 0.118 0.171
Stand. dev 0.402 0.428 0.344 0.413
Shapiro-Wilk W 0.924 0.906 0.913 0.924
p (normal) 0.117 0.053 0.072 0.118

All the variables presented p-values over 0.05 in the Shapiro-Wilk's test and therefore
have a normal distribution (Table 1), allowing a Pearson correlation analysis. The correla-
tions showed a significance value smaller than 0.01, with positive correlations observed for
both InTi/Ca (r = 0.935) and InFe/Ca (r = 0.869).

Both linear regression models calculated demonstrated high r2 values, 0.875 for
InTi/Ca and 0.755 for InFe/Ca (Figure 4). The One-Sample T test presented p values
higher than 0.05 for both elementary ratios, InTi/Ca (p = 0.983) and InFe/Ca (p = 0.869).

The B-A, as well as the t-test, also show that the mean of the differences is virtually
zero, with the bias (mean of the differences between techniques) being 0.001 for InTi/Ca
and 0.002 for InFe/Ca. All of the points were within the 95% confidence interval, with only
one exception in the InTi/Ca analysis (Figure 5).

3.2. Mineralogical Composition of the Sediments

The XRD analyses showed that the major minerals present in the core samples are
Quartz and Calcite, generally being more than 80% of the mineral content in the samples
(Figure 6a,b). The mineralogical analysis also founded Kaolinite and silica in the samples,
however in the smaller presence and in fewer samples.
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Figure 3. Comparison between the XRF (solid line) and ICP-OES (dashed line) techniques for the (a) In(Fe/Ca) and
(b) In(Ti/Ca) ratios along the depths of the core. The values of the ratios obtained by XRF are on the left, while ICP-OES on
the right. Pearson correlation estimated between the techniques is shown in each a and b Figures.
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Figure 4. Results of the linear regression models calculated for (a) In (Ti/Ca) and (b) In (Fe/Ca). Comparison between the
XRF corrected data (solid line) and ICP-OES (dashed line) techniques for the (c) In(Fe/Ca) and (d) In(Ti/Ca) ratios along the
depths of the core. After the correction using the linear regression the techniques exhibit very similar results showing that
the BTX equipment is able to perform well the analysis.
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Figure 6. Comparison between the mineralogical and sedimentary data. (a) Quartz semi-quantitative content (%). (b) Calcite
semi-quantitative content (%). (c) Carbonate content in the Fine Fraction (%). (d) Fine Fraction content (%) compared to the

bulk sample.
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4. Discussion
4.1. XRF Validation

Quartz (%)

Accordingly, the curves established with the ICP-OES and XRF are parallels revealing
that both measurements presented similar distributions downcore with the same amplitude

of values (Figure 3).

On the other hand, the numeric values of the elemental ratios were different when
both methods were compared. The XRF measurements always presented higher values
than ICP-OES measurements (Table 1), due to a lack of calibration with standard materials
in the XRF. Attempting to correct the XRF intensity using the ICP-OES data as a sample
with known elementary ratios, a linear regression model was calculated (Figure 4). Both r?
values calculated were considerate high, 0.875 for InTi/Ca and 0.755 for InFe/Ca. Based
on the linear equation generated (Figure 4a,b), the logarithmic values of the elementary
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XRF ratios were corrected, considerably decreasing the error in the initially generated
concentrations, presenting similar curves between the results using the XRF and the ICP-
OES techniques (Figure 4c,d).

In both cases, the t-test calculated after the calibration revealed that the techniques
were in agreement, as the p-value was greater than 0.05 for both InTi/Ca (p = 0.983) and
InFe/Ca (p = 0.869), demonstrating that the mean of the differences is statistically zero,
agreeing that the techniques show similar mean values. This also can be concluded by
observing the B-A plot, with only one sample being out of the Lines of Agreement, con-
cluding that the techniques present the same results and the technique with this equipment
can be applied.

A high correlation between XRF and ICP-OES for both In (Ti/Ca) and In (Fe/Ca)
was shown. Such results enabled a linear regression to correct the slightly higher val-
ues obtained by XRE. With this correction, both techniques showed very similar results,
demonstrating that the BTX-II equipment can perform these analyses with high reliability.

4.2. Paleoceanographic Application

In seawater, Fe and Ti are trace elements, with Ti being highly conservative due to the
almost absent use in biological process; in contrast, Fe is a very important micronutrient
that can limit primary productivity [27]. In the sediments, these elements have a similar
behavior being present mostly in the form of amorphous or poorly crystalline (hydro)oxides
(TiO, and Fe;O3). Moreover, Fe is a major component of many clay minerals derived from
soils [28], while Ti weathering rate is very slow and it is considered immobile [29] also
if some studies considered it is mobile in soils [30]. Once these elements and minerals
are buried, they can suffer reduction or authigenic mobilization/precipitation [31,32].
However, this is more common in organic-rich deposits. For sediments in which terrigenous
materials are dominant, the authigenic components are negligible if compared with their
fairly high contents in terrestrial detritus [31]. Ca is a major element essential to many
organisms in the seawater, since several organisms use it to build their skeletons. Therefore,
its content in the sediments reflects directly the biogenic part of the sediment, being
represented in the sediments primarily as Calcium Carbonate Content (CaCOs3) in the form
of calcite or aragonite.

Fe and Ti are elements mainly associated with the terrigenous fraction of the sedi-
ment, related to the siliciclastic components of the sediment [1]; in turn, Ca is primarily
a component of the marine fraction of the sediment, associated mainly with variations
in the carbonate content. Therefore, both of these elemental ratios reflect the relation
between the terrigenous input and the marine contribution, and by conclusion do not allow
many reliable reconstructions of terrestrial climate conditions, in particular for past climate
changes [7].

According to this, the variations of the InTi/Ca and InFe/Ca in our record are associ-
ated with the oscillation between the marine and terrigenous fraction deposited, with the
major terrigenous contributions being observed during the MIS 5b and the MIS 4 (Figure 3).
However, elementary ratios using Ca must be looked at carefully, because the dilution and
dissolution effects can affect directly Ca concentrations [1,7,19].

Mainly three processes can influence the calcite, as well as Ca, content: the primary
production, the dissolution and the dilution made by other types of materials. In the core
area, dissolution does not influence the micropaleontological records and the paleoproduc-
tivity maxima occur in the same periods of higher terrigenous supply [18]. This leads to
the conclusion that the calcite content is controlled mainly by the dilution of the marine
fraction by terrigenous input, which can be observed by the mirror distributions in the
calcite and quartz content (Figure 6). Therefore, the InFe/Ca and InTi/Ca are reliable
indicators of the terrigenous sediment input and continental runoff in our study.

When comparing calcite mineral trends with the CaCOj3, we observe a similar trend
(Figure 6), indicating that calcite is the predominant carbonate phase. Therefore, at least
the major component of calcite is presumably from a marine biological source, indicating
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that the pelagic deposition is a great contribution process to the bulk sediment in this area.
In turn, the Fine Fraction content (FF), which is the percent of sediments with size lesser
than 63 um, does not seem correlated to any of these minerals, revealing that the variations
of the minerals are not only due to different grain sizes, but are probably due to changes in
the bottom hydrodynamics and mobilization of relict materials.

Some studies already used the variations of minerals (quartz and calcite) as proxies
of the oscillations between terrigenous and marine inputs [11,12]. So, in addition to
the InTi/Ca and InFe/Ca ratios, the content of quartz is also used as an indication of
terrigenous materials from the mineralogical perspective. So as expected, the distributions
of quartz and InTi/Ca have a similar pattern (Figure 7), showing higher values during
the cold periods, and the inverse for warm periods, demonstrating that the terrigenous
input is certainly changing with processes that are in orbital scale, such as precipitation
and sea-level changes.

When comparing the results from the mineralogical and elementary components of the
sediment with the data from SE Brazil precipitation [33] and global sea-level changes [34],
it is clear that both of these processes influence the terrigenous input (Figure 7).

The higher terrigenous supply periods happen at the same time that precipitation rates
are higher and the sea-level drops, as we can observe in the MIS 4 and MIS 5b (Figure 7),
and the opposite trend is observed at the warmer periods, such as MIS 5a and MIS 5c,
where all the terrigenous input proxies show lower values. Costa et al. [18] also identified
that precipitation rates strongly control the terrigenous input in SE Brazil.

During the period studied, the South America Monsoon System (SASM) associated
with changes in the Intertropical Convergence Zone presented high variability of precipi-
tation patterns [33]. This changes the vegetation of the continent, especially in the colder
periods, probably in the same way observed by Behling et al. [19] in the last glacial age,
with grassland dominating the landscape reconstructed from terrestrial records. However,
Leite et al. [35] found more fragmentation of the Atlantic Forest during interglacial maxima
than in the Glacial maxima, detecting expansion of the Atlantic Forest of southeastern
Brazil to the exposed shelf during a low stand of sea level.

The higher values of InTi/Ca, as well as all of the terrigenous input proxies, during the
high insolation and precipitation periods [33] indicate that they are also products of periods
of more intense weathering and increased river runoff as suggested by other studies [36].

We also applied the Global sea level stack [34] to roughly estimate the variation in
this process and compare the diverse terrigenous supply proxies, represented by both
minerals and elementary ratios (Figure 7). The global stack suggests low stands of the sea
level during the cold stages, MIS 5b and MIS 4, which are the same periods with higher
terrigenous supply, indicating that the lower sea level, would also contribute to this higher
weathering observed in the precipitation variation.

The lower sea level would leave a greater area of the continental shelf exposed to
erosion and the rivers would have drained closer to the upper continental slope. Increased
land erosion due to a change in glacial vegetation cover during glacial periods [19,35],
caused by changes in precipitation, would also enhance the weathering in the continent
leading to a higher terrigenous sediment input. This indicates that continental and marine
realms are strongly correlated in this region, which was also observed in Gu et al. [37] who
detected changes in the pollen/spore and dinocyst assemblages occurring at similar pacing.

Therefore, the main processes that control the deposition of terrigenous sediments
in this area are precipitation and changes in the sea level. Precipitation acts mainly via
riverine input, probably due to the higher discharge of Paraiba do Sul or Doce River during
these high precipitation periods, such as during MIS5b. The changes in the sea level are
related to the exposition of the continental shelf. During the low stands, this area becomes
exposed leaving the sediments more susceptible to erosion, and at the same time, the
sediments in the source area have an easier path to the core area.
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Figure 7. Terrigenous supply proxies compared to precipitation and sea level. (a) Oxygen isotopes ratio (5'80) in stalagmite
BT2 [33] in the Botuvera cave, showing the precipitation pattern in the southeast Brazil, with the lower values in the warmer
periods, MIS 5a and 5c. (b) Global sea level stack [34]. (¢) Quartz semi-quantitative measures. (d) In(Ti/Ca) along the

period studied.
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5. Conclusions

The mineralogical and elementary results of XRF measurements (BTX II) presented
here were compared to destructive methods (ICP-OES) and confirm the viability of such a
technique, although further studies are needed to confirm this for different rock classes.

With this new calibration of the equipment, using a very low quantity of material, we
were able to construct a stratigraphic sequence of minerals and elements associations with
a cheap, fast, non-destructible technique that can be applied in high-resolution records.

By comparing the mineralogical and elementary data, we were able to conclude that
the terrigenous input is higher during the colder periods and lower in the warmer periods,
with the sea-level changes and precipitation being the main influencers controlling the
variations of terrigenous supply to the Brazilian Continental Margin.
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