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Abstract—The variance and regression analyses were applied to study the distribution and relationships
between organic carbon, calcium carbonate, abiogenic matter, biogenic silica, and their accumulation depth
in the upper Pliocene sediments in different structural zones of the Indian Ocean. Analysis of variance
allowed us to quantify the influence of diverse facies settings on the distribution of sedimentation compo-
nents. For the first time, linear and nonlinear regression models of the relationships between organic carbon,
calcium carbonate, abiogenic matter, biogenic silica, and the their accumulation depth are presented.
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INTRODUCTION

One of the widest spread methods of study of bottom
sediments and suspended particulate matter of modern
seas and oceans is the determination of their compo-
nent composition, in particular, analysis of abiogenic
(lithogenic) mater (AM), CaCQO;, SiO, biog., and C,.
Obtained results are expressed in weight percents or in
absolute masses expressed in (g/cm?) ka. The studies
traditionally involve the determination of the compo-
nents and their relationships, for instance, with primary
production, bottom depth, and matter fluxes on the
floor, and others (Lisitsyn et al., 1974, 1978; Levitan,
1992; van Andel et al., 1975; Farrell et al., 1995).

The study of relationship of sediment-forming
components with each other and with main facies fac-
tors of sedimentation environment highlights an
increasing need in their complex analysis. The devel-
opment of numerical modeling provoked numerous
publications on multiple correlation of results of com-
ponent analysis (Costa et al., 2018).

In this work, the analysis of variance and regression
analyses were applied to the component analysis of
Upper Pliocene sediments from the DSDP cores in
the Indian Ocean.

FACTUAL ANALYSIS
AND ANALYTICAL METHODS

This paper is based on data obtained during DSDP
cruises nos. 22—27 in the Indian Ocean (von der

Borchetal., 1974; Whitmarsh et al., 1974; Fisheret al.,
1974; Simpson et al., 1974; Davies et al., 1974; Veevers
et al., 1974). The contents and mass accumulation
rates of the above mentioned components in the Late
Pliocene sediments (Table 1) were calculated in (Lev-
itan et al., 2018a, 2018b, 2018¢) using data on cores
presented in the aforementioned reports on deep-
water drilling. In this region (Fig. 1, Table 1), 18 land-
forms of the Indian ocean floor were studied based on
26 deep-water holes.

It is pertinent to mention that CaCO; and C,, were
determined using LECO analyzer during cruises and
are expressed in weight percents. The indicated con-
tents of SiO, biog. in % were calculated by counting
the areas occupied by siliceous organisms (mainly dia-
toms and radiolarian, with less common silicoflagel-
lates and sponge spicules) in thin sections (smear
slides). Special studies showed that starting from 30%
the SiO, biog. content determined under microscope
is approximately 20% higher than the true content of
this component determined with chemical analysis
(Uliana et al., 2001). The content of abiogenic matter
equals the difference between 100% and total CaCOs,
SiO, biog. and C,, in percents. Contents and mass
accumulation rates of SiO, biog. shown in Table 1 are
reported for the first time.

Mass accumulation rates were calculated using
data on stratigraphy, humidity, and density of natural
sediments and the rate of their sedimentation pre-
sented in reports.
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Fig. 1. Location of DSDP holes in the Indian Ocean shown on a fragmentary map of the deep-water basins of the World Ocean
from paper (modified after Harris et al., 2014). Italic shows hole numbers, 4100—4700 are depths of deep-water basins (in m).

In spite of the plate tectonic motions, the probable
changes of paleocoordinates and bottom depths of the
studied holes were taken to be insignificant. There-
fore, Table 1 lists the present-day coordinates and bot-
tom depths.

The Upper Pliocene sediments experienced diage-
netic alterations, which, however, were much weaker
than in older sediments (Levitan, 1992). Therefore, we
suggest that sedimentation signal in components
reported in Table 1 is expressed much stronger than
diagenetic signal.

There is one more important fact related to the
qualitative parameters of the studied components. All
components are heterogeneous. In particular, C,,

GEOCHEMISTRY INTERNATIONAL

contains organic carbon of both terrigenous and plak-
tonogenic origin. A priori clear that the relative role of
terrigenous organic matter is higher in the deposits of
the Bengal and Indian fans (deep-water fans of the
great Ganges and Brahmaputra rivers and Indus
River). CaCOs; in sediments in the influence zone of
the Zambezi River and so on is mainly represented by
planktonic (foraminifers and coccolithophores) skele-
tons, whereas tropical zones contain pteropod remains
at relatively shallow depths, and shelves are abundant
in remains of mollusks and echinoderms; Oman shelf
contains terrigenous detrital carbonates. The compo-
sition of SiO, biog. was mentioned above. Abiogenic
matter includes terrigenous sedimentary material, vol-
canogenic-detrital, terrigenous—volcanogenic, as well
2021

Vol. 59  No. 2
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Fig. 2. Triangular diagram of CaCOj3, SiO, biog. and abiogenic matter (AM) in the Upper Pliocene sediments of the Indian
Ocean (in percents). Symbols: (/) deep-water basins; (2) submarine ridges and rises; (3) continental margins.

as abiogenic matter of pelagic red clays. The abiogenic
matter represents an insoluble carbonate residue with
great fraction of authigenic minerals.

Statistical processing of data was carried out using
a Statgraphics plus 5.0 software.

RESULTS

Triangle abiogenic matter, CaCQO;, SiO, biog. All
results presented in Table 1 (except for C,,,) are shown
in percents in the abogenic matter (AM)—CaCO;—
SiO, biog. triangular diagram (Fig. 2). Analysis of the
diagram indicates that only components of Late Plio-
cene sediments accumulated on the continental slopes
of the Indian Ocean form a single cluster (contoured
by a solid line). The components of sediments from
abyssal floor, i.e., deep-water basins and diverse ridges
and rises, are confined in composition to two-compo-
nent mixtures of abiogenic matter and CaCQO;, on the
one hand, and abiogenic matter and biogenic silica,
on the other. This indicates that the components of
abyssal sediments are sharply differentiated into sili-
ceous—lithogenic and carbonate—lithogenic groups.
It is possible that “two oceans” identified for Pleisto-
cene (Levitan, 2016) also have existed in the Late Plio-
cene: “ice-bearing” (i.e., Indian Ocean part of the
South Ocean, in the given case, siliceous—lithogenic
group) and “ice-free” (ascribed to the low and moder-
ate latitudes, carbonate—lithogenic group).

Results of analysis of variance. The analysis of vari-
ance is aimed at determining the significant influence
of definite qualitative or quantitative factor on the

GEOCHEMISTRY INTERNATIONAL Vol. 59 No.2

change of the studied resultative feature. For this pur-
pose, factor supposedly having or not having signifi-
cant influence is divided into gradation classes (or
groups) and significance between the average values in
data sets corresponding to the factor gradations is ana-
lyzed to determine the factor influence.

In this paper, we applied one-way analysis of vari-
ance, i.e., method testing the effect of a single inde-
pendent variable on a dependent variable.

The distribution of biogenic and abiogenic matter
was studied in more detail using a one-way analysis of
variance data on the abiogenic matter, calcium car-
bonate, biogenic silica, and organic carbon (Fig. 3a).
It was established that the distribution of abiogenic
and biogenic matter depends on its facies affiliation:
with confidence level of 95% for abiogenic matter
(Fig. 3b), with confidence level of 99% for calcium
carbonate (Fig. 3c), and with confidence level of 95%
for organic carbon (Fig. 3d).

The distribution of abiogenic matter was controlled
by the laws of mechanical differentiation, i.e., accord-
ing to size of detrital particles, as well as was deter-
mined by the morphometric features of the considered
structures of the Indian Ocean floor (Figs. 1, 3a, 3b).
Our studies showed that the maximum concentrations
of abiogenic matter in sediments are observed on the
continental slope and in basins, which is related to the
maximum sedimentation rates on the continental
slopes overlain by terrigenous sediments and in the
deep-water basin areas subjected to the influence of
mud flows and submarine landslides from adjacent
continental slopes. In addition, the high AM concen-
trations in the deep floor area accumulating red clays

2021
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Fig. 3. Distribution of the average contents of major components of sediments (in percents) in main facies regions according to
the analysis of variance: (a) summary profile; (b) average values and 95% confidence intervals of AM distribution; (c) average
values and 99% confidence intervals of CaCOj distribution; (d) average values and 95% confidence intervals of Corg distribution.

(1) deep-water basins; (2) submarine ridges and rises; (3) continental margins.
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Table 2. Summary data on polynomial regression relationship between C,,, and AM

Independent variables Coeffl.c1ents of t.he Pre01s.1 on error. Student t-test P-value

regression equation | of regression equation
CONSTANT —0.0102 1.0101 —0.014 0.321
AM 0.026 0.00594 4.31 0.0003
AM —0.00086 0.000239 —3.60419 0.0015
Dispersion Sum of squares Number Estimated dispersion Fl.she.r S P-value
of freedom degree criterion

Regression dispersion 0.0334667 2 0.0167 11.55 0.0003
Discrepancy 0.0333153 23 0.00145
Total dispersion 0.066782 25
Determination coefficient 50.11%
Corrected determination coefficient 45.78%
Standard error 0.038
Average absolute error 0.02
Durbin—Watson statistics 2.12

are caused by the absence of carbonates due to their
dissolution. The lowest contents of abiogenic matters
are noted on rises where AM is diluted by carbonates.

Analysis of calcium carbonate distribution in sedi-
ments (Figs. 3a, 3¢) showed that its high contents are
restricted to submarine ridges and continental slopes,
while the lowest contents, to basins. The maximum
concentrations of carbonates on the submarine ridges
and rises are mainly determined by a weak influence of
diluting AM, as well as by the elevated production of
CaCO; and its minimum dissolution at shallow
depths. Signficant role is played by sediments pre-
dominating on continental margin. Therefore, the
continental margins of the Arabian Peninsula and
Australia (the latters are beyond the scope of our anal-
ysis) are occupied by carbonates of different composi-
tion and show high CaCO; contents. Owing to the cir-
cum-continental zoning in the distribution of primary
production, these areas show the highest carbonate
productivity. In the abyssal basins below the carbonate
compensation depth (CCD), carbonates are dissolved.

The distribution of C,,, in the Upper Pliocene sed-
iments (Figs. 3a, 3d) indicates its highest values on the
continental margins owing to the mentioned circum-
continental zoning of primary production. In addi-
tion, the abundant fine sedimentary material accumu-
lating in this facies setting serves as sorbent for organic
matter. At the same time, a mechanism of “biological
pump” provides transportation of AM through plank-
tonic organisms on the floor (Lisitsyn, 1978). The C,,,
concentrations in abyssal sediments are much lower
than on the continentnal margins due to the decrease
of primary production and a relative increase of sedi-
ment grain size on submarine ridges, which is related
to the extraction of C,,-bearing fine sedimentary
material by bottom currents.

GEOCHEMISTRY INTERNATIONAL Vol. 59 No.2

Results of the regression analysis. The regression
analysis is successfully applied in oceanology for
studying the distribution of diverse components of
sediments in different facies settings. For instance, it
was applied to map the C,, content in sediments of
different facies (Costa et al., 2018) or to analyze the
distribution of organic carbon in the surface sediments
in Ubatuba Bay (Burone et al., 2003).

The relationships between calcium carbonate,
organic carbon abiogenic matter, biogenic silica, and
their accumulation depths were analyzed using one-
way regression analysis. The relationships were esti-
mated for the following pairs: (1) C,,, and abiogenic
matter (AM) (in mass accumulation rates (g/cm?) ka;
(2) C,, and CaCO; (in percents) (3) CaCO; (in per-
cents) vs. accumulation depth; (4) CaCO; and AM (in
percents); (5) SiO, biog. and CaCQj; (in percents).

The study of the first pair, C,,, and AM (Table 2),
by a polynomial regression allowed us to found a sta-
tistically significant relationship between two variables
at 99% level, which is confirmed by P-value less than
0.01 (Table 2). In the given case, the determination
coefTicient (R?) is 50.11% and represents the propor-
tion of the variance in the dependent variable C,,, that
is predictable from the independent variable AM,
which is explained by the constructed regression
model. Standard regression error (mean squared devi-
ation of regression residual) is 0.038. This value rep-
resents a standard deviation of observed C,,, from pre-
dictable C,,,. The polynomial regression equation has

the following form:
Corg = —0.0102 + 0.026AB — 0.00086AB>.

The relationship between mass accumulation rates of
Core and AM (Fig. 4a) indicates that at relatively low (up

to 5—7 (g/cm?) ka) mass accumulation rates of AM, the

2021
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Fig. 4. Results of regression analysis: (a) plot of polynomial regression plot for relationships between mass accumulation rates of
C[Jrg and AM (in g/cm2 thou years); (b) plot of polynomial regression for relationship between Corg and CaCOj (in wt %); (c) plot
of non-linear inverse relationship between CaCO; (in wt %) and hole depth (in m); (d) plot of non-linear inverse relationship between
CaCOj; (in wt %) and AM (in %); (e) plot of non-linear opposite relationship between CaCOj3 (in wt %) and SiO, biog. (in %).
(1) regression line; (2) confidence interval for the average values of predicted regression values; (3) confidence interval corre-

sponding to the predicted regression value.

components show a positive correlation, which is likely ~ mulation rates of AM (>15 (g/cm?) ka), the predomi-
caused by absorption of dissolved organics by essentially  nant part of this material does not absorb dissolved OM,
pelitic material of AM. At the same time, the right-hand  since it has been already precipitated on AM and there-
part of the figure suggests that at ultrahigh mass accu-  fore dilutes the lesser part of AM, which absorb C,.
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Table 3. Summary data on polynomial regression of C

org

and CaCOj regression

Independent variables Beta coefficient PI'GCIS-I on error. Student’s t-test P-value
of regression equation
CONSTANT 0.015 0.21 —0.07 0.94
CaCO; 0.0702 0.027 2.65 0.015
CaCO§ —0.002 0.0007 —2.225 0.035
CaCOi —0.0000084 0.000005 1.85 0.08
Dispersion Sum of squares Number of freedom degree| Dispersion | Fisher’s criterion | P-value
Regression dispersion 2.48 3 0.83 3.4 0.035
Discrepancy 5.35 22 0.24
Total dispersion 7.82 25
Determination coefficient 32%
Corrected determination coefficient 22.3%
Standard error 0.5
Average absolute error 0.3
Durbin—Watson statistics 2.2

The regression polynomial study revealed a statisti-
cally significant relationship between variables C,,
and CaCO;in wt % (Fig. 4b, Table 3) with a 95% con-
fidence level, which confirms P-value < 0.05. The
determination coefficient of 32% suggests that the
dependent variable C,, has changed by this value
under the influence of the independent variable
CaCQO;. The standard error is 0.5 (Table 3). The poly-
nomial regression best fits the equation:

Corg = —0.015 +0.0702CaCO; — 0.0015CaCO;
+ 0.0000084CaCOs.

The relationship between C,,, and CaCOj; in the
Upper Pliocene sediments (Fig. 4b) shows a complex
dependence. It shows a tight positive correlation at low
values (up to 30% CaCO;), which can be interpreted
by simultaneous accumulation of both components on
continental margins (Fig. 3a). At calcium carbonate
contents from 30 to 80%, correlation is negative,
which likely indicates a dilution of organic matter in a
setting of submarine ridges and rises. A trend of posi-
tive correlation at high (>80% CaCO;) contents could
be explained by the presence of specific organic matter
in calcitic shells at extremely low contents of other
organic varieties (partially, owing to the removal of
this organics with fine sediment fractions in the crest
zones of the ridges and rises, Table 1). According to
last data, the C,,, contents in sediments of submarine
ridge could be lowered also owing to its intense con-
sumption by bacteria inhabiting mud waters (Sunita
et al., 2018). At the same time, the same relations are
also observed in other facies conditions: on the conti-

GEOCHEMISTRY INTERNATIONAL Vol. 59 No.2

nental margins of the Arabian Peninsula (Table 1).
They are controlled by different mechanisms: accu-
mulation of carbonate deposits in the absence of terrig-
enous flux (except for acolian material) and the elevated
Cor in sediments owing to upwelling (Levitan, 1992).

The CaCO; (%) shows a moderately negative cor-
relation with accumulation depth (m) (Fig. 4¢), at cor-
relation coefficient of —0.6 (Table 4). The P-value <
0.01 and equal 0.004 (Table 4) confirms a relationship
between CaCOj; and depth at a statistic significance of
99%. The determination coefficient in this regression
model is 30.3%. Thereby, a standard error is 2.97. The
calcium carbonate in sediments shows a significant
decrease at depths from 4500 to 5000 meters (Fig. 4c).
The correlation of CaCO; versus depth is determined
by non-linear equation:

CaCO; = (10.9406 — 0.0015D)?,
where D is the depth X 1000, m.

Obtained data should be interpreted as a result of
CaCQO; dissolution with depth, and the mentioned
change in its content within 4500—5000 m is clearly
related to the known acceleration of carbonate disso-
lution with approaching the carbonate compensation
depth (Lisitsyn, 1978).

The study of regression for CaCO; and AM (values
are given in relative percents) indicates their mutual
dilution, which is proved with a significance level of
99% (Fig. 4d, Table 5). Thereby, P-value is less than
0.01 (Table 5). The determination coefficient of 50.3%
shows a proportion of variance of the dependent vari-
able CaCOj; under the influence of the independent
variable AM. Thereby, the standard regression error is
2.91. The dependence of CaCOj variable versus abio-
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136 SYROMYATNIKOV, LEVITAN

Table 4. Summary data on regression analysis of CaCOj; and depth relations. Equation of non-linear regression: Y= (a + bX)?

Coefficients Standard errors
Parameters of the polynomial in estimated Student’s 7-test P-value
regression equation coefficients

a 10.9406 1.73 6.32 0.00
b —0.0015 0.0005 —3.23 0.004

Dispersion Sum of squares Numbzrezfef;eedom Dispersion Fisher’s criterion P-value
Regression dispersion 92.08 1 92.08 10.4 0.004
Discrepancy 212.27 24 8.84
Total dispersion 304.35 25
Correlation coefficient —0.6
Determination coefficient 30.3
Corrected determination coefficient 27.4%
Standard error 2.97
Average absolute error 2.39
Durbin—Watson statistics 1.26

Table 5. Summary data on regression analysis of relationships between CaCOj5 and abiogenic matter (AM). Equation of

linear regression: Y= a + bX

Parameters Regrejss.ion . Standard erro'r S. Student’s #-test P-value
coefficient in estimated coefficients

a 77.8702 8.6 9.05 0.000

b —0.793 0.16 —4.93 0.000
Dispersion Sum of squares Number of freedom Dispersion Fisher’s criterion P-value

degree

Regression dispersion 17048.6 1 17048.6 24.28 0.000

Discrepancy 16850.4 24 702.1

Total dispersion 33899 25

Correlation coefficient —0.71

Determination coefficient 50.3

Corrected determination coefficient 48.2%

Standard error 26.5

Average absolute error 17.98

Durbin—Watson statistics 1.28

genic matter (AM) can be described by the linear
regression equation:

CaCO; = 77.8702 — 0.793AM.

The polynomial regression study of the relations
between biogenic silica (%) and CaCO; (%) revealed
their statistical relationships at a significance level of
99%, which is confirmed by P-value of 0.007 (Table 6).
The relations between two variables is shown in Fig. 4e.
The determination coefficient is 35.3% (Table 6),
which explains the proportion of variance in the
dependent variable SiO, biog. owing to variance of the

GEOCHEMISTRY INTERNATIONAL

independent variable CaCO;. The relationships of
SiO, biog. dependence with CaCO; can be described
by the polynomial regression equation:

SiO,biog. = 37.6361 —1.261CaCO,
+ 0.0096CaCO:s.

Analysis of Fig. 4¢ shows that these variables have a
negative correlation at SiO, biog. from 0 to 60—70%
and a positive correlation at higher SiO, biog. Thus,
the components dilute each other in the first case (in
most facies settings), while accelerated dissolution of
No. 2
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Table 6. Summary data on polynomial regression of SiO, biog. (%) and CaCO; (wt %) relationships

Independent variables Beta coefficient Pre01s.1on error. Student’s #-test P-value

of regression equation
CONSTANT 37.6361 8.26 4.56 0.0001
CaCO; —1.261 0.49 —2.59 0.016
CaCO§ 0.0096 0.005 1.91 0.07
Dispersion Sum of squares Numbzrecg)rfef;eedom Dispersion Fisher’s criterion P-value

Regression dispersion 6263.7 3 3131.9 6.3 0.007
Discrepancy 11494.2 22 499.75
Total dispersion 17757.9 25
Determination coefficient 35.3%
Corrected determination coefficient 29.6%
Standard error 22.4
Average absolute error 14.3
Durbin—Watson statistics 1.3

carbonates in the second case (at maximum depths of
abyssal basins in the South Ocean) eliminates their
diluting role for biogenic SiO,.

CONCLUSIONS

Mutual correlation methods were used to analyze
the contents of major components (C,,, CaCO;,
abiogenic matter, and SiO, biog.) in the Upper Plio-
cene sediments of the Indian Ocean recovered in 26
DSDP holes.

It is established that major components (AM,
CaCO; and SiO, biog.) can be divided into three
groups based on their relationships: (1) three-compo-
nent association confined to continental margins and
forming a compact cluster; (2) two-component mix-
ture of abiogenic matter and CaCO;, and (3) two-
component mixture of abiogenic matter and biogenic
silica. The second and third groups are restricted to
the abyssal floor: the second group is restricted to the
moderate and low latitudes, while the third group, to
the Indian Ocean sector of the South Ocean.

Obtained data agree well with classical concepts on
the distribution of abiogenic and biogenic material in
oceanic settings. Thereby, one-way analysis of variance
revealed that the distribution of abiogenic and biogenic
materials clearly depends on their facies affiliation.

The application of one-way regression analysis
(with presentation of linear and non-linear regres-
sion equations, which consider the relationships of
components with 95-99% statistical significance)
allowed us to estimate reliably the component analy-
sis data and to unravel previously unknown features,
for instance, in the distribution of C,,, depending on
the mass accumulation rates of AM and percentage of

GEOCHEMISTRY INTERNATIONAL Vol. 59 No.2

CaCO;, as well as relations between the percentages
of CaCOj; and SiO, biog.

Obtained tendencies can be used in developing the
numerical models of the Late Pliocene sedimentation
in the Indian Ocean.
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