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ABSTRACT

Thin but discrete pelagic limestone beds intercalated among the black mudstones near the top of the extensive Meso-
zoic black shale sequence of the Falkland Plateau are reminiscent of similar occurrences in the central and North Atlan-
tic and may be cyclic in nature. They have been studied via carbonate, organic carbon, stable isotope, nannofloral, and
ultrastructural analysis in an attempt to determine their mode of origin. Nannofossil diversity and preservation suggest
that selective dissolution or diagenesis did not produce the interbedded coccolith-rich and coccolith-poor layers, nor did
blooms of opportunistic species play a role. Stable isotope measurements of carbonate do not adequately constrain the
origin of the cyclicity; however, the δ13C data suggest that the more nannofossil-rich intervals may be due to higher
nutrient supply and overturn of deeper waters at the site rather than influxes of well-oxygenated waters into an other-
wise anoxic environment. Such an explanation is in accord with the nannofloral evidence.

INTRODUCTION

A primary objective of Deep Sea Drilling Project Site
511 on the eastern Falkland Plateau (51°00.28' S, 46°
58.30'W; Fig. 1) was to core continuously the upper
portion of the long Jurassic to lower Albian black shale
sequence (Fig. 2) which had previously been spot-cored
at DSDP Leg 36 Sites 327 and 330 (Barker, Dalziel, et
al., 1977). The successful recovery of cores through this
interval at Site 511 has confirmed the existence of a hia-
tus representing approximately 20 m.y. between the Up-
per Jurassic and Lower Cretaceous sediments (Site 511
summary, this volume).

Although both the Upper Jurassic and Lower Creta-
ceous rocks consist of black mudstones, a major differ-
ence in the two sequences is the existence of thin but dis-
crete pelagic limestone beds which stand out conspicu-
ously among the thicker black mudstones toward the
top of the Lower Cretaceous. These limestones are com-
posed of calcareous nannofossils and, along with the
black mudstones, may represent some form of cyclic de-
position. In this respect, they are reminiscent of se-
quences of similar age (Aptian-Albian) reported from
DSDP sites in the central Atlantic and North Atlantic
ocean basins (e.g., Dean et al., 1978; Arthur, 1979).
Studies of those sequences have suggested that the cycles
could be periodic in nature and may represent climatic
oscillations which influence oceanic circulation, produc-
tivity, and terrestrial influx to the oceans (e.g., McCave,
1979; Dean et al., 1978; Arthur, 1979).

There are two important differences, however, be-
tween the pelagic sequences on the Falkland Plateau and
those developed at more northerly DSDP sites. First,

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

the Falkland sequences were deposited at shallow, shelf-
break water depths probably no greater than 400 meters
(Sliter, 1977; Basov and Krasheninnikov, this volume),
whereas Cretaceous black shales at all other DSDP sites
were deposited at bathyal or abyssal depths. Second,
black mudstones are the predominant lithology among
the cycles on the Falkland Plateau, whereas the carbon-
ate beds dominate the cycles in the pre-mid-Aptian se-
quences of the other Atlantic sites, giving way to multi-
colored clay stones above.

There are two possible origins of the carbonate cycles
in the Falkland Plateau black shale sequence. They could
represent periodic incursions of normal open-ocean
floras during brief periods of ventilation of surface
waters in the otherwise anoxic sedimentary basin. Alter-
natively, they could represent episodes of upwelling and
overturn of the water column in the basin which would
enrich otherwise nutrient-poor surface waters. Such pe-
riodic overturn under restricted environmental conditions
might allow a few opportunistic species rather than a
flora of normal diversity to flourish. A further over-
print on the carbonate cycles could have resulted from
fluctuations in intensity of dissolution. An example of
the nutrient-dependent situation may be represented by
a thick chalk lamina (about 2 cm thick) described from
the Aptian black mudstones of DSDP Core 33OA-3 (Wise
and Wind, 1977; see also frontispiece of Barker, Dal-
ziel, et al., 1977). This lamina was composed primarily
of fragments of the opportunistic species Braarudo-
sphaera and Micrantholithus.

In order to determine just what the carbonate cycles
in the Leg 71 sequence represent, we analyzed selected
cycles by two independent methods. One approach was
a floral analysis to determine the floral diversity and
state of preservation of the calcareous nannofossils. The
diversity would show whether we were dealing with op-
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Figure 1. Location of DSDP Site 511, Falkland Plateau.
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Figure 2. Columnar section of Site 511.

portunistic or normal assemblages. Some assemblages
strongly dominated by opportunistic species have been
noted in the Falkland Plateau black shales by both Wise
and Wind (1977) and by Noel and Manivit (1978). The
state of preservation would indicate whether the assem-
blages were representative of living populations or wheth-
er their species compositions had been altered apprecia-
bly by post-depositional processes.

The other method involved a carbon and oxygen iso-
tope analysis of the carbonate material. The hypothesis
was that we might detect temperature or salinity varia-
tions in oceanic surface water environments using δ 1 8 θ
values of nannofossil carbonate and productivity chang-
es using δ13C as a tracer of nutrient supply.

PREVIOUS WORK

A number of workers have noted the apparent short-
term cyclicity or periodicity in Cretaceous black shale
deposition in the Atlantic. So-called black shale facies
rarely consist entirely of organic-carbon-rich dark-col-
ored mud, but instead record alternations in supply
and/or preservation of organic carbon, with periods of
from 20 to 100 103y. (e.g., Dean et al., 1978; McCave,
1979; Arthur, 1979). In many cases the cycles, which are
manifested by light and dark mud alternations on a deci-
meter scale, are fairly regular in appearance, but light
and dark cycles also occur in black shale sequences with
no apparent rhythmicity (e.g., Site 530; Dean et al., in
press). In seeking the causes of the cycles, it has so far
been difficult to distinguish the possible superimposed
effects of periodic variations in organic carbon supply
from changes in preservation that are due to variations
in bottom-water oxygen levels (e.g., Tucholke and Vogt,
1979). Undoubtedly each plays an important role, but
the degree of influence may vary from basin to basin.
Variations in organic carbon supply and in bottom-wa-
ter oxygen levels are probably coupled (e.g., Dean et al.,
1978), yet high productivity over a given site is not nec-
essary to induce bottom-water anoxia (as in the Holo-
cene Black Sea setting), nor does it necessarily result in
bottom-water anoxia. A further complication is that
variations in the input of organic matter to deeper ma-
rine sediments may not be related to changes in surface
productivity over the site, but may be due to periodic in-
put by downslope transport and redeposition of sedi-
ment from shallower water sources rich in terrestrially-
derived organic carbon (e.g., de Graciansky and Che-
net, 1979; de Graciansky et al., 1979; Habib, 1979) or in
marine organic carbon as from within a midwater oxy-
gen-minimum zone (Dean et al., in press; Arthur et al.,
in press; also see Thiede and van Andel, 1977). In the
following sections, we attempt to constrain the variables
and argue that the light- and dark-colored carbonate
and organic carbon cycles are due to changes in surface
water productivity superimposed on changes in oxygen-
ation of deeper waters.

RESULTS

Organic Carbon Contents and Preservation at
DSDP Site 511

Von der Dick et al. (this volume) have presented re-
sults of a preliminary study of organic matter in the
black shale facies (Unit 6) of DSDP Site 511. Enhanced
preservation of marine autochthonous organic matter
occurred in strata of Neocomian through Aptian age in
Cores 59 and below. An average organic carbon value
for Unit 6 is about 3.5 wt.% with individual values as
high as 8.5 wt.%; however, in Cores 57 and 58, which
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we studied in detail, the mean organic carbon content is
about 0.3 wt.% with only 5 out of 36 values over 1.0
wt.%. The atomic H/C and O/C ratios for kerogen in
Cores 57 and 58 shown by von der Dick (this volume)
are characteristic of highly oxidized residual marine or-
ganic matter and/or terrestrial higher plant detritus.
This is in contrast to the apparent good preservation of
marine autochthonous organic carbon which is found in
strata of Cores 59 and below and which is characterized
by high atomic H/C and low O/C ratios.

Organic carbon contents and other geochemical indi-
cators suggest that there was a significant change in pa-
leoenvironment on the Falkland Plateau during the ear-
ly Albian. The conditions which resulted in higher or-
ganic carbon contents during much of the Early Creta-
ceous at Site 511 were either high productivity, preser-
vation under a marginally oxic to anoxic intermediate
water mass, or some combination of the two. Evidence
of high productivity is generally lacking. Although or-
ganic carbon contents are moderately high, organic car-
bon accumulation rates are relatively low (average 5-30
× 10~2g/cm2 per lOfy.) when compared with those typ-
ical of modern high-productivity regions (range of 70-
270 × 10-2g/cm2 per 103y.; data from Muller and
Suess, 1979; Glenn and Arthur, 1982). Also, biogenic sil-
ica in the form of radiolarian tests is present, but not in
great abundance; many of the tests have been dissolved
(Plate 2, Fig. 9; Plate 5, Fig. 6; Plate 6, Figs. 2-3). Most
modern high-productivity settings are characterized by
high biogenic silica accumulation rates and commonly
consist, at least in part, of biosiliceous sediment (e.g.,
Heath, 1974; Diester-Haass and Schrader, 1979; De-
Master, 1981). Therefore, we conclude that the relative-
ly high organic carbon contents in Unit 6 black shales at
Site 511 did not result from abnormally high productiv-
ity, but that they may have originated from a combina-
tion of enhanced preservation under poorly oxygenated
conditions at a relatively shallow water depth (e.g.,
about 400 m) with fluctuating surface productivity. The
shallow depth of the seafloor at Site 511 aided in pre-
serving a greater proportion of the organic matter pro-
duced in surface waters, because the dominant fecal pel-
let transport (see "Nannofossil Analysis" later) of or-
ganic matter provides for a rapid descent and low resi-
dence time in oxygenated water masses (e.g., Suess,
1980). The low oxygen contents of intermediate to bot-
tom waters in the Argentine Basin would have limited
benthic activity and decreased the residence time of or-
ganic matter in the zone of oxidation. High sedimenta-
tion rates (e.g., Müller and Suess, 1979) were probably
not a factor in organic preservation, because average
rates are about 0.5 to 1 cm/lOfy. in the Early Creta-
ceous.

The major change in organic carbon preservational
patterns from Cores 59 to 58 and above occurred in the
early Albian. This pattern is similar to that of other sites
drilled in the Cape Basin (e.g., Site 361; Natland, 1978;
Arthur and Natland, 1979) and is interpreted to reflect
an amelioration of the anoxic conditions that existed in
the narrow, restricted, early-opening South Atlantic at
that time.

However, at DSDP sites in the Angola Basin, evi-
dence of at least periodic anoxia occurs in Albian
through Coniacian strata (Arthur and Natland, 1979;
Dean et al., in press). At Site 511, the Albian strata ex-
hibit cyclic fluctuations in organic carbon and carbon-
ate content which might indicate periodic changes in
productivity or bottom-water oxygenation, even though
the overall preservation of organic matter in this inter-
val is poor (von der Dick, et al., this volume).

Lithology of Cretaceous Carbonate Cycles at Site 511
Cores 56 through 58 of lower to middle Albian and

Aptian age consist of black shale or black mudstone
which is marked by common, thin (< 10 cm thick) inter-
calations of greenish gray to gray mud to chalky mud,
as shown in Figure 3 (see also Frontispiece of this vol-
ume for color photographs of these cores). The lighter-
colored intervals contain relatively less organic carbon
(generally < 0.2%) and more carbonate (Fig. 4) than the
black layers, although organic carbon contents are low
for this upper part of Unit 6 (black shale) and carbonate
contents, although low (typically <15%), are higher
than those in the lower part of Unit 6.

The lighter intervals are homogeneous to mottled,
and burrows of Zoophycus and Chondrites are com-
mon, in addition, fragments of benthic mollusks (Au-
cellina and inoceramids) are common, although these
also occur in darker but still bioturbated intervals.
The dark muds range from homogeneous to burrowed to
finely laminated. In the cores we examined (Cores 56-
58), it appears that the supply of oxygen to the bottom
may have fluctuated somewhat, restricting the activity
of benthic metazoan infaunal organisms at times, but
generally allowing some bioturbation throughout the se-
quence. Lighter-colored intervals, however, appear to
be more highly burrowed. These intervals are also more
rich in calcareous nannofossils. Color and carbonate
content appear to grade from base to top in each light-
colored layer (Fig. 3; Core 57) suggesting some grada-
tional environmental change. The periodicity of the
dark-light cycles is at least 100,000 y., but the cycles do
not appear to be as regular as those at many other At-
lantic DSDP sites. The lighter-colored layers appear not
to have been redeposited, but some dark-colored layers
exhibit sharp basal contacts and other features which
could indicate some redeposition, even though the sea-
floor at the site was probably relatively shallow during
the Early Cretaceous.

Organic Carbon, Carbonate, and Stable
Isotope Analyses

Samples of interbedded black and gray mud to
chalky mud were analyzed in the U.S.C. laboratory for
organic carbon and carbonate contents (Table 1; plotted
for several of the cycles in Fig. 3; see also Fig. 4) using a
LECO carbon analyzer and standard methods. Stable
isotope analyses of the carbonate fraction of each sam-
ple were also obtained. CO2 gas was prepared using
standard methods (e.g., Craig, 1957, 1965), and analy-
ses for stable carbon and oxygen isotopic compositions
were provided by Global Geochemistry Corporation,
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Figure 3. Core sections, showing pelagic limestone intervals (light-colored layers) contrasted with black Albian and Aptian mudstones.
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contracted by the U.S. Geological Survey because gas
samples were generally too small to analyze on mass
spectrometers available at the U.S.G.S., Denver. Stable
isotopic values (Table 1) are reported by standard delta
(δ) notation relative to the PDB standard:

δ 1 8 θ ‰ P D B =P D B r - 11 × 1000.

J
No analyses were performed on samples with less than 1
wt.% CaCO3 because available samples were too small,
and it is not certain that values obtained would be inter-
pretable.

The results of the stable isotopic analyses for each set
of lithologic cycles are plotted in Figure 5. Organic car-
bon and carbonate contents are negatively (but not line-
arly) correlated in general (Fig. 6); samples with organic
carbon contents greater than 0.5% nearly always have
carbonate contents below 5%, and all samples having
carbonate contents greater than 10% have organic car-
bon values of less than 0.25 °/o. The lack of a linear
negative correlation between organic carbon and car-
bonate suggests that the two do not covary because of

mutual dilution. However, it does appear that higher
organic carbon values are associated with clay-rich in-
tervals. The deposition of relatively nannofossil rich,
light-colored sediment is not accompanied by enhanced
preservation of organic matter. This is further evidenced
by the abundant signs of burrowing of light-colored,
more carbonate rich strata.

A plot of δ 1 8 θ versus δ13C (Fig. 7) exhibits no system-
atic relationship between the two. There is a broad
spread of δ13C values (0 to 4.22%0 with a clustering to-
ward relatively heavy or more positive values (+ 2 to +4
%o). These values are typical for pelagic carbonates on a
global scale during the late Aptian-early Albian (Scholle
and Arthur, 1980). δ 1 8 θ values have a narrow range
(-1.5%o to — 4%0) with most values clustering near
- 2%0. The latter δ 1 8 θ value would indicate an equilibri-
um isotopic paleotemperature of about 20 °C for an ice-
free world and is not out of line for the high paleolati-
tude of the Falkland Plateau during the Early Creta-
ceous. Clearly, however, δ 1 8 θ values less than - 1 or
greater than - 3 % 0 indicate either analytical problems
(marked with triangles in Fig. 7; both samples contained
less than 1 °7o CaCO3) or possible diagenetic recrystalli-
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Table 1. Stable isotope (carbonates), organic carbon, and car-
bonate data for Site 511, Cores 57-59.

511-57-1

Core/Section
(interval in cm)

57-1, 24-26
57-1, 39-41
57-1, 59-61
57-1, 91-93
57-1, 99-101
57-1, 105-107
57-1, 114-116
57-3, 55-57
57-3, 67-68
57-3, 79-81
57-3, 94-95
57-3, 101-103
57-4, 12-14
57-4, 19-21
57-4, 29-31
57-4, 42-44
57-4, 46-48
57-4, 54-56
57-4, 90-92
57.4, 104-106
57-4, 108-110
57-4, H9-121
57-4, 125-126
57-4, 131-133
57-4, 137-139
57-5, 74-76
57-5, 83-85
57-5, 101-103
57-5, 106-108
57-6, 4-5
57-6, 15-17
57-6, 41-43
58-2, 77-79
58-2, 99-101
58-2, 108-110
59-1, 83-85

δ 1 3 C

—

+ 3.90
—

+ 4.22
+ 3.74

—

+ 2.57
—

+ 3.38
—

—

+ 3.25
+ 2.21
+ 3.50
+ 0.91
+ 3.73
-0.23
+ 1.77
-0.12
+ 2.08

—

+ 3.70
+ 1.53

—

+ 2.57
+ 1.87
+ 3.55
+ 2.67
+ 3.32
-1.89
+ 3.15
+ 2.87
+ 1.97
-2.24

—

δ 1 8 θ

—

-2.10
—

-1.19
-2.40

—

-1.96
—

-1.92
—

—

-2.42
-2.34
-2.06
-1.76
-4.02
-0.69
-1.41
-2.12
-2.96

—

-2.18
-2.47

—

-3.30
-1.83
-2.14
-0.42
-2.37
-3.42
-3.01
-1.66
-3.90
-3.48

—

c o r g C70)

0.57
0.42
0.15
0.42
0.16
0.09
0.74
0.35
0.55
0.14
0.08
4.30
1.23
0.11
1.78
0.13
2.14
1.30
0.50
0.51
0.10
0.37
0.08
0.75
0.71
0.16
0.44
0.95
0.95
0.62
0.07
0.51
0.39
0.17
0.34
0.54

CaCO3 (%)

< l

< l

12

< l

13

21

< l

6

1

8

< l

< l

10

13

10

24

8

3

2

< l

19

< l

7

2

< l

2

< l

8

6

4

45

3

3

17

< l

< l

Note: Dash means that there was not enough to be measured.

zation and equilibration at higher temperatures. Carbon
isotope values in pelagic carbonates are generally less
difficult to alter during diagenesis because the reservoir
of rock carbon is typically larger than that of water car-
bon. In organic-carbon-rich sequences, however, partic-
ularly when the total carbonate contents are low
(<30%), organic matter degradation can contribute
isotopically light CO2 and cements may become deplet-
ed (e.g., Hudson, 1977). On the basis of our SEM stud-
ies, which show no extensive recrystallization of carbon-
ate, and the reasonable δ 1 8 θ and δ13C values, we feel
that the stable isotopic data probably reflect some origi-
nal, primary signal.

Figure 8 shows the relationship between δ13C and car-
bonate content. In a very general way, there appears to
be a trend toward lighter δ13C values with decreasing
carbonate contents below 10%. This trend reverses above
10% CaCO3. Neither trend is statistically significant.
The first trend could be interpreted as a lightening of
δ13C because of increasing diagenetic addition of light
carbon from organic carbon degradation with progres-
sively lower initial carbonate contents. There is no sys-
tematic relationship between the δ13C of carbonate and
organic carbon content of samples (Fig. 9).

0 -1 -2 -3

δ 1 8 ° C a C O , ‰ P D B

-1 -2 -3

δ13C,CaCO ‰>PDB

Figure 5. Variations in carbon and oxygen stable isotope values
through limestone/mudstone cycles in Sections 511 -57-1, 511 -57-3,
511-57-4, 511-57-5, 511-57-6, and 511-58-2.
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Figure 7. Oxygen versus carbon stable isotope values for all core sam-
ples; no apparent systematic relationship between the two. (Trian-
gles mark spurious values.)

The stable isotope data, then, do not provide for a
clear interpretation of the origin of intercalation of cal-
careous nannofossil-rich and nannofossil-poor beds. The
samples with highest carbonate contents (above 10%),
however, have progressively lower δ13C which, if origi-
nal, might indicate that an increase in the nutrient sup-
ply and isotopically light total CO2 of surface waters
and higher carbonate production provide the origin of
the relatively carbonate-rich beds.

Nannofloral Analysis

Two carbonate cycles were sampled for the nanno-
floral analysis. The first cycle is at the base of the Al-
bian section and is readily distinguished in Section 511-

10 15
CaCO3 (wt. %)

Figure 8. Calcium carbonate content versus δ13C for all core samples.

1.0 1.5
Organic Carbon (wt. %)

Figure 9. Organic carbon content versus δ13C for all core samples.
(Circled values = samples with > 10% CaCO3; triangles = known
diagenetically altered samples.)

57-6 (Fig. 3) where a whitish, heavily burrowed lime-
stone between 10 and 20 cm is interbedded between fine-
ly laminated black mudstones. Samples examined in the
SEM were 511-57-6, 4 cm (black mudstone), 511-57-6,
15 cm (white limestone), and 511-57-6, 41 cm (black
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mudstone). The second cycle is in the upper portion of
the Aptian section and is the only cycle in Section 511-
58-2 (Fig. 3). In this cycle samples examined were 511-
58-2, 77 cm (black mudstone); 511-58-2, 99 cm (white
mudstone); and 511-58-2, 108 cm (black mudstone).

During routine light microscope examination of coc-
coliths in smear slides (Wise, this volume), calcareous
nannofossils from the white limestones in these two cy-
cles were reported to be common whereas coccoliths
from black mudstones in these cores were reported to be
scarce to absent. Preservation in the white limestones
was reported to be moderate with some etching and
overgrowth.

Albian Cycle, Section 511-57-6

Scanning electron micrographs of fracture sections of
the black mudstone in Sample 511-57-6,4 cm are shown
on Plates 1 to 3. Plate 1, Figures 1 and 2 are rather char-
acteristic, showing a background of clay particles with
coccoliths, mostly Watznaueria, scattered throughout
the matrix. There are also some large (at this scale) an-
gular cavities within the rock which may have formed
from the dissolution of lath-shaped mineral grains (Plate
1, Fig. 2). There is some tendency for the coccoliths to
be clustered (Plate 1, Figs. 3 and 4), although in general
they are also dispersed widely throughout the matrix.
The diversity of the assemblages as determined from in-
spection of the electron micrographs is given in the oc-
currence chart in Figure 10.

Three aspects of the nannofossil assemblage are some-
what surprising. They are more numerous and more
diverse than expected from the smear slide examination
of black shales from this core. In addition, the cocco-
liths are generally quite well preserved, as noted in close-
up photographs on Plates 2 and 3. The intact coccoliths
show little if any sign of etching, and even the most
delicate forms such as the various species of Corollithi-
on (Plate 2, Figs. 6-8) are quite well preserved. The only

real damage to the specimens evidently resulted from
mechanical tearing when the section was fractured dur-
ing specimen preparation. This accounts for the torn
spine on the specimen of Axopodorhabdus in Plate 2,
Figure 4 and the missing elements along the inner cycle
of the shield of the Watznaueria (arrow) in Plate 2, Fig-
ure 2. The impression of a Coccolith in Plate 2, Figure 1
is also attributed to mechanical separation of the Cocco-
lith from the matrix when the rock was fractured during
specimen preparation.

The only obvious evidence of chemical etching of mi-
crofossils is the impression of a radiolarian test (Plate 2,
Fig. 5) which has been completely removed by dissolu-
tion. This indicates that the mineral grains represented
by rectangular molds in Plate 1, Figure 2, were probably
siliceous in composition. In contrast, the coccoliths ad-
jacent to those molds are completely unaffected by dis-
solution, and one must search carefully among the clay
matrix to find coccoliths which show any appreciable
dissolution (Plate 3, Fig. 2).

In contrast to the black shale above, the preservation
of coccoliths in the white limestone of Sample 511-57-6,
15 cm is rather variable (Plate 3, Figs. 3-4; Plate 4, Figs.
1-3). There seems to have been some dissolution and
reprecipitation of calcite which has badly obscured the
fine features of the surfaces of the coccoliths. As in the
black shale, the coccoliths are apparently diverse and
some delicate forms are present {Corollithion> lower left
of Plate 4, Fig. 1), but their ultrastructural features have
been sufficiently obscured to discourage serious taxo-
nomic study. The coccoliths are quite evenly dispersed
throughout the rock and there is no evidence of the clus-
tering noted in the black shale sample. All of these fea-
tures, the poor preservation and the even dispersion,
can probably be attributed in part to the intense biotur-
bation that this sediment underwent upon deposition.

In contrast to the even dispersal of coccoliths through-
out the whitish limestone, coccoliths in the underlying
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Figure 10. Occurrence of coccoliths in two carbonate cycles, as determined by inspection of electron micrographs, Site 511.
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black mudstone (Sample 511-57-6, 41 cm) occur concen-
trated in clusters or pods which stand out from the clay
matrix of the rock (Plate 4, Fig. 4). Few coccoliths were
noted scattered about within the matrix. These pods of
isolated coccoliths probably represent fecal pellets pro-
duced by grazing zooplankton as described by Hattin
(1975), Honjo (1976), and Roth et al. (1975).

The range of preservation of coccoliths within the
black mudstone is variable (Plate 5, Figs. 1-6). Some
specimens appear to be reasonably intact (Plate 5, Figs.
2 and 5)> whereas others show slight to heavy dissolu-
tion (Plate 5, Figs. 1 and 4, respectively). Silica dissolu-
tion is indicated by the partially dissolved radiolarian
test in Plate 5, Figure 6.

Aptian Cycle, Section 511-58-2

Core 58 is well down the section within the "black
shale" sequence. In general, coccoliths (Plate 5, lower
half, to Plate 8) are more sparse in both the white and
dark lithologies than in Core 57, but diversity remains
reasonably high (Fig. 10). Secondly, they tend to occur
more in pods or clusters. As mentioned above, we be-
lieve these pods represent fecal pellets produced by sur-
face grazers. In the whitish limestone layers, these clus-
ters are more numerous and larger in extent than in the
dark layers. In the latter, the pods are so rare that it was
sometimes necessary to locate them by use of the ele-
mental energy dispersive X-ray unit attached to the
SEM. The procedure was to map the fracture surface
for calcium at low magnification. Small isolated areas
that showed up positive for calcium (sometimes only a
few such areas per specimen) invariably on closer exam-
ination turned out to represent a cluster of coccoliths.

The black mudstone Sample 511-58-2, 77 cm above
the white limestone in Section 511-58-2 exhibits well-
preserved and poorly preserved coccoliths, depending
upon where they occur. Open cavities within the rock
(Plate 6, Fig. 1) contain a fair number of well-preserved
coccoliths with some species diversity, as seen in close-
up photographs (Plate 6, Fig. 2; Plate 5, Fig. 9). Coc-
coliths adjacent to cavities left by the dissolution of ra-
diolarian tests (Plate 6, Figs. 3-5) are also well pre-
served. Except for the radiolarian mold, the fracture
surface in Plate 6, Figure 1 cuts through the solid clay
matrix of the rock. This matrix is nearly devoid of coc-
coliths. The few that are found embedded within this
matrix are poorly preserved and show clear signs of dis-
solution (Plate 5, Figs. 7-8).

Coccoliths in the whitish limestone of Sample 511-
58-2, 99 cm are grouped in large clusters (Plate 7, Figs.
1-2) separated by areas which are nearly barren of nan-
nofossils. Diversity is high although delicate forms such
as Corollithion are absent. Their absence could possibly
be due to ecologic factors, in that many other coccoliths
within the assemblage are quite well preserved (Plate 7,
Figs. 4-5; Plate 8, Figs. 1-2). This is not always the
case, since some isolated shields are present (Plate 8,
Fig. 3). The relatively good preservation of this shield,
however, may mean that the adjoining shield could well
have been lost before burial.

Sample 511-58-2, 108 cm from the black mudstone
beneath the whitish limestone contains very few coc-
coliths, and these are generally not well preserved (Plate
8, Figs. 4-6). Because of this it is difficult to get an idea
of the diversity, but a reasonable variety of different
forms is present. In addition to coccoliths, the sample
contains calcite in the form of mollusk shell prisms
which are probably from Inoceramus (Plate 8, Fig. 7).
Clay minerals include fibrous forms which may be paly-
gorskite (Plate 8, Fig. 8). In addition, pyrite framboids
are not uncommon (Plate 8, Fig. 9).

Conclusions from the Nannofloral Analysis

Where coccoliths were present, either in the black
mudstones or in the whitish limestones, the diversity of
the assemblages was rather high, considering the gener-
ally adverse environment that prevailed in the basin.
Opportunistic species were not present in any numbers
beyond normal background levels. The main variant
was in the absolute numbers of coccoliths. They were
sparse in the black mudstones and plentiful in the lime-
stones. In general, their numbers increased up-section
so that they were more common in the Albian black
mudstones than in the Aptian. Except where bioturba-
tion had been extensive, coccoliths tended to be clus-
tered in small pods which probably represented fecal
pellets. This was particularly noticeable in the Aptian
black mudstones, and may indicate that zooplankton
were highly efficient in grazing the standing crop of cal-
careous nannoplankton, regardless of their numbers.
The general increase in numbers of coccoliths in the Al-
bian toward the top of the black shale sequence may
herald a relaxation of the conditions that were restrict-
ing circulation within the basin.

Preservation of coccoliths was surprisingly good
among the black mudstones wherever nannofossils were
found in open pores or cavities in the rock. Preserva-
tion of isolated specimens within the black shale matrix
was not so good, although there was little evidence that
wholesale dissolution of the carbonate had taken place.
The presence of organic matter, therefore, did not great-
ly influence preservation, as has sometimes been sug-
gested for coccoliths in these types of black shale. Spe-
cifically, there is little evidence that the breakdown of
the organic matter to form CO2 caused significant disso-
lution of the assemblages. Perhaps the anoxic condi-
tions were such that there was insufficient oxygen pres-
ent to allow any appreciable combustion of the organic
matter. Thus not enough CO2 would have been gener-
ated to cause significant dissolution of the assemblages.
In any event, the buildup of CO2 cannot be cited as an
explanation for the generally sparse occurrence of coc-
coliths in the black mudstones. Likewise, there is no evi-
dence that the diversity of the assemblages was appre-
ciably altered by dissolution.

Since both the condition of the nannofossils and the
diversity of the assemblages indicate that little biogenic
carbonate was lost through dissolution, the occurrence
and abundance of coccoliths in the sequence of carbon-
ate cycles cored at Site 511 must be a function of the
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productivity of the surface waters. Opportunistic spe-
cies are few and the diversity of the assemblages does
not change significantly between the black mudstones
and the limestones; thus we are basically dealing with
variations in productivity of normal marine nannofossil
assemblages. The simplest explanation for these varia-
tions seems to be short-lived nutrient events resulting
from upwelling or overturn in the expanding South At-
lantic Basin. This explanation also implies that there
was adequate surface water communication with nor-
mal marine floras elsewhere, to allow the Falkland nan-
noplankton assemblages to be stocked with floras of
normal diversity where these nutrient events occurred.
This is not to say that blooms of opportunistic species or
of monospecific assemblages did not occur on occa-
sions, as evidenced by the examples pointed out by Wise
and Wind (1977) and Noel and Manivit (1978). Mono-
specific or species-restricted blooms, however, are not
associated with the carbonate cycles we examined.

DISCUSSION AND CONCLUSIONS

Studies of nannofossil diversity and preservation sug-
gest that selective dissolution or diagenesis cannot be the
cause of interbedded Lower to mid-Cretaceous strata
on the Falkland Plateau that are relatively rich and
poor, respectively, in calcareous nannofossils. Preserva-
tion is best in intervals characterized by low carbonate
and relatively high organic carbon contents. Stable iso-
tope measurements of carbonate (primarily calcareous
nannofossils) do not adequately constrain the origin of
the cyclicity of carbonate and organic carbon contents,
although the δ 1 3C values suggest that diagenetic recrys-
tallization is not over extensive in the samples studied,
even though carbonate contents are relatively low. The
δ1 3C data might suggest that more nannofossil-rich inter-
vals are due to higher nutrient supply and overturn of
deeper waters at the site, because samples with progres-
sively higher carbonate contents above 10% have lighter
δ 1 3C values. The overturn of surface and deeper waters
could have oxygenated bottom waters at the site, lead-
ing to oxidation of organic carbon and overall lower or-
ganic carbon values in the lighter-colored, bioturbated,
relatively more carbonate rich intervals. This interpreta-
tion seems reasonable to us and does not violate the con-
straints of available data. A corollary of this interpreta-
tion is that periods of lower productivity were due to
a more stably stratified water column, development of
low oxygen conditions in intermediate water masses,
and consequent increased preservation of the little or-
ganic matter that was produced in surface waters. Over-
all, the degree of oxygenation was higher in the early Al-
bian at Site 511 than at earlier times and organic carbon
preservation was poorer.

One further possibility should be considered in any
attempt to explain the interbedding of relatively carbon-
ate-rich and organic-carbon-poor intervals. The irregular
pattern of interbedding might indicate dilution of car-
bonate supply by terrigenous clastic material redepos-
ited downslope from one or more local topographic
highs. Some of the strata in Unit 6 exhibit sedimentary
structures such as sharp contacts and irregular lamina-

tion, which, although cryptic, may suggest a turbiditic
origin for at least some of the organic-carbon-rich mud.
Similar arguments have been made, for example, for or-
ganic-carbon-rich Cretaceous sequences at Site 530 in
the South Atlantic (Dean et al., in press) and several
sites in the North Atlantic (de Graciansky et al., 1979).
The redeposition of sediment could periodically have di-
luted carbonate produced in surface waters above the
site, thereby leading to the cyclic or interbedded chalky
layers and dark mudstones in the upper part of Unit 6.
Such redeposited sediment probably could not have been
derived from the continent, since the adjacent South
American shoreline was at least 100 to 150 km away.
Sources would have to have been more local, perhaps on
the flanks of subaerially exposed basement pinnacles in
the region of the site. There is, however, no direct evi-
dence for the existence of such features during the Apti-
an-Albian and, unfortunately, data on the regional tec-
tonic framework are inadequate for proper evaluation
of the probability that such features may have existed.
Since the black mudstones are the overwhelmingly dom-
inant lithology, a source for any reworked sediment
would have to have been quite extensive. In any event,
the main differences between the pre-lower Albian black
shales and the lower Albian black shales must still have
been related to a change in paleoenvironment, specifi-
cally the degree of oxygenation of intermediate and bot-
tom waters.
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Plate 1. Albian black mudstone, Sample 511-57-6, 4 cm. 1. Characteristic black mudstone matrix with scattered coccoliths, mostly Watznaueria;
× 3000. 2. Angular cavities in the mudstone matrix, possibly from the dissolution of lath-shaped mineral (silicate?) grains; × 1400. 3-4.
Crude clusters of well-preserved coccoliths, (3) Repagulum parvidentatum, left center, ×7000, (4) Rhagodiscus asper, left center, ×6500.
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Plate 2. Albian black mudstone, Sample 511-57-6, 4 cm. Micrographs showing characteristic states of preservation of coccoliths (except for Fig. 5)
within the mudstone. 1. Impression of a Coccolith left when the sample was fractured; this is probably not a dissolution mold; × 11,000. 2.
Wαtznαueriα sp., inner cycle of elements along the top side of the distal shield removed by mechanical fracturing of sample, × 11,000. 3. Wαtz-
nαueriα sp., × 9500. 4. Axopodorhαbdus dietzmαnni, stem broken by mechanical fracture, × 8500. 5. Impression of a dissolved radiolarian
test; ×240; 6. Polypodorhαbdus mαdingleyensis (large specimen), Corollithion pαucirαmosus (small specimen), ×9500. 7. Corollithion
αchylosum, × 18,000. 8. Corollithion geometrician, × 29,000. 9. Coccosphere of Repagulum parvidentatum, × 10,000.
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Plate 3. Albian. 1-2. Black mudstone Sample 511-57-6, 4 cm, (1) well-preserved Polypodorhabdus madingleyensis (left) and Stephanolithion
laffittei (lower center), × 9500, (2) Watznaueria sp. (center etched), × 17,000. 3-4. White limestone Sample 511-57-6,15 cm, showing even dis-
tribution of coccoliths within a highly bioturbated matrix, (3) × 1700, (4) ×3400.
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Plate 4. Albian. 1-3. Characteristic states of preservation within the highly bioturbated white limestone of the Albian carbonate cycle, Sample
511-57-6, 15 cm. Diagenesis has obscured the surface features of the coccoliths, (1) Corollithion geometricum (lower left), Rhagodiscusi sp.
(center), x 10,000, (2) Cretarhabdus conicus, ×9000, (3) gen. et spec, indet., x9000. 4. Black mudstone Sample 511-57-6, 41 cm, below the
carbonate bed, showing a large cluster or pod of coccoliths; such pods stand out clearly from the matrix of the rock, which contains few cocco-
liths; ×35OO.
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Plate 5. 1-6. Albian black mudstone Sample 511-57-6, 41 cm; variable state of preservation of coccoliths (except for Fig. 6) within the mudstone,
(1) Repagulum parvidentatum, × 14,000, (2) Cretarhabdus surirellus, ×9000, (3) gen. et spec, indet., ×9500, (4) Watznaueria sp., heavily dis-
solved, × 9000, (5) Retacapsa angustiforata, × 17,000, (6) partially dissolved radiolarian test, × 630. 7-9. Aptian black mudstone Sample 511-
58-2, 77 cm, showing poor Coccolith preservation within the matrix (Figs. 7-8) and good preservation within cavities in the matrix, (7) Polypo-
dorhabdus madingleyensis, heavily dissolved, × 14,500, (8) Watznaueria sp., partially dissolved, × 10,000, (9) Sollasites horticus, well preserved,
× 15,000.
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Plateó. Aptian black mudstone, Sample 511-58-2, 77 cm. 1. Cavity within the black mudstone containing some well-preserved coccoliths; ×3100.
2. Detail of Figure 1, Acaenolithus sp., × 10,000. 3. Impression of a dissolved radiolarian test within the mudstone matrix, × 300. 4. Detail
of Figure 3, showing a mold of a radiolarian test, ×570. 5. Detail of Figure 4 (top center), showing a well-preserved Coccolith, Watznaueria
barnesae, × 12,500.
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CARBONATE AND ORGANIC CARBON CYCLES

Plate 7. Aptian white limestone, Sample 511-58-2, 99 cm. 1-2. Large clusters or pods of coccoliths which are believed to represent fecal pellets; (1)
×1500, (2) detail of Figure 1, center; Stephanolithion laffittei (right, lower and center), Vekshinella stradneri (upper left), Watznaueria sp.
(forms on left, top, center, and bottom), ×7000. 3-5. High diversity and good preservation of coccoliths, (3) Zygodiscus sp., ×21,000, (4)
Watznaueria biporta, × 9000, (5) Rhagodiscus asper, ×8000.
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Plate 8. Aptian. 1-3. Relatively good preservation and diversity of coccoliths in the whitish limestone of the Aptian carbonate cycle, Sample 511-
58-2, 99 cm, (1) Stephanolithion laffittei, × 19,500, (2) Watznaueria sp., × 12,000, (3) Biscutum sp., isolated distal shield, × 16,000. 4-6.
Rather poorly preserved coccoliths of Aptian black mudstone Sample 511 -58-2, 108 cm, subjacent to the white limestone shown above, (4) Watz-
naueriasp. ×11,000, (5) Watznaueria sp., × 10,500; (6) Palaeopontosphaerasp., × 12,000. 7-9. Other components of the black mudstone, (7)
mollusk shell prisms, probably from Inoceramus, ×4500, (8) a fibrous clay mineral, possibly palygorskite, ×4100, (9) pyrite framboids and
loose aggregates of octahedral crystals, x2300.
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