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ABSTRACT

The geochemistry of the major components plus Ba and Sr are interpreted in the context of data on lithology and
mineralogy and of the available geological information. The role of biogenic, clastic, authigenic, and hydrothermal
constituents in the history of post-Middle Jurassic sedimentation is quantitatively estimated. The results of factor anal-
ysis of the chemical components and peculiarities of the distribution of average accumulation rates are considered. Five
main stages in the geochemical history of sedimentation are distinguished:

1) Late-Middle Jurassic to Early Cretaceous, 160.0-106.0 Ma: Sedimentation in a shallow-water basin.
2) Middle/early Albian to middle Maestrichtian, 106.0(?)-66.4 Ma: Sedimentation in an extending and deepening

open oceanic basin.
3) Late Maestrichtian to late-middle Eocene, 66.4-57.0(7) Ma: An erosional hiatus of almost global extent.
4) Late/middle Eocene to early Miocene, 57.0-15.0 Ma: Widespread development of erosional hiatuses with accu-

mulation of residual products and intense sedimentation of biogenic CaCO3 and SiO2.
5) Neogene to Quaternary, 15.0 Ma to present: Opening of the Drake Passage at the Paleogene/Neogene boundary,

followed by deepening of the basin, northward invasion of Antarctic water masses rich in nutrient components, and a
depression of the CCD.

In the Quaternary the Polar Front retreated somewhat, followed by decreased rates of biogenic sedimentation and
increased accumulation of glacial products.

INTRODUCTION

The main objectives of DSDP Leg 71 were to study
the evolution of sedimentation and paleoceanographical
environments in the southwestern Atlantic during the
post-Middle Jurassic (Ludwig et al., 1980) (see Fig. 1).
The geochemical study of the major components and of
the trace elements Ba and Sr in the context of mineral-
ogical, lithological, and geological data permit a quanti-
tative estimation of the effects of biogenic, clastic, authi-
genic, and hydrothermal components on sedimentation
and lithogenesis, and of their variations in time and
space.

MATERIALS AND METHODS

This work is based on the results of lithologic-geochemical studies
of core samples from DSDP Leg 71, received from V. A. Krasheninni-
kov; the work was carried out at the Geological Institute of the
U.S.S.R. Academy of Sciences. The lithologic-mineral composition
of the sediments is described in other chapters (e.g., Varentsov et al.,
this volume). All chemically analyzed samples were also studied as
thin sections under a microscope. The mineral varieties were studied
by X-ray diffraction using slides prepared either from a natural sedi-
ment or its size fractions, particularly the fraction < 0.001 mm. Chem-
ical components were identified at the laboratories of the Institute of
Geochemistry of the Siberian Branch of the U.S.S.R. Academy of Sci-
ences, Irkutsk, under the direction of Dr. V. P. Afonin, by means of
X-ray fluorescence spectroscopy, using international reference stand-
ards. In addition, control identifications were made by wet chemistry
methods.

Analytical data were processed by computer (EC-1022) in the lab-
oratory of mathematical methods of the Geological Institute of the
U.S.S.R. Academy of Sciences (D. A. Kazimirov) using the factor

Ludwig, W. J., Krasheninnikov, V. A., et al., Init. Repts. DSDP, 71: Washington
(U.S. Govt. Printing Office).

analysis program (R-, Q-mode; Davis, 1973; Herman, 1967). The spe-
cific features of paragenetic assemblages of the factor clusters deter-
mined by factor analysis of oceanic sediments have been considered by
Lehvn and Stakes, 1979; Varentsov, 1980; and Varentsov et al., 1981.
The identification of the assemblages was based on grouping the com-
ponents with significant factor loadings of one sign. For a better rep-
resentation of relationships between the components of an assem-
blage, each chemical component is characterized by the factor loading
value, given in parentheses, for the factor with which it is most closely
connected. The better expressed values of factor loadings were ob-
tained after transformation of the data by the rotation method (Davis,
1973). Calculation of the average rates of accumulation for chemical
components are considered elsewhere (Varentsov et al., 1981). Sedi-
ment densities were derived from measurements made aboard ship
(see site chapters, this volume). The Mesozoic and Cenozoic geo-
chronology is that adopted by the shipboard scientists (Berggren,
1973; Geological Society of London, 1964; Hardenbol and Berggren,
1978; Larson and Hilde, 1975; Van Eysinga, 1975).

PARAGENETIC ASSEMBLAGES OF
COMPONENTS (Table 1)

Assemblage IA( +)
Na2O(0.23)-MgO(0.14)-Al2O3(0.94)-SiO2(0.87)-

K2O(0.95)-TiO2(0.94)-Fe2O3(0.89)
The components of this factor group compared with

the real mineral composition of sediments shows that
this assemblage is predominantly represented by mixed-
layer clay components: mica/smectite. (More detailed
data on the distribution of these clay minerals are given
in Varentsov et al., this volume.)

Distribution of this assemblage vertically and lateral-
ly through the sequence (Table 2) distinctly indicates its
dual nature:

1) Relatively high factor scores (exceeding 0.5) occur
in geochronological intervals with increased accumula-
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GEOCHEMICAL HISTORY OF POST-MIDDLE JURASSIC SEDIMENTATION

Table 1. Results of factor analysis (R-mode) for chemical components
(wt.%) in Cenozoic and Mesozoic sediments, DSDP Leg 71.

Component

Na2θ
MgO
A12O3

SiO2

P2O5
K2O
CaO
TiO2

MnO
Fe 2 O 3

LOI
Sr
Ba

I

Ia(+)

0.23
0.14
0.94
0.87
0.02
0.95

0.94

0.89

0.05
Dispersion input (%) 53

Total dispersion (%) 53

Factor Loadings (after rotation)

IB(-)

-0.82

-0.03

-0.90
-0.87

.29

.29

II

IIA( + ) IIB(-)

0.46
0.13

-0.18
0.29

-0.79
-0.12
-0.41
-0.11
-0.63
-0.20
-0.28
-0.28
-0.09

15.01

68.30

III

IIIA( + ) 1

0.20

0.23

0.21
0.01

9.08

77.38

IIB(-)

-0.69
-0.58
-0.10
-0.14
-0.03
-0.002

-0.23

-0.18

-0.84

Table 2. Factor assemblage IA( + ): Average factor scores.

Age

Holocene \
Pleistocene I
Pliocene

late

early
Miocene

late
middle
early

Oligocene

late
early

Eocene
late
middle
early

Paleocene
late
early

Maestrichtian
late
middle
early \

Campanian 1
Santonian \
Coniacian '
Turonian
Cenomanian
Albian

late
middle
early

Aptian \
Barremian J
Hauterivian
Valanginian
Berriasian
Portlandian
Kimmeridgianl
Oxfordian '

Site 511 Site 512

? 1.01

H i * t u s Hiatus}

\

Hiatus

0.30 1 H i a t U S

—
Hiatus —

0.67

Hiatus

0.09

0.78

0 46
\/ *TVJ

1.15

Hiatus

0.14
0.61

0.54

Hiatus

n £6
v.OU

Site 514

0.61

0.55, 0.55,
0.47

Site 513

0.32

0.46
0.61

0.57
Hiatus

0.46

0.04

Basalt

Note: For the components of factor assemblage IA( + ), see
Table 1.

tion of clastic materials: for Hole 511 (Falkland Plateau)
in the Upper Jurassic and lower Maestrichtian to Cam-
panian sediments; for Hole 512, in Holocene-Pleistocene
sediments; for Hole 514, in Pliocene-Holocene.

2) High factor scores are typical of deposits at the
boundaries of large-scale erosional hiatuses. (The authi-
genic nature of hydromica components formed at the
hiatus boundaries is considered in detail in Varentsov et
al., this volume.)

Assemblage IB( —).

CaO( - 0.82)-LOI( - 0.90)-Sr( - 0.87)
The set of components convincingly points to the bio-

genic carbonate composition of this assemblage, where
Sr plays the role of an isomorphous admixture.

Figure 2 shows that considerable amounts of biogenic
carbonate sediments in the South-Western Atlantic ac-
cumulated in the middle Maestrichtian (Hole 511) and
continued till the end of the early-late Miocene as a func-
tion of the paleoceanographic environment of the water
masses. At the same time a correlation among intervals
with high value scores for this assemblage enables us to
note the migration of the Polar Front during the Ceno-
zoic, when carbonate sedimentation at the site was suc-
ceeded by intense accumulation of siliceous sediments.

Assemblage IIA( + )

Na2O(0.46)-MgO(0.13)-SiO2(0.29)
This assemblage is represented mostly by biogenic sil-

ica associated with the major cations of sea water, Na
and Mg. High factor scores of the assemblage are typi-
cal chiefly of Neogene sediments (Fig. 3), when cold
Antarctic water masses invaded the southwestern Atlan-
tic after opening of the Drake Passage and sharply in-
creased the carbonate compensation depth (CCD). Re-
sidual siliceous accumulations were subordinate and de-
veloped predominantly at the boundaries, above hiatus-
es, i.e., in the late Eocene of the Falkland Plateau, Hole
511.

Assemblage IIB( - )

A12O3( - 0.18)-P2O5( - 0.79)-K2O( - 0.12)-CaO
( - 0.41)-TiO2( -0.11)-Mnθ( - 0.63)-Fe2O3( - 0.20)-
LOI(-0.28)-Sr(-0.28)

The assemblage is represented mainly by residual
and, to a lesser extent, authigenic matter composed of a
mixture of Ca, Al-phosphates, mica minerals, and relict
carbonates. The highest factor scores of this group oc-
cur in the basal deposits at the boundaries of large ero-
sional hiatuses (Table 3). However, the averaged factor
scores calculated for relatively large geochronological
subdivisions level out considerably the pronounced read-
ings for the residual accumulations (lag deposits) which
occur at the zone of erosional contact. This can be illus-
trated by figures showing the distribution of factor
scores for this cluster, e.g., in the zone of the middle-
early Albian (Unit 5) and at the Turonian/late Cenoma-
nian erosional contact of Hole 511, the Falkland Plateau
(Fig. 4A). Figure 4A also shows the average factor scores
of this assemblage for particular stratigraphic subdivi-
sions. Similar relationships are also observed in the zones
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Figure 2. Average factor scores distribution of the IB(-) chemical components assemblage in post-Middle Jurassic sediments in the southwestern Atlantic, Leg 71. The assemblage is rep-
resented by calcium carbonate with Sr admixture (see Table 1).
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Figure 3. Average factor scores distribution of the IIA( +) chemical components assemblage in post-Middle Jurassic sediments in the southwestern Atlantic, Leg 71. The assemblage is
represented mainly by the compounds of free SiO2 with Na and Mg admixtures (see Table 1).
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Table 3. Factor assemblage HB(-): Average factor scores.

Age

Holocene i
Pleistocene I
Pliocene

late
early

Miocene
late
middle
early

Oligocene
late
early

Eocene
late
middle
early

Paleocene
late
early

Maestrichtian
late
middle
early \

Campanian (
Santonian \
Coniacian I
Turonian
Cenomanian
Albian

late
middle
early

Aptian \
Barremian J
Hauterivian
Valanginian
Berriasian
Portlandian
Kimmeridgian I
Oxfordian '

Site 511

9

Hiatus
?

Hiatus

I
-0 .03 /

—

Hiatus

-2.06

Hiatus

-1.09

-0.64

— ft 77
— \j i i

-0.35

Hiatus

-1.29
-0.55

-0.44

Hiatus

-0.37

Site 512

Hiatus \

—

Hicitus

-0.45

Site 514

fi 04
— U.U*f

-0.02, -0.08,
-0.21

Site 513

—
—

-0.02
Hiatus

-1.27

-0.56, -0.34
-0.09, -0.22

Basalt

Note: For the components of factor assemblage IIB( - ) , see Table 1.

of large erosional hiatuses, such as at the boundaries of
the Mesozoic/Cenozoic, Hole 511 (Fig. 4B), middle Eo-
cene/middle Miocene, Hole 512 (Fig. 4C), and early/late
Miocene, Holes 513 and 513A (Fig. 4D) boundaries.
The residual nature of the products accumulated in the
zones of erosional contacts considerably favors authi-
genic, hydrogenic mineral formation, and particularly
the processes of formation of hydroxide phases of man-
ganese and iron.

Assemblage IIIA( + )

CaO(0.20)-MnO(0.23)-LOI(0.21)
This set of components and their correlation with the

chemical and mineralogical data for the sediments show
that this assemblage is represented by postsedimentation
phases of isomorphic manganocalcite molecules.

This cluster of components is most distinctly expressed
in the Upper Jurassic to middle-lower Albian deposits
of the Falkland Plateau, Hole 511 (Table 4), where it is
represented by fine spherolites (0.007-0.02 mm), prod-
ucts of epigenetic alteration of volcaniclastics, and dis-
seminated patches of manganese hydroxides. A rather
distinct correlation was observed between factor scores
and Mn/Fe values. However, the factor scores are not

absolute values. This can be explained by the discrepan-
cy between them and the contents of MnCO3 and Mn/
Fe observed in a number of cases. In other sequences of
the southwestern Atlantic (Holes 512 and 513), the min-
eralogical representation of this assemblage is not so
distinct.

Assemblage IIIB( - )

Na2O( - 0.69)-MgO( - 0.58)-Al2O3( - 0.10)-SiO2
( - 0.14)-TiO2( - 0.23)-Fe2O3( - 0.18)-Ba( - 0.84)

The highest values of factor loadings in this assem-
blage were observed for Ba-Na-Mg. The complex of
components and the distribution of the assemblage sug-
gest that this cluster is represented predominantly by
barite with an accompanying admixture of finely dis-
persed clay particles (Appendices A and B, this chap-
ter). Intense accumulations of barite manifested in rela-
tively high factor scores (>0.75) (Fig. 5) were observed
in those geochronological intervals with intense biologi-
cal productivity: the early Maestrichtian to Campanian
and the late Paleocene of Hole 511; the Middle Eocene
of Hole 512; the Pliocene-Pleistocene of Hole 514; and
intervals with high biological productivity related to the
migration of the Polar Front during the Miocene to ear-
ly Pliocene in Hole 513.

GEOCHEMICAL ASPECTS OF SEDIMENTATION

Al and Ti (accumulation of clastic components,
Tables 5 and 6)

Al and Ti belong to a group of major chemical com-
ponents which provide an opportunity to estimate quan-
titatively the clastic contribution to sedimentation (Bos-
tröm et al., 1973; Chester, 1965; Chester and Aston,
1976; Goldberg and Arrhenius, 1958; Leinen and Stakes,
1979). The data of Turekian and Wedepohl (1961) show
that the Ti/Al ratio in Ca-granites is 0.041, in basalts,
0.177, and in clay sediments, 0.0547-0.0575. Goldberg
and Arrhenius (1958), Chester (1965), and Chester and
Aston (1976) have shown that the major amount of Ti in
oceanic sediments is associated with basalt volcaniclas-
tics and their alteration products. This conclusion, made
for the first time by Goldberg and Arrhenius (1958), is
based mainly on studies of deep-sea (pelagic, abyssal)
sediments of the Pacific Ocean in which the products of
basaltoid volcanism predominate. This enables us to as-
sume that in sediments where Ti/Al > 0.055, the prod-
ucts of basaltoid volcanism play a rather definite role.
The distribution of average Ti/Al values throughout the
sequences (Table 5) reflects two features well expressed
in the clastic components:

1) In upper Mesozoic deposits (Upper Jurassic-Cre-
taceous) the Ti/Al values do not exceed 0.050 and possi-
bly reflect an important role played by products derived
from the disintegration of granitoid, predominantly
continental rocks. Cenozoic sediments have a Ti/Al ra-
tio of > 0.050.

2) The following trends are noted in Ti/Al values in
the Cenozoic sediments: (a) the ratio increases with age
(the highest values of Ti/Al are observed in Pleistocene
sediments; (b) values are rather high in the area of the
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Age Lithology Core-Section
(interval in cm)

Factor Scores
0.2 0.6 1.0 1.4 1.8

Age Lithology
Core-Section

(interval in cm)
Factor Scores

0.2 0.6 1.0 1.4 1.8

Turonian—
late

Cenomanian

middle
Cenomanian—

late Albian

middle/early
Albian

(Unit 5)

48-4, 46-48
49-1, 36-38
49-2, 36-38
49-3, 36-38
49-4, 36-38
49-5, 36-38
49-6, 36-38

0.0 |

0.0 !

0.0

Hiatus (10.0 m.y.)

, w

50-2, 38-40

50-3, 38-40

50-4, 38-40

51-1,62-66

51-2, 62-66
51 3, 62-66
51-4,

.j.;,;,}.;,;,;,;.;,},;; i

: : • • :

iiiYivi:i'i iVi iVi i iY: i'

middle
Miocene

early
Miocene-

late
Eocene

middle
Eocene

4-2, 70-72

5 1,36-38

5-2, 36-38

0.0

0.0

0.0

Hiatus (17.0 m.y.)

D==O

D= =0

:— —~J~—•—~^~-
~ L - i_•'~-i-•

i• î-1-:

•zl> i•1-'

6-1, 12-14

6,CC

7-1, 83-85

7-2, 83-85

7-3, 83-85

8-1,36-38

8,CC

9-2,119-121

9-3, 45-47

10-1, 140-142

10-2, 140-142

11-1,48-50

11-2,10-12

: y y ' , ; . •:••

I

0.0

m

0.0

!

Average Average
Turonian middle—early

late Albian
Cenomanian (Unit 5)

Average
middle
Eocene

21-1, 10-12

late
Miocene

middle
Miocene

early
Miocene

10-6, 110-112

11-1,70-72

11-2,70-72

11-3, 7.0-72

11-7,35-37

,0.0

0.0

0.0

Hiatus (4.5 m.y.)

12-2,70-72

12-3,70-72

12-4,70-72
13-1,50-52
13-2,50-52

14-1, 14-16

15-1,56-58 π—r
Average Average Average

late early early
Miocene Miocene Miocene

(Unit2A-2) (Unit2A-1)

Average Average
early middle

Maestrichtian— Maestrichtian
Campari ian

Figure 4. Factor scores distribution of the IIB( - ) chemical components assemblage close to the contact of erosional hiatus at three sites. A. The ear-
ly-middle Albian, Unit 5 to late Cenomanian-Turonian, Hole 511. B. The Mesozoic-Cenozoic and late Paleocene to late Eocene, Hole 511. C.
The middle Eocene to middle Miocene, Hole 512. D. The middle Miocene to late Miocene, Hole 513A.
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Table 4. Factor assemblage IIIA( + ): Average factor scores.

Age

Holocene l
Pleistocene /
Pliocene

late
early

Miocene
late
middle
early

Oligocene
late
early

Eocene
late
middle
early

Paleocene
late
early

Maestrichtian
late
middle
early i

Campanian j
Santonian \
Coniacian j
Turonian
Cenomanian
Albian

late
middle
early

Aptian \
Barremian 1
Hauterivian
Valanginian
Berriasian
Portlandian
Kimmeridgian 1
Oxfordian '

Site 511

7

Hiatus
?

Hiatus

0.04 I

0.44

Hiatus

Hiatus

0.63

π in

2.02

Hiatus

1.24
2.09
i 5i
1 . J A

Hiatus

1 07

Site 512

1.36

Hiatus I

0.04
0.60

Hiatus

—

Site 514

0.003

0.002
\

J

Site 513

0.21

0.03

0.11

Hiatus
0.07

1.15
0.65

Basalt

Note: For the components of factor assemblage IIIA( + ),
see Table 1.

Mid-Atlantic Ridge (Holes 514, 513; see Table 5), where
the products of basaltoid volcanism play a rather strong
role. Thus, the general development of the southwestern
Atlantic from a relatively shallow water, closed basin in
the Late Jurassic and Early Cretaceous to the Recent
ocean was accompanied by an increased accumulation
of products of basaltoid volcanism in the sediments.

The rates of Al accumulation (mg/cm2 103y.) can be
regarded as a quantitative criterion for clastic accumula-
tion (Table 6). During most of the Mesozoic (Late Juras-
sic to Santonian-Coniacian) the basin province of the
Falkland Plateau (Hole 511) had rather high (> 20.0 mg/
cm2 103y.) rates of Al accumulation (clastic compo-
nents). It is interesting that the abnormally high rates
(> 100.0 mg/cm2 103 y.) are typical of the intervals of
tectonic activity, with increased contributions of clastic
material from the nearly continent and, during the San-
tonian-Coniacian, a larger supply of finely dispersed
volcaniclastics.

Compared to the basin province of the Falkland Pla-
teau (Hole 511), the depositional environments in which

clastic components accumulated in the northeastern
part of the Maurice Ewing Bank (Hole 512) were quite
different. In this region the rates of Al accumulation did
not exceed 20.0 mg/cm2 103 y. during the middle Eo-
cene to Holocene because of the paleoceanographic dis-
tribution of the currents (see Table 6).

For comparison, the maximum rates of Al accumula-
tion during Cenozoic sedimentation in the eastern and
northern regions of the Central Pacific are 15-20 mg/
cm2 103y.; they reflect intervals with strong contribu-
tions of terrigenous material (during the Quaternary).
In other equatorial areas of the Pacific Ocean the aver-
age rates of Al accumulation varied during the Tertiary
(Pliocene-middle Eocene) from 1.0 to 3.0 mg/cm2

I03 y. (Leinen and Stakes, 1979).
High rates of Al accumulation in the eastern Argen-

tine Basin along the lower western flank of the Mid-At-
lantic Ridge can be of a dual nature. During the early
Oligocene to late Miocene (see Table 6) fluctuations in
the average rates of Al accumulation can be attributed
to both clastic sedimentation and to the biological incor-
poration of finely dispersed particles by planktonic or-
ganisms (von Bennekom and van der Gaast, 1976).

Rather high rates of Al accumulation (> 50 mg/cm2

I03 y.) occurred during the Pliocene-Holocene, and ab-
normally high values (> 100 mg/cm2 106 y.) were regis-
tered in the early Pliocene (see Table 6). Such a rapid ac-
cumulation of clastic components can be attributed to
increases in the rates of glacial marine sedimentation,
basaltoid volcaniclastic accumulation (see Table 5), bio-
genic incorporation of elastics because of increased bio-
logical productivity within the zone of the Antarctic
convergence (von Bennekom and van der Gaast, 1976)
and possibly to a screening (shielding) effect of the Mid-
Atlantic Ridge, which would favor discharge from a ne-
pheloid layer in the bottom currents.

Manganese and Iron (accumulation of hydrothermal
and authigenic components, Tables 7-9)

An attempt to estimate the role played by hydrother-
mal and, to some extent, authigenic constituents of sedi-
mentation was made for Mn and Fe. Relatively reliable
assessments of these constituents can be made on the ba-
sis of available data on Lithology, mineral composition,
mode of occurrence (geochemical assemblages) and the
rates of Mn and Fe accumulation (Bender et al., 1970,
1971; Boström et al., 1973; Leinen and Stakes, 1979;
Lyle, 1976; McArthur and Elderfield, 1977). Informa-
tion on modes of Mn and Fe occurrence has already
been given (see Tables 1-4 and Appendices A and B;
Fig. 4). Distribution of the average Mn/Fe values over
the main geochronological subdivisions of the deposits
(Table 7) can be considered in the context of these data.
It should be emphasized that for the post-Middle Juras-
sic deposits of the southwestern Atlantic the Mn/Fe value
rarely exceeds 0.070. (In comparison, Turekian and
Wedepohl [1961] give values of 0.131 for deep sea clays
and of 0.111 for deep sea carbonates.) The only excep-
tion to this rather distinct regional tendency is in the
lower-middle Albian sediments (Mn/Fe > 0.120) from
the basin province of the Falkland Plateau, Hole 511.
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Figure 5. Average factor scores distribution of the IIIB( - ) chemical components assemblage in post-Middle Jurassic sediments of the southwestern Atlantic, Leg 71. The assemblage is
represented mainly by barite and associated compounds of Na and Mg, less by Ti and Fe.
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Table 5. Ti/Al mean values (wt. ratio). Table 6. Average rates of Al accumulation (in mg/cnvMO^ y.).

Age Site 511 Site 512 Site 514 Site 513

Holocene i
Pleistocene '
Pliocene

late
early

Miocene
late
middle
early

Oligocene
late
early

Eocene
late
middle
early

Paleocene
late
early

Maestrichtian
late
middle
early i

Campanian 1
Santonian \
Coniacian '
Turonian
Cenomanian
Albian

late
middle
early

Aptian \
Barremian /
Hauterivian
Valanginian
Berriasian
Portlandian
Kimmeridgian)
Oxfordian J

1

Hiatus
1

Hiatus

0.051 }

0.051

Hiatus

0.055

Hiatus

0.049

0.046

0.045

1.045

Hiatus

0.042
0.042

0.044

Hi<itus

π (\Af\

0.060

Hiatus

0.055
0.057

Hiatus

0.052

0.056

0.056
0.055

0.058

0.054

0.056
0.054

0.056
Hiatus
0.055

0.055

0.058
Basalt

Standard values after Turekian and Wedepohl,
1961

Basalts
Ca-granites
Clays
Sands
Deep sea

clay sediments
Deep sea

calcareous
sediments

Ti (%)

1.38
0.34
0.46
0.15
0.46

0.077

Al (<Vo)

7.8
8.2
8.0
2.5
8.4

2.0

Ti/Al

0.177
0.041
0.0575
0.06
0.0547

0.0385

This fact can be unambiguously interpreted from the
distribution of the average Mn accumulation rates (mg/
cm2 103 y.) for the southwestern Atlantic during post-
Middle Jurassic time (Table 8). It is of interest that dur-
ing the middle to late Albian, in the area of Hole 511,
sediments are characterized by maximum rates (12.20-
19.82 mg/cm2 103y.) of Mn accumulation. For compar-
ison, in the recent pelagic sediments of the World
Ocean, the rate of Mn accumulation varies from 0.2-4.0

Age Site 511 Site 512 Site 514 Site 513

Holocene
Pleistocene
Pliocene

late
early

Miocene
late
middle
early

Oligocene
late
early

Eocene
late
middle
early

Paleocene
late
early

Maestrichtian
late
middle
early

Campanian
Santonian
Coniacian
Turonian
Cenomanian
Albian

late
middle
early

Aptian
Barremian
Hauterivian
Valanginian
Berriasian
Portlandian
Kimmeridgian \ ,n o o

Oxfordian >

2.89 52.71 52.89

Hiatus

Hiatus

130.10

22.34

Hiatus

10.15

Hiatus

33.49

j 15.19

} 264.37

29.94

Hiatus

185.27
167.86

\ 38.70

Hiatus

iatus

0.29
6.83

iatus

122.25
267.05, 318.23,
262.37

84.02
173.78

45.51
Hiatus

21.18, 11.70

5.09
35.62, 27.22

Basalt

19.59

mg/cm2 I03 y. (Bender et al., 1970. For Pacific Quater-
nary sediments this parameter is equal to 0.6, and in the
area adjacent to the East Pacific Rise the rate of Mn
accumulation varies from 3.0 up to 8.0 (average 5.40)
g/cm2 I03 y. (Leinen and Stakes, 1979). For sediments
of the axial part of the East Pacific Rise the rate of
Mn accumulation increases to 24.0-35.0 mg/cm2 103 y.
(Boström et al., 1973; Bender et al., 1971; Lyle, 1976).
Comparison of these data permits one to conclude that
clastic and biogenic-clastic sedimentation in the basin
province of the Falkland Plateau (Hole 511) during the
middle to early Albian was accompanied to a consider-
able extent by the intense accumulation of hydrothermal
Mn, and that the hydrothermal activity in this region
was associated with tectonic activity that is related to the
rather pronounced erosional hiatus comprising the mid-
dle Cenomanian to late Albian (10 m.y.)

Postsedimentary alteration has greatly transformed
the products of Mn hydrothermal accumulation. As al-
ready mentioned, upper to middle Albian deposits con-
tain distinct manganocalcite molecules (Table 4) which
occur either as microspherolitic aggregate patches or as
an isomorphic admixture to an altered carbonate constit-
uent of the groundmass. The hydrothermal activity af-
fected the Mn accumulation less distinctly during the
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Table 7. Mn/Fe mean values (wt. ratio). Table 8. Average Mn accumulation rates (mg/cπvMO 5 y.).

Age Site 511 Site 512 Site 514 Site 513

Holocene I
Pleistocene '
Pliocene

late
early

Miocene
late
middle
early

Oligocene
late
early

Eocene
late
middle
early

Paleocene
late
early

Maestrichtian
late
middle
early I

Campanian j
Santonian )
Coniacian 1
Turonian
Cenomanian
Albian

late
middle
early

Aptian \
Barremian )
Hauterivian
Valanginian
Berriasian
Portlandian
Kimmeridgian \
Oxfordian i

7

Hiatus
7

Hiatus

0.014 )

0.022

Hiatus

0.007

Hiatus

0.077

0.083

0.034

0.034

Hiatus

0.134
1.251

0.024

Hiatus

0.008

0.007 0.017 0.012

„ . 0.016,0.015 0.013
H i a t U S 0.031 0.014

0.025 0.012
0.016 Hiatus

0.018, 0.054

HiatUS S S , 0.049

Basalt
0.028, 0.032

Average Mn, Fe values

Basalts
Ca-granites
Clays
Sands
Deep sea

clay sediments
Deep sea

calcareous
sediments

Mn (%)

0.15
0.054
0.085

× 1 0 ~ 4 %
0.67

0.10

Fe (%)

8.65
2.96
4.72
0.98
6.5

0.90

Mn/Fe

0.0173
0.0182
0.0180

0.131

0.111

Santonian-Coniacian at Hole 511 (Table 8). Within this
geochronological interval the average rate of Mn accu-
mulation (5.13 mg/cm2 103 y.) is close to that for the
areas adjacent to the East Pacific Rise (Leinen and
Stakes, 1979), where the hydrothermal contribution of
heavy metals was rather evident.

The distribution of average rates of Fe accumulation
(Table 9) during the post-Middle Jurassic sedimentation
is similar, as a whole, to that for Mn (Table 8). However,
together with hydrothermal products, essential amounts
of Fe in various forms can be also accumulated with
basaltoid volcaniclastics, with residual products at the
boundaries of erosional hiatuses (metal-rich lag depos-
its), with clay components, and as an essentially biogen-

Age

Holocene
Pleistocene
Pliocene

late
early

Miocene
late
middle
early

Oligocene
late
early

Eocene
late
middle
early

Paleocene
late
early

Maestrichtian
late
middle
early i

Campanian I
Santonian \
Coniacian '
Turonian
Cenomanian
Albian

late
middle
early

Aptian 1
Barremian J
Hauterivian
Valanginian
Berriasian
Portlandian
Kimmeridgian \
Oxfordian >

Site 511

1 ?
1

Hiatus
7

Hiatus

0.99 J

0.27

Hiatus

0.08

Hiatus

1.74

0.84

S 11
j . i J

0.56

Hiatus

12.20
19.82

0.47

Hiatus

fi lf\

Site 512

0.021

Hiatus 1
iiiαLUo f

0.005
0.070

Hiatus

0.32

Site 514

0.49

1.17
2.55, 2.70,
4.68

Site 513

0.36

0.65
1.38

0.08
Hiatus

0.24, 0.38

0.59, 1.30
1.06

Basalt

ic admixture (Martin and Knauer, 1973). Such peculiari-
ties of Fe geochemistry complicate interpretation of the
behavior of this element in processes of sedimentation.
The rate of Fe accumulation (in mg/cm2 103 y.) during
the Quaternary for the central part of the Pacific Ocean,
except at the East Pacific Rise, is 2.5, whereas in the re-
gions adjacent to the East Pacific Rise this parameter in-
creases up to 15.5-70.0 (average 29.0) (Leinen and
Stakes, 1979) and for the East Pacific Rise itself, it is
63.0-110.0 (Boström et al., 1973; Bender et al., 1971).
The comparison between the data in Tables 8 and 9 pro-
vides additional confirmation of a hydrothermal influx
of heavy metals during the middle and early Albian and
Santonian-Coniacian into the basin province of the Falk-
land Plateau (Hole 511). The rate of Fe accumulation
there is 78.9-149.1 (Table 9). The high rates of Fe accu-
mulation in the eastern part of the Argentine Basin,
along the western flank of the Mid-Atlantic Ridge (Sites
513 and 514) are determined, as a whole, by intense bio-
logical productivity (average rate of Fe accumulation up
to 50.0) and hydrothermal effects along the axial zone
of the Mid-Atlantic Ridge (Varentsov, 1978). However,
the abnormally high rates of Fe accumulation during the
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Table 9. Average Fe accumulation rates (mg/cm^ 10 y.). Table 10. BA/A1 mean values (wt. ratio).

Age Site 511 Site 512 Site 514 Site 513 Age Site 511 Site 512 Site 514 Site 513

Holocene 1
Pleistocene '
Pliocene

late
early

Miocene
late
middle
early

Oligocene
late
early

Eocene
late
middle
early

Paleocene
late
early

Maestrichtian
late
middle
early >

Campanian 1
Santonian \
Coniacian 1
Turonian
Cenomanian
Albian

late
middle
early

Aptian t
Barremian /
Hauterivian
Valanginian
Berriasian
Portlandian
Kimmeridgian )
Oxfordian )

7

Hiatus
?

Hiatus

i

11.5}

11.8

Hiatus

12.3

Hiatus

22.7

10.1

149.1
16.1

Hiatus

91.2
78.9

10 7
17./

‰TiatiiQ
niαtuo

•51 f.
jl.O

2.9

T-Tiαtiiç
X l i d L U J

0.2
4.4

Hiatus

11.4

29.5

71.4
155.9, 179.2,
150.3

28.9

49.5
101.6

27.7
Hiatus

12.8, 7.1

28.6
20.8, 21.4

Basalt

Holocene 1
Pleistocene '
Pliocene

late

early
Miocene

late
middle
early

Oligocene
late
early

Eocene
late
middle

early
Paleocene

late
early

Maestrichtian
late
middle
early ]

Campanian J
Santonian 1
Coniacian J
Turonian
Cenomanian
Albian

late
middle
early

Aptian I
Barremian /
Hauterivian
Valanginian
Berriasian
Portlandian
Kimmeridgian 1
Oxfordian J

?

Hiatus

7

Hiatus

1
0.018 J

0.024

Hiatus

?

Hiatus

0.022

I 0.016

j 0.013

0.004

Hiatus

0.015
1.006

0.009

Hiatus

0.009

0.013

Hiatus

0.039
0.037

Hiatus

0.044, 0.056

0.016

0.019,
0.021
0.022

0.020

0.019
0.017

0.018
Hiatus

0.026

0.031, 0.040
0.031
0.058
Basalt

early Pliocene (101.6-179.2) regionally traced in both
sequences (see Sites 513 and 514; Table 9) can be inter-
preted as an intense outburst of hydrothermal activity
during this time within the Mid-Atlantic Ridge zone.

Barium (accumulation of biogenic components,
Tables 10, 11)

Barium can serve as a component that shows the pe-
culiarities of the biogenic constituent of sedimentation.
However, Ba is a typical element of metal-bearing hy-
drothermal sediments. Thus, interpretations of its geo-
chemical behavior can be made in the context of infor-
mation as broad as for Mn and Fe (Chester, 1965; Ches-
ter and Aston, 1976; Goldberg and Arrhenius, 1958;
Gurvich et al., 1978).

The Ba/Al ratio is a criterion for the intensity of Ba
accumulation with the primary diluting effect being
such biogenic components as CaCO3 and SiO2. The dis-
tribution of this ratio (Table 10) permits a subdivision of
the history of post-Middle Jurassic sedimentation into
two intervals: (a) late Mesozoic, with a Ba/Al ratio not
exceeding 0.020 and (b) Cenozoic with predominantly
biogenic sediments for which the Ba/Al ratio does not

Average Ba/Al

Basalts
Ca-granites
Clays
Sands
Deep sea

clay sediments
Deep sea

calcareous
sediments

Ba (%)

0.033
0.042
0.058

×IO~3

0.23

0.019

values

Al(<Vo)

7.8
8.2
8.0
2.5
8.4

2.0

Ba/Al

0.0042
0.0051
0.0072

—
0.0274

0.0095

exceed, as a rule, 0.015-0.020, except during periods of
intense biological productivity accompanied by the ac-
cumulation of carbonate and siliceous oozes, for which
the Ba/Al ratio exceeds 0.030 (see Table 10). However,
in cases where clastic components considerably predom-
inate, the Ba/Al ratio fails to identify the biogenic con-
stituent. The rates of Ba accumulation (in mg/cm2

I03 y.) can serve as an indicator of the intensity of the
processes concerned (Table 11). Geochronological inter-
vals with abnormally high rates should be emphasized in

434



GEOCHEMICAL HISTORY OF POST-MIDDLE JURASSIC SEDIMENTATION

Table 11. Average Ba accumulation rates (mg/cm^ lO^ y.).

Age Site 511 Site 512 Site 514 Site 513

2.39 I

0.53

Hiatus

Holocene
Pleistocene
Pliocene

late
early

Miocene
late
middle
early

Oligocene
late
early

Eocene
late
middle
early

Paleocene
late ?
early

Maestrichtian Hiatus
late
middle 0.74
early

Campanian
Santonian ) , ~̂
Coniacian /
Turonian 0.13
Cenomanian
Albian Hiatus

late
middle 2.76
early 1.05

Aptian l Q 3 5

Barremian J
Hauterivian
Valanginian
Berπasian
Portlandian
Kimmeridgian I « ,-.
Oxfordian >

0.036 0.835 1.07

Hiatus TJ. . 2.26 1.62
? H m t U S 4.94,6.53, 3.03

5.71
0.011 0.77
0.250

Hiatus
0.53, 0.34

Hiatus

Hiatus

0.88

2.02, 1.14

1.59
Basalt

0.24

Note: <0.20, low rates; 0.20-1.00, moderate rates; > 1.00, high
rates.

considering the rates of Ba accumulation in the Late Ju-
rassic to Cretaceous sediments (Hole 511), i.e., the mid-
dle to lower Albian (Unit 6, 1.05; Unit 5, 2.76) and San-
tonian-Coniacian (3.32). By comparison, the Ba accu-
mulation rate in Quaternary deposits of the South Pa-
cific zone with high biological productivity is 0.5-5.5
(average 2.8). In the metal-bearing sediments in the east-
ern part of this zone and in the areas of the East Pacific
Rise such rates are much lower. In Pacific regions with
rather limited biological productivity, e.g., South Basin,
the rates of Ba accumulation are lower than 0.1-0.2
(Gurvich et al., 1978). I mentioned earlier that rather
high rates of Mn and Fe accumulation typical of hydro-
thermal metal-bearing oceanic sediments were registered
in the sediments of the same geochronological intervals
(see Tables 8, 9, 11). These, along with relatively high
rates of Ba accumulation in the sediments at erosional
hiatuses, can be interpreted as an indication of residual
barite accumulation: the early Oligocene, late Eocene
and middle Maestrichtian of Hole 511; the middle Eo-
cene at Hole 512; the middle and late Miocene at Hole

513 (see Table 11). However, for Cenozoic sediments of
the eastern Argentine Basin (Holes 513 and 514), the ac-
cumulation rates are in most cases not lower than 1.0
(see Table 11). Particularly remarkable is the early
Pliocene (Hole 513) to Pliocene (Hole 514) interval with
rather high rates: Ba more than 2.00 (up to 6.53) (Table
11). The same geochronological intervals also show
rather high rates of Mn and Fe accumulation (see Table
9), the nature of which was considered earlier.

The interpretation of these data should account for
the fact that at the end of the early Oligocene and at the
end of the early Miocene (see Figs. 2 and 3) the opening
of the Drake Passage gave rise to pulsations of the nutri-
ent-rich Antarctic waters to the north (Boltovskoy,
1980; Ciesielski and Wise, 1977; Kennett and Shackle-
ton, 1976). This most significant paleoceanographical
event was accompanied by the subsidence of the oceanic
floor plus fluctuations and a general decrease in the car-
bonate compensation depth (CCD). The northern bound-
ary of the Polar Front is manifested in rather high rates
of Ba and SiO2 accumulation as a result of high produc-
tivity in Antarctic waters. Rather high rates of Ba accu-
mulation are registered predominantly in Neogene and
Quaternary sediments which contain abundant siliceous
fossils. We can assume that a considerable increase in
the rates of Ba accumulation during the early Pliocene
(Hole 513) and Pliocene (Hole 514, see Table 11) result-
ed from the fact that this interval was accompanied by
fluctuations in movements of Antarctic waters rich in
nutrients which followed a drastic change from a warm-
er climate during the late Miocene. The high rates of Ba
accumulation in Oligocene sediments represented by fo-
raminiferal-siliceous nannofossil oozes testify to the
high biological productivity of that time under condi-
tions of relatively shallower ocean floor depths and a
relatively lower position of the CCD.

Thus for the study area (Sites 511, 513, and 514) the
geochronological intervals which show high rates of Ba
accumulation are, at least, of a dual nature. On the one
hand, during the middle-early Albian and Santonian-
Coniacian (Site 511) an intense accumulation of Ba,
Mn, and Fe took place with moderate biogenic transfor-
mation of these components. This can be evidenced by
low amounts of SiO2 and CaCO3 in sediments. On the
other hand, during the Pliocene rather appreciable
amounts of Ba, Mn, and Fe were supplied with hydro-
thermal emissions from the axial part of the Mid-Atlan-
tic Ridge. Where these were injected into the zone of
high biological productivity (Sites 513 and 514), they
and hydrogenic components contributed by Antarctic
waters in the area of the Polar Front (Ludwig et al.,
1980; Martin and Knauer, 1973), were subjected to in-
tense biochemical reworking.

GEOCHEMICAL HISTORY OF POST-MIDDLE
JURASSIC SEDIMENTATION

Brief information on the lithology and geochemistry
of post-Middle Jurassic sedimentation is given in Bark-
er, Dalziel, et al. (1977); Ludwig et al. (1980); Tarney
and Donnellan (1977); Thompson (1977). In the chapter
on the geochemistry of trace elements (Varentsov, this
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volume) the problems of late Mesozoic sedimentation in
the basin province of the Falkland Plateau are discussed.

This study of the geochemistry of major components
in post-Middle Jurassic deposits of the southwestern
Atlantic throws additional light on these problems.

Stage I. Middle to Late Jurassic to Early Cretaceous,
160.0-106.0 Ma (sedimentation in a shallow basin)

Late Jurassic, 160.0-140.0 Ma
During the Late Jurassic (this may also include the

Middle Jurassic; see Barker, Dalziel, et al., 1977, and
Thompson, 1977) mostly clay sediments were deposited,
along with appreciable amounts of sapropelic and detri-
tal organic matter (up to 7%). The mineral composition
of these sediments is described elsewhere (Varentsov;
Varentsov et al.; both this volume). The clastic sediments
accumulated in a shallow-water basin where the bottom
water layers were characterized by a stagnant oxygen-
free regime. The significant amount of granitoid mate-
rials in the clastic matter of sediments is indicated by the
relatively low Ti/Al value (0.046; see Table 5), which is
close to the ratio for Ca-granites (0.041, according to
Turekian and Wedepohl, 1961). The rate of clastic sedi-
mentation is indicated by the rate of Al sedimentation.
In this case, the value of 67.88 mg/cm2 103 y. consider-
ably exceeds the maximum rates for the Quaternary de-
position of Al (20.0) in coastal parts of the Pacific Ocean
(Leinen and Stakes, 1979).

Late Jurassic: Portlandian to Early Cretaceous
(Hauterivian), 140.0-121.0 Ma

(hiatus in sedimentation)
The erosional hiatus reflects what is probably the

most important event in this paleoceanographical his-
tory: the breakup of the Gondwanaland supercontinent
and the initial formation of the South Atlantic (Barker,
Dalziel, et al., 1977; Ludwig et al., 1980; Thompson,
1977).

Early Cretaceous: Aptian-Barremian to middle-early
Albian Accumulation of the Upper Portion of

Lithologic Unit 6,121.0-106.0? Ma
This period is characterized by the accumulation of

sediments similar in composition and facies to those of
the Late Jurassic. However, noticeable deepening and
extension of the basin resulted in much lower rates of Al
accumulation during the Aptian-Barremian (38.70 mg/
cm2 I03 y.), as compared to the Late Jurassic (see Table
6).

The lower Albian sediments (still during the time of
Lithologic Unit 6) are similar in lithology and facies to
those of the Aptian-Barremian. However, they are char-
acterized by rather high accumulation rates (mg/cm2

I03 y.) of Al (167.86), Mn (19.82), Fe (78.90), Ba (1.05),
with the Mn/Fe ratio 1.251 and the Ti/Al ratio 0.042
(see Tables 5-6, 8-11). These data provide evidence on
the initiation of sedimentation of fine-clastic granitoid
material accompanied by high input of hydrothermal
components: Mn, Fe, and Ba. The accumulation rates
of the latter are comparable with those of metalliferous
sediments of axial zones (see details earlier).

Stage 2. Middle-early Albian to middle Maestrichtian,
106.07-66.6 Ma (sedimentation in an
open oceanic basin)

Middle-early Albian (accumulation of Lithologic
Unit 5), 106.0?-104.0 Ma

In the second half of the middle-early Albian a con-
siderable change in conditions of sedimentation took
place: multicolored (red in the upper part of the inter-
val) mostly clay nannofossil oozes of the open sea accu-
mulated together with disseminated Fe- and Mn-hydrox-
ides (an admixture of basic-intermediate volcanogenic
material). Judged by data on benthic foraminifers, the
basin was from 100-400 meters deep (Barker, Dalziel, et
al., 1977). This period was characterized by high sedi-
mentation rates of clastic materials (acid-intermediate in
composition; mg/cmMO3 y.): Al 185.27, Ti/Al 0.042;
rapid supply of mostly hydrothermal components sub-
jected to considerable biogenic and postsedimentary re-
working (Mn 12.20, Fe 91.2, Ba 2.76, with Mn/Fe 0.134;
see Tables 5-9, 11). Noteworthy is the fact that in re-
gions near the axial zone of the East Pacific Rise the ac-
cumulation rate of Mn is 3.0-8.0 (average 5.4); of Fe;
15.0-70.0 (average 29.0) (Leinen and Stakes, 1979); of
Mn in metalliferous sediments, 24.0-35.0, and of Fe,
63.0-110.0 (Boström et al., 1973; Bender et al., 1971;
Lyle, 1976). Higher hydrothermal activity and outbursts
of basaltoid volcanism at the end of this interval (see Va-
rentsov, this volume) can be related both to the expan-
sion and deepening of the sea basin and to tectonic ac-
tivity before the erosional hiatus.

Late Albian to the End of the late Cenomanian,
(104.0-94.0? Ma (hiatus in sedimentation)

The hiatus is connected with deepening and expan-
sion of the developing South Atlantic basin and with the
initiation of currents passing between the eastern and
western parts of Antarctica (Barker, Dalziel, et al.,
1977).

The End of the late Cenomanian to the Turonian,
94.0?-86.0 Ma

Mostly clay sediments were deposited, admixed with
nannofossils and foraminiferal remains, dispersed Fe-
hydroxides, basic volcanoclastic materials, and frag-
ments of pelecypods. Further expansion and deepening
of the open oceanic basin took place.

Accumulation rates and ratios recorded for Al
(29.94, with Ti/Al 0.45), Mn (0.56), Fe (16.10, with Mn/
Fe 0.034), Ba (0.13) (Tables 5-9, 11), can be regarded as
indications of a moderate supply of clastic material into
the marginal areas of the developing oceanic basin, the
endogenic influence being rather insignificant.

Coniacian-Santonian, 86.0-78.0 Ma
During this time predominantly clay sediments with

appreciable amounts of heulandite in the later part de-
veloped after fine-dispersed basic volcaniclastics. Sedi-
mentation proceeded in an open oceanic basin (depths
over 2000 m) below the CCD with an active circulation
of meridionally directed currents (Barker, Dalziel, et
al., 1977). Noteworthy are abnormally high rates of clas-
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tic sedimentation, chiefly andesitic, at the end of the in-
terval (fine-dispersed basaltoid volcaniclastics with a
pronounced hydrothermal influence; accumulation rates
and ratios were Al 264.37; Ti/Al 0.045; Mn 5.13; Fe
149.10; Mn/Fe 0.034; and Ba 3.32 (see Tables 5-9, 11).
These data convincingly show that the hydrothermal
nature of large amounts of Mn, Fe, Ba, and other heavy
metals is concealed to an appreciable extent by the
diluting effect of clastic components. Criteria for evalu-
ating the role of biogënic constituents are uncertain, as
there are almost no siliceous fossils in the sediments.
This may be a result of dissolution and of postsedi-
mentary transformations.

Campanian-early Maestrichtian, 78.0-68.3 Ma
This interval is characterized by clay sedimentation

with appreciable amounts of fine andesitic and lesser
amounts of basaltic volcaniclastics altered into heuland-
ite (up to 70%).

The accumulation of these sediments was character-
ized by rates peculiar to clastic sedimentation in margi-
nal areas of the open ocean, without pronounced endo-
genic activity and below the critical CCD. Accumulation
rates and ratios were Al 15.19; Ti/Al 0.046; Mn 0.84; Fe
10.10; Mn/Fe 0.083; Ba 0.24; Tables 5-9, 11.

Middle Maestrichtian, 68.3-66.4 Ma
Mainly clay sediments admixed with nannofossils and

zeolitized basic volcaniclastics accumulated. The core
samples contain accumulations of phosphates, authi-
genic hydromicas, and Fe- and Mn-hydroxides which
are peculiar sediments near the boundary of a large ero-
sional hiatus. These are displayed by the IIB(-) factor
assemblage of the components (Tables 1-2, 4, Appendi-
ces A, B; see Varentsov; and Varentsov et al., both this
volume). High rates of Al sedimentation can be ex-
plained, first, by residual concentrations of these com-
ponents from large masses of a sediment. Accumulation
rates (in mg/cm2 I03 y.) and ratios were, for Al, 33.49;
Ti/Al 0.049; Mn 1.47; Fe 22.70; Ba 0.74; see Tables 5-9
and 11.

Stage 3. Late Maestrichtian to late-middle Eocene,
66.4-57.0? Ma (erosional hiatus in sedimentation)

The hiatus is almost global in character. Significant
aspects in the reconstruction of the paleoceanographical
system of the currents of this time are considered in
Barker, Dalziel, et al., 1977; Ciesielski and Wise, 1977;
Ludwig et al., 1980; Loutit and Kennett, 1981; McCoy
and Zimmerman, 1977; Thiede, 1981; and Thiede and
van Andel, 1977.

Stage 4. Late-middle Eocene to early Miocene,
57.07-15.0 Ma

For the southwestern Atlantic this was a time of fur-
ther expansion and deepening of the ocean, consider-
able change in the system of paleocurrents, and intense
biogënic sedimentation. The combination of these pale-
oceanographical factors resulted in the development of
marked erosional hiatuses divided by intervals of intense
carbonate and, to a lesser extent, siliceous sedimentation;

for the distribution of carbonate components, see factor
assemblage IB(-) and of siliceous components, factor
assemblage IIA( + ); Figs. 2 and 3. Sediments of the
boundary zones of these erosional hiatuses are charac-
terized by pronounced accumulations of residual prod-
ucts; see factor assemblage IIB(-), Table 2, Fig. 4.
These are represented by phosphates, authigenic clay
minerals, and Fe- and Mn-hydroxides (see Varentsov et
al., this volume). The rates of CaCO3 and SiO2 accumu-
lation (see Appendices A and B) at this time are compa-
rable with these parameters in the recent zones of high
biological productivity at the relatively large critical car-
bonate compensation depth (Bezrukov and Romanke-
vich, 1970; Bogdanov and Chekhovskich, 1979; Lisitzin,
1978). The accumulation rates of clastic components did
not exceed, as a rule, those of Al (50 mg/cm2 103 y.)
and basaltoid material played a significant role (Tables
5,6). Considerable rates of Fe accumulation and to a
lesser extent of Mn in the eastern part of the Argentine
Basin (see Tables 8, 9) are of a dual nature: (a) hydro-
thermal exhalations of axial zones (Varentsov, 1978);
and (b) biogënic incorporation of exhalation and hydro-
genic components by planktonic organisms (Martin and
Knauer, 1973; von Bennekom and van der Gaast, 1976).
The rates of Ba accumulation (see Table 11) reflect the
intensity of biogënic sedimentation: during the middle
Eocene (Site 512) to late Oligocene this parameter ex-
ceeded 0.50 mg/cm2 103 y., and in the regions of the
western slope of the Mid-Atlantic Ridge (Site 513) it in-
creased, in the second half of the late Oligocene, to
2.02. These values are close to rates recorded in Recent
sediments of the southern Pacific Ocean, which are char-
acterized by high biological productivity: 0.5-5.5, aver-
age 2.8 (Gurvich et al., 1978).

Stage 5. Neogene-Quaternary, 15 Ma to the
present day)

The main Cenozoic paleoceanographical event of the
southwestern Atlantic, one which affected the character
of sedimentation over the greater part of the World
Ocean, was the opening of the Drake Passage during the
late Oligocene to early Miocene, an event related to the
appreciable reconstruction of the major current systems
(Barker, Dalziel, et al., 1977; Boltovskoy, 1980; Ciesiel-
ski and Wise, 1977; Kennett and Shackleton, 1976; Lou-
tit and Kennett, 1981; Ludwig et al., 1980; McCoy and
Zimmerman, 1977). Northward fluctuations of the Po-
lar Front Zone and the incursion into the Atlantic of
Antarctic waters rich in nutrients resulted in a sharp de-
crease in the CCD and a massive accumulation of sili-
ceous biogënic sediments. Some time after the initiation
of new current systems in the study area, glacial marine
sedimentation began, thus accounting for the high rates
of clastic accumulation in the uppermost Miocene-Ho-
locene sediments.

As a result of widespread erosion over the Falkland
Plateau, the middle-upper Miocene sediments were pre-
served only at the Leg 71 drill site on the northeastern
Maurice Ewing Bank (Hole 512, Figs. 2 and 3). These
sediments are biogënic carbonate-siliceous oozes. Note-
worthy is the fact that from the middle Eocene through
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the Miocene this area was located above the CCD. Clas-
tic sedimentation was characterized by a restricted sup-
ply of material composed mostly of decomposition prod-
ucts of median-basic rocks; the rate of Al accumulation
is less than 20.0 mg/cm2 103 y. with Ti/Al over 0.050
(see Tables 5 and 6). Accumulation of Mn, Fe, and Ba
was not above the rates representative of pelagic areas
of the open ocean (see Tables 8, 9, and 11). These data
show that within the Falkland Plateau the invasion of
cold Antarctic waters into the South Atlantic had little
effect through the early-late Miocene.

A quite different picture is observed in the younger
sediments to the north, in the eastern Argentine Basin
(Sites 513 and 514; see Figs. 2 and 3). During the late
Miocene clay diatomaceous oozes marked the beginning
of sedimentation under conditions of the advancing Po-
lar Front. It was the Pliocene, however, that saw a con-
siderable northward advance of the Polar Front Zone in
this region. This geochronological interval was charac-
terized by quite high rates of clastic, biogenic, and (a re-
sult of influence from the axial part of the Ridge) hydro-
thermal constituents of sedimentation. Accumulation
rates and ratios (in mg/cm2 103y.) were Al up to 318.23,
with Ti/Al up to 0.058; Mn up to 4.68; Fe 179.20; Ba up
to 6.53. During the Quaternary the geochemical charac-
teristics of sedimentation in the open part of the south-
western Atlantic (Sites 513 and 514) changed only slight-
ly compared to the Pliocene: some southward migration
of the Polar Front Zone took place, accompanied by a
weakening of biological productivity and an increase in
the accumulation of glacial marine sediments. The south-
western Atlantic was characterized by present-day pa-
rameters of sedimentation.

CONCLUSION

Study of the geochemistry of major components and
of Ba and Sr in the context of the available data on Li-
thology, mineralogy, and other geological information
enabled me to evaluate quantitatively the biogenic, clas-
tic, authigenic, and hydrothermal constituents of post-
Middle Jurassic sedimentation in the southwestern At-
lantic. Special attention was paid to the average rates of
component accumulation. Factor analysis (R-mode) of
the analytical data allowed us to follow the development
in time and space of paragenetic assemblages of the
components. Six main assemblages were identified (Ta-
ble 1). Using the data from study of these assemblages,
five main stages in the geochemical history of post-Mid-
dle-Jurassic sedimentation were identified and analyzed
in detail.
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APPENDIX A
Average Chemical Composition of Post-Jurassic Sediments DSDP Leg 71, Sites 511-513

Stratigraphy

Lower Oligocene
(N = 34, 8)a

Min.
Max.
Mean

Upper Eocene
(N = 8 , 7)

Min.
Max.
Mean

Upper Paleocene
(N=l)

Mean
Middle Maestrichtian
(N = 8, 2)

Min.
Max.
Mean

Lower Maestrichtian/
Campanian
(N=3,2)

Min.
Max.
Mean

Santonian to
Coniacian
(N = 95, 77)

Min.
Max.
Mean

Turonian to upper
Cenomanian
(TV = 10, 2)

Min.
Max.
Mean

Middle to lower
Albian (Unit 5)
(TV = 39, 3)

Min.
Max.
Mean

Middle to lower
Albian (Unit 6)
(N=l, 1)

Min.
Max.
Mean

Aptian to Barremian
(N = 23, 4)

Min.
Max.
Mean

Upper Jurassic
(N = 37, 4)

Min.
Max.
Mean

Holocene to
Pleistocene (N=l)

Mean
Upper Miocene
(N=l)

Mean

SiO2

51.60
67.75
60.94

53.94
62.03
58.98

52.92

19.80
50.38
25.30

58.29
61.97
59.54

28.77
58.35
51.33

45.60
59.11
55.12

30.12
58.44
39.92

53.97
73.23
65.83

16.17
71.83
52.66

46.72
58.87
54.28

73.65

23.45

TiO2

0.30
0.56
0.45

0.25
0.31
0.28

0.57

0.21
0.51
0.25

0.51
0.61
0.57

0.25
0.82
0.59

0.51
0.66
0.60

0.28
0.58
0.41

0.23
0.50
0.38

0.14
0.60
0.41

0.51
0.69
0.59

0.42

0.12

A12O3

6.35
12.60
9.98

5.66
7.40
6.36

11.75

5.22
8.98
6.18

11.44
15.67
13.96

6.26
18.13
14.61

11.61
17.23
15.19

8.12
18.02
10.95

6.75
11.74
10.25

3.30
16.17
10.78

12.76
17.04
14.55

7.94

2.40

Fe2O3

Componen

MnO MgO

t (wt.%

CaO

Site 511, Falkland Plateau

2.57
6.02
4.15

2.08
3.02
2.55

10.82

1.34
13.80
3.18

5.69
9.04
7.05

3.83
10.25
6.23

4.44
8.55
6.23

1.36
11.84
4.07

2.65
6.69
3.65

1.60
8.72
4.14

3.51
6.59
5.27

Site 5i:

6.04

1.16

0.03
0.14
0.05

0.03
0.06
0.05

0.07

0.11
0.27
0.22

0.04
1.52
0.53

0.04
2.50
0.19

0.06
0.43
0.19

0.07
0.74
0.49

0.03
3.70
0.83

0.03
0.46
0.09

0.03
0.06
0.04

1.30
2.69
1.94

1.24
1.69
1.45

3.74

0.96
2.57
1.70

2.17
2.95
2.67

1.13
2.87
2.03

1.02
2.86
2.18

0.27
4.83
1.73

1.72
2.33
2.10

1.04
9.35
2.27

1.36
2.27
1.80

0.58
11.98
4.48

5.48
10.50
8.40

1.80

2.70
35.20
29.88

0.62
1.52
0.99

0.46
27.14
6.86

0.44
13.64
3.72

1.30
27.86
17.58

0.47
13.71
3.36

0.45
39.26
9.19

0.36
11.29
3.43

J, Maurice Ewing Bank

0.04

0.02

1.55

2.30

1.44

34.34

air-dry)

Na2O

2.51
5.05
3.48

2.94
4.06
3.44

2.70

1.35
3.00
1.69

2.50
2.96
2.73

1.18
2.44
1.88

1.30
1.73
1.33

0.97
2.22
1.31

1.11
1.49
1.29

0.67
1.53
1.02

0.93
1.51
1.17

2.15

2.28

K2O

1.44
2.90
2.18

0.99
1.32
1.11

2.07

1.17
2.50
1.43

2.41
3.23
2.87

0.92
3.27
2.38

2.69
4.18
3.35

0.71
3.22
2.01

1.13
1.87
1.58

0.83
3.77
2.22

2.72
4.18
3.60

2.23

0.44

P2O5

0.05
0.18
0.11

0.04
0.07
0.05

0.67

0.09
0.51
0.15

0.05
0.16
0.09

0.04
3.90
0.18

0.05
0.21
0.10

0.06
0.54
0.10

0.04
0.37
0.14

0.03
0.78
0.18

0.08
0.35
0.14

0.09

0.25

LOI

9.80
19.10
12.18

15.80
18.60
17.04

12.90

14.07
33.33
29.78

6.75
10.94
9.03

9.80
25.15
13.49

9.10
16.82
11.71

11.00
27.50
20.50

7.99
16.04
10.50

7.70
33.10
17.34

11.80
17.40
14.73

4.20

33.80

Sr

0.012
0.074
0.035

0.03
0.06
0.04

0.033

0.031
0.153
0.134

0.035
0.052
0.041

0.011
0.116
0.051

0.022
0.039
0.029

0.022
0.06
0.043

0.023
0.034
0.028

0.021
0.048
0.031

0.020
0.037
0.027

0.026

0.153

Ba

0.072
0.124
0.097

0.08

0.069
0.075
0.072

0.108
0.129
0.119

0.068
0.168
0.097

0.024
0.044
0.034

0.039
0.179
0.086

0.034

0.031
0.073
0.052

0.063
0.078
0.071

0.053

0.049
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Appendix A. (Continued).

Stratigraphy

Middle Miocene
(TV = 8 )

Min.
Max.
Mean

Middle Eocene
(TV = 43)

Min.
Max.
Mean

Holocene to
Pleistocene
(TV = 10)

Min.
Max.
Mean

Upper Pliocene
(TV =18)

Min.
Max.
Mean

Lower Pliocene (U-l)
(TV = 30)

Min.
Max.
Mean

Upper Miocene (U-l)
(TV = 36)

Min.
Max.
Mean

Lower Miocene
(U-2A) (TV 4)

Min.
Max.
Mean

Lower Miocene
(U-2A) (TV = 10)

Min.
Max.
Mean

Oligocene (U-2A)
(TV = 9 )

Min.
Max.
Mean

Oligocene (U-2B)
(TV = 6 )

Min.
Max.
Mean

Oligocene (U-3A)
(TV =38)

Min.
Max.
Mean

SiO 2

19.60
57.78
41.16

14.30
36.75
23.63

64.65
72.80
67.42

62.64
69.35
65.63

58.33
66.30
61.96

56.97
64.30
60.68

54.10
56.90
55.32

30.04
43.37
34.61

51.55
64.31
58.82

16.47
51.06
30.52

6.69
39.13
26.74

TiO 2

0.09
0.31
0.18

0.13
0.32
0.21

0.25
0.48
0.40

0.38
0.60
0.48

0.40
0.68
0.58

0.51
0.68
0.60

0.61
0.73
0.64

0.21
0.33
0.28

0.28
0.48
0.38

0.14
0.35
0.20

0.04
0.33
0.14

A12O3

1.83
6.12
3.66

3.10
8.50
4.63

5.60
9.97
8.44

7.84
12.48
9.79

8.57
13.83
11.93

10.81
13.61
12.24

13.03
14.38
13.55

4.43
7.51
5.83

6.23
9.65
8.09

2.93
7.20
4.14

1.12
6.55
2.91

Fe2°3

1.13
2.43
1.81

1.47
3.32
2.01

Site 513,

2.56
3.66
3.48

3.03
5.69
4.36

4.39
6.89
5.27

4.55
8.75
5.64

5.63
7.49
6.21

1.91
4.07
2.66

2.82
4.24
3.45

1.39
3.08
1.83

0.79
8.81
1.72

Component

MnO

0.02
0.03
0.02

0.03
0.06
0.05

MgO

1.60
2.30
1.96

1.49
2.78
2.28

(wt.%

CaO

8.94
40.07
22.76

22.84
40.00
32.50

Eastern Argentine Basin

0.03
0.06
0.04

0.04
0.06
0.05

0.04
0.10
0.06

0.05
0.11
0.07

0.08
0.12
0.11

0.11
0.17
0.13

0.06
0.08
0.07

0.09
0.12
0.11

0.05
0.14
0.08

1.36
2.12
1.85

1.67
2.29
1.99

1.74
2.67
2.17

1.95
2.78
2.32

2.59
3.10
2.84

1.49
1.97
1.72

1.52
2.40
1.94

1.42
2.24
1.79

1.07
2*44
1.68

0.63
1.24
1.00

1.03
1.51
1.19

0.88
1.48
1.19

1.00
1.56
1.27

1.39
1.84
1.66

16.40
28.68
23.86

0.97
10.63
5.85

12.36
39.00
26.55

23.23
45.11
32.69

air-dry)

Na 2 O

1.73
3.87
2.70

1.19
2.77
1.84

2.95
5.62
4.19

3.45
4.03
3.77

3.11
4.50
3.76

2.98
4.27
3.70

3.21
4.71
4.32

2.31
3.72
2.72

3.02
4.00
3.37

1.67
2.45
2.18

1.05
2.80
1.61

K 2 O

0.35
1.15
0.72

0.46
1.69
0.73

1.16
1.92
1.69

1.57
2.39
1.98

1.73
2.80
2.36

2.04
2.67
2.36

2.31
2.67
2.43

1.00
1.52
1.26

1.36
2.09
1.75

0.66
1.70
0.99

0.32
1.61
0.77

P2θ5

0.06
0.09
0.07

0.09
0.76
0.13

0.03
0.07
0.05

0.05
0.07
0.06

0.04
0.10
0.06

0.05
0.13
0.07

0.08
0.34
0.25

0.08
0.16
0.11

0.11
0.17
0.13

0.06
0.11
0.07

0.03
0.15
0.08

LOI

16.80
31.80
24.80

21.40
36.60
31.95

9.54
13.74
11.22

9.42
11.36
10.53

9.40
12.70
10.54

9.30
11.80
10.97

10.30
13.70
12.64

21.40
29.70
26.68

13.20
19.29
15.93

19.10
35.20
29.62

26.00
38.60
31.40

Sr

0.055
0.186
0.114

0.096
0.910
0.162

0.008
0.021
0.016

0.015
0.030
0.020

0.018
0.029
0.025

0.021
0.041
0.029

0.030
0.033
0.031

0.098
0.148
0.125

0.023
0.077
0.047

0.073
0.170
0.131

0.098
0.18
0.129

Ba

0.015
0.162
0.071

0.085
0.163
0.111

0.069
0.12
0.090

0.065
0.125
0.100

0.012
0.135
0.107

0.087
0.143
0.115

0.145
0.206
0.183

0.07
0.14
0.095

0.113
0.23
0.172

0.015
0.15
0.069

0.015
0.165
0.089

a TV for Ba in italics.
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Chemical Composition of Cenozoic Sediments in the Eastern Region of the Argentine Basin, Southwestern Atlantic, DSDP Leg 71, Site 514

Stratigraphy MgO AI2O3 S1O2 P2O5 K2O CaO TiC>2

Component (wt.% air-dry)

MnO Fe2θ3 LOI Sr Ba K/Al Mn/Fe Ti/Al Ba/Al Sr/Al

Holocene-
Pleistocene
(N= 14)

Min.
Max.
Mean

Pliocene (U-1A)

Min.
Max.
Mean

Pliocene (U-1B)
(JV-5)

Min.
Max.
Mean

Pliocene (U-1C)

Min.
Max.
Mean

3.38
5.06
3.98

2.95
4.84
3.75

3.03
4.34
3.34

2.85
3.51

3.23

2.14
2.74
2.45

1.63
2.97
2.43

2.49
2.97
2.66

2.18
2.42
2.31

10.92
14.18
12.17

7.74
14.51
11.85

12.'l3
14.98
13.37

8.03
13.00
11.63

58.09
63.01
60.92

57.26
65.12
61.03

57.32
60.82
58.56

42.57
63.00
59.06

0.07
0.10
0.08

0.05
0.10
0.07

0.06
0.10
0.08

0.06
0.17
0.08

2.21
2.66
2.38

1.52
2.78
2.36

2.30
2.79
2.57

1.43
2.44
2.19

1.06
3.34
1.37

0.88
2.17
1.21

1.07
2.99
1.83

0.92
15.80
2.96

0.54
0.71
0.61

0.38
0.72
0.58

0.61
0.73
0.65

0.43
0.69
0.61

0.05
0.22
0.07

0.04
0.17
0.07

0.06
0.09
0.08

0.05
0.80
0.15

4.34
5.98
5.16

3.76
6.96
5.23

5.09
6.09
5.69

3.75
5.87
5.05

9.80 0.018 0.069 5.78 1.87 0.32 0.04
12.50 0.032 0.149 7.50 2.26 0.43 0.17
10.72 0.024 0.102 6.44 2.02 0.36 0.06

3.03 0.03
4.18 0.04
3.61 0.03 0.314

10.00 0.018 0.073 4.09 1.29 0.23 0.03 2.63 0.02
13.90 0.032 0.179 7.68 2.36 0.43 0.13 4.87 0.04
11.32 0.025 0.116 6.27 2.00 0.35 0.06 3.66 0.03 0.319

9.40 0.026 0.119 6.42 1.95 0.35 0.05
12.60 0.032 0.169 7.92 2.37 0.44 0.07
11.24 0.029 0.145 7.07 2.18 0.39 0.06

10.70 0.021 0.11 4.25 1.21 0.26 0.04
21.50 0.034 0.155 6.88 2.07 0.41 0.62
12.58 0.027 0.134 6.16 1.86 0.36 0.11

3.56 0.03
4.26 0.04
3.98 0.03 0.308

2.62 0.03
4.10 0.07
3.53 0.04 0.302

0.017 0.056 0.016 0.004

0.016 0.056 0.019 0.004

0.015 0.055 0.021 0.004

0.031 0.058 0.022 0.004
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