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Abstract

The Nd isotopic composition of Atlantic and Tethys seawater, as deduced from marine phosphorites, varied considerably
during the past 180 Ma. The early Tethys and Central Atlantic seawater from 180 to 160 Ma ago (Early—Middle Jurassic)
had a Nd isotopic signature identical to that of the Pacific (ey, = —6) suggesting that Pacific seawater entered the newly
forming Tethys basin. However, with time continental runoff draining into the young basin became more important and led
to a decrease in the Nd isotopic composition and, finally, a decoupling from the Pacific Ocean. During the late Early
Cretaceous (120-90 Ma ago) Atlantic and Tethys seawater reached continental crust-like Nd isotopic composition values
(€ng = — 10) which could reflect high weathering rates induced by the warm and humid climate at that time. In the time
span between 80 and 50 Ma (Late Cretaceous—Early Tertiary) the Nd isotopic composition of both Tethys and Atlantic
seawater strongly increased towards Pacific seawater values. In the case of the Atlantic Ocean, this change has been
correlated with the opening of the South Atlantic, which enabled the more radiogenic Pacific seawater to travel westwards
around the southern edge of Africa into the South and finally the North Atlantic. In the case of Tethys seawater we have to
assume that, during this period, large masses of Pacific seawater entered the Tethys again directly through the Indian—Tethys
seaway. The renewed importance of this seaway might be related to the Late Cretaceous—Early Tertiary first-order, global
sea level highstand. The most abrupt change towards lower, more crust-like values occurred in the early Miocene (25-17 Ma
ago) in the South and North Atlantic, as well as in the Tethys. During this period, the "Nd/ " Nd isotope ratios dropped
from =0.5124 (eyy = —4.2) down to =0.5122 (eyy = —8). This change indicates a diminishing influx of Pacific
seawater into the Atlantic and Tethys Oceans and can be correlated with the breakdown of the circum-equatorial circulation
patterns of the world oceans, due to plate tectonics. From 20 to 17 Ma ago (Miocene) the Nd isotopic composition of the
Atlantic Ocean increased again and reached values as high as 0.5123 (e, = —6.6), whereas Tethys seawater remained at
low values. This decoupling can be correlated with the incipient complete isolation of the Tethys; the Nd isotopic
composition was henceforth controlled by the continental runoff from surrounding land masses. The major increase in the
Nd isotopic composition observed in the Atlantic can be related to the opening of the Drake Passage and establishment of
the circum-Antarctic current system. This allowed Pacific seawater to enter directly the South Atlantic around Antarctica. A
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renewed drop in the Nd isotopic composition of Atlantic seawater during the late Miocene can be related to the onset of
North Atlantic Bottom Water formation and its subsequent upwelling.

Keywords: Atlantic Ocean; Tethys; paleocurrents; Nd-144 /Nd-143

1. Introduction

Various studies have shown that the present-day
waters of the major oceans differ in their Nd isotopic
compositions and that, even within a single basin,
measurable differences in Nd isotopic values exist
[1-3]. A recent isotope study of hydrogenous ferro-
manganese encrustations and nodules demonstrated
that their region-dependent Nd isotopic variations
display a marked similarity to the broad patterns of
present-day deep-ocean circulation [4]. This suggests
that the Nd isotope system is a powerful tool for
distinguishing between different water masses and
for tracing the water exchange between different
basins in both the modern and ancient oceans.

These intra-oceanic isotopic variations are not
observable in the Sr isotope system because seawater
is well mixed with respect to Sr but poorly mixed
with respect to Nd. This is due to the markedly
different residence times; Sr has a residence time of
2 X 10° yr [5], which is much longer than the mixing
time of the oceans (1 x 10? yr), whereas the dis-
solved Nd resides less than 1 X 10° yr in the oceans
[1,6].

The Sr and Nd isotopic compositions of seawater
have varied considerably over time {7.8]. However,
the Nd isotopic composition of the Pacific Ocean has
remained more or less stable during the past 200 Ma
and always been significantly higher (more radio-
genic) than in the Atlantic and Tethys Ocean ([9] and
references therein). Rapid fluctuations in the Nd
isotopic composition can be induced by changes in:
(1) the relative erosion rate of very young to very old
crustal material; (2) the input of Nd during times of
high volcanic and hydrothermal activity at oceanic
spreading ridges; and (3) paleocurrents between iso-
topically different paleoceans induced by changes in
plate tectonics and sea level.

Stille [10] observed major changes in the Nd
isotopic composition of Atlantic seawater towards
more radiogenic, Pacific-like values sometime be-
tween 75 and 35 Ma (Late Cretaceous—Early Ter-

tiary) and 20 Ma (Miocene) ago. However, during
this time the Sr isotopic composition of seawater is
generally constantly increasing. Thus, Sr and Nd are
geochemically decoupled; Sr reflects the increasing
influence of a ‘crust-type’ source, whereas Nd re-
flects a ‘mantle-type’ source. Therefore, it has been
suggested that this isotopic decoupling and the abrupt
changes in Nd isotopic compositions reflect mixing
of different water masses rather than changes in
weathering and runoff. The opening of the South
Atlantic, northward drift of India and Australia, and
opening of the Drake Passage probably affected the
circulation patterns in the Atlantic, allowing commu-
nication with the Pacific Ocean, which affected the
Nd isotopic composition of these water masses [10].
In the present study, new data confirm the changes in
Nd isotopic composition 75-35 Ma and 20 Ma ago
in the Atlantic Ocean and elucidate the paleoceanic
evolution of the Tethys Ocean.

2. Sampling

Different materials, such as metalliferous sedi-
ments, Fe—Mn ores, carbonate fossils, marine phos-
phates, authigenic argillites, clay fractions and glau-
conites have been used to estimate Nd isotopic varia-
tions in ancient ocean waters [1,7,11-21]. Each of
these components might have integrated the Nd and
Sr isotopic composition of seawater but, because
they originate in very different depositional environ-
ments, their Nd isotopic compositions are quite vari-
able and reflect the broad environments in which
they formed. Therefore, to minimize the scatter of
the Nd secular variation, Stille [10] avoided compila-
tion of isotope data from different mineralogies that
formed in very different depositional environments.
Fe-Mn deposits were totally excluded because they
formed slowly at the bottom of the oceanic basins
and integrate the Nd isotopic composition of seawa-
ter over millions of years.

Nevertheless, the abrupt change observed in Nd
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isotopic composition during the Miocene (20 Ma ago
[10]) remained questionable. This change becomes
mainly visible when the Nd isotope data of Fe-Mn
coatings on planktonic foraminifera tests from the
South Atlantic are combined with data of phosphate
peloids from the North Atlantic (Carolina phospho-
genic province). The phosphate peloids were de-
posited in an pericontinental environment, whereas
Fe—Mn coatings of planktonic foraminifera have ad-
sorbed rare earth elements during sedimentation at
2000 m depth and consequently represent the Nd
isotopic composition of deeper bottom water [15].
Stille [10] used carbonates and fish skeletal remains
in his compilation, which raises the question as to
whether the data of these very different materials
really represent similar water masses.

In order to resolve the question concerning the
abrupt change in Nd isotopic composition during the
Miocene (20 Ma ago) in the Atlantic, we analyzed
individual phosphate peloids coming from precisely
dated Miocene phosphate units of the Carolina phos-
phogenic province that formed during the period
between 22 and 18 Ma. Very detailed Sr isotope
studies have been performed on the same section
[20,22]. These investigations concluded that, of the
five phosphate grain types (brachiopods, vertebrae,
teeth, bone splinters and peloidal grains), phosphate

Table |

peloids are the most suitable to determine the Sr and
Nd isotopic composition of shallow shelf seawater.

In order to reconstruct the water exchanges of the
Tethys with the Atlantic and Indian oceans, the Nd
isotopic composition of phosphate peloids from a
Miocene section in Malta (Mediterranean) have been
analyzed. A detailed Sr, K—Ar and C isotope study
has recently been performed on the Malta section in
order to date and characterize the age of phospho-
genesis in this region. The results demonstrate that
the formation ages of the Malta phosphate horizons
correlate well with those of the Carolina phospho-
genic province and with similar sections in Florida,
and they manifest a positive 8'*C excursion typical
of the Monterey Formation [23]. The initial Sr iso-
topic compositions of the phosphate peloids from
both the Carolina and Malta sections are, with one
exception (Messinian sample from Malta section),
identical with those of contemporaneous seawaters,
as suggested by Hodell et al. [24].

3. Analytical procedures
Peloidal grains were hand-picked to 99% clean

under a binocular microscope. Samples were ground
to a fine powder by agate mortar and pestle. Pow-

Nd isotopic compositions of carbonates and phosphate concretions from the Tethys

Sample  Stage Age® Origin® Lithology ''Nd/'™Nd¢ 'Sm/'"™Nd '¥Nd/'Nd(T) ey ¢ (D
(Ma)
1P 22 Bajocian 168 vT carbonate  0.512277(31) 0.1198 0.512145 —-5.40
IP 25 Late Barremian 126 VT carbonate  0.512135(12) 0.1232 0.512033 —8.64
IP 26 Early Aptian 120 vT carbonate  0.512136(34) ~0.118 0.512043 —8.60
IP 27 Late Cenomanian 93 VT carbonate  0.512086(28) ~0.118 0.512014 —0.84
1P 28 Early Turonian 90 VT carbonate  0.512179(34) 0.1156 0.512111 -8.02
3144 Late Albian 100 VT phosphate  0.512166(7) 0.1231 0.512085 —8.28
2469 Early Albian 108 VT phosphate  0.512147(6) 0.1192 0.512063 —8.51
3181 Late Aptian 112 VT phosphate  0.512195(8) 0.1313 0.512099 -7.70
3012 Late Aptian 115 VT phosphate  0.512164(8) 0.1401 0.512039 —8.41
2950 Early Aptian 120 VT phosphate  0.512222(6) 0.1348 0512116 -7.17
BC1 Valanginian 137 BC phosphate  0.512210(8) 0.1099 0.512111 —6.83
Pho 3904  Late Campanian 75 Egypt phosphate  0.512185(14) 0.1215 0.512125 -8.12
Pho 3903  Lutetian 53 HR phosphate  0.512188(10) 0.1209 0512148 -8.29

* Absolute ages according to [45]. " VT = Vocontian Trough, BC = Bethic Cordillera, HR = Helvetic realm. ¢ Given uncertainties of the
present-day Nd isotopic compositions are 20 of the mean values. ¢ e{l) = 10* x [("*Nd/ " NdT) . — '+
Nd/ "“NdT) ) /(*Nd / ' Nd%) ;r ). CHUR = Chondritic Uniform Reservoir,

sample
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Table 2

Sr ages and present-day Nd isotopic compositions of Miocene
phosphates from the North Atlantic (Carolina phosphogenic
province) and the Mediterranean sea (Malta)

143 /144 3
Nd/"™Nd© ey

Sample ? Srage®

Aurora section (Carolina phosphogenic province)

GHS8.5R (— 96 ft) 17.1 0.512209(7) —8.37
GHS8,5R(—108 ft)  12.1 0.512272(31) -7.14
GHS,5R(—109ft) 178 0.512213(7) —8.29
GH8,5R (—1191t) 175 0.512262(16) -7.33
GHS8,5R(~126ft)  17.7 0.512266(7) -7.26
GH8,5R(—133f) 180 0.512243(13) ~7.71
GHS8,5R(— 144 ft) 185 0.512232(11) -7.92
GCH8,5R (—1621t) 214 0.512209(12) —-8.37
GHS8,5R (—170ft)  21.5 0.512188(9) —8.78
GH85R (—174f1) 228 0.512218(8) -8.19
GH8.5R (—178 ft) 229 0.512230(6) -7.96
GH8,5R(-1821ft) 229 0.512220(7) —8.15
Onslow Bay

OB3-7 10.2 0.512246(7) —7.65
OB3-14 10.8 0.512262(8) -7.33
OB24-5 17.8 0.512319(7) —-6.22
OB24-6 17.8 0.512333(12) —595
OB24-9 19.7 0.512270(13) —17.18
OB24-11 19.2 0.512304(15) —-6.52
OB29B-9 18.4 0.512318(21) —6.24
OB29B-21 18.6 0.512307(22) —6.46
OB29B-29 19.0 0.512336(15) —5.89
OB45-1 9.6 0.512217(8) —8.21
0B45-15 16.8 0.512242(8) -172
OB53-14 8.4 0.512283(7) —6.92
OB53-24 8.0 0.512272(6) ~7.14
OB64-14 17.8 0.512329(6) -6.03
OB64-18 18.3 0.512322(7) —6.16
OB64-21 18.8 0.512330(11) -6.01
OB64-26 19.1 0.512322(9) —6.16
Malta (Mediterranean Sea)

QAB28 17.2 0.512199(13) —8.56
QAB29 17.3 0.512207(11) —8.41
QAB30 17.0 0.512175(17) —9.03
QAB3I 17.0 0.512242(19) -1.72
1G8 6.0 0.512145(18) -9.62
FG5 245 0.512370(11) —5.23
FG8 243 0.512399(16) —4.66
FG17 22.0 0.512277(10) —7.04
FG41 17.1 0.512177(10) —8.93
FG43 16.1 0.512215(8) —8.25

QAB = Qammieh section; IG = Il Gelmus; FG = Fomm Ir Rih
Bay section. * Sedimentary unconformity in Aurora section at 109
. Psr ages according to [20,22] (Carolina) and [23] (Malta).
“ Given uncertainties of the Nd isotopic compositions are 2o of
the mean values.

dered samples were treated with 0.5 N acetic acid in
order to remove Sr-rich calcite overgrowths and
rinsed with distilled water prior to dissolution in 6 N
HCI. Chemical separations were performed using
ammonium citrate and 4 and 6 N HCI as eluents
through AG50W-X12 (200-400) ion-exchange resin
in 1 ml quartz columns for bulk rare earth element
separation. Nd was separated using the same type of
resin and column and a-hydroxyisobutyric acid as
eluent. The blank at the time of analysis was < 180
pg for Nd. Nd was measured using triple Ta—Re~Ta
filament assemblies. [sotopic measurements was per-
formed on a fully automatic VG Sector mass spec-
trometer with a 5 cup multicollector. The ratio
“*Nd/ "“*Nd = 0.7219 was used for fractionation
correction. The average '**Nd / '**Nd for 16 La Jolla
standard measurements was 0.511840 + 6 (2 stan-
dard deviation of the mean). Typically, 80—150
ratios for Nd were collected to achieve adequate
precision. The isotope data are compiled in Tables 1
and 2.

4. Results and discussion

4.1. The Nd isotopic evolution of Tethys seawater

from 180 to 90 Ma

In this section we will focus on the early evolu-
tion of Tethys seawater. The early Tethys was an
appendix of the Pacific or Panthalassa (Fig. 1A).
From 170 to 150 Ma ago (Early—Middle Jurassic),
Tethys seawater had Nd isotopic signatures close to
the Pacific ("*Nd/'*Nd=051211;, ey, = —6;
Fig. 2). However, with the breakup of Pangea and
the subsequent plate movement, continental runoff
draining into the young basin became more impor-
tant and led to a decrease in Nd isotopic composition
values. Consequently, the Nd isotopic evolution sug-
gests that Tethys seawater became increasingly de-
coupled from the Pacific Ocean, as previously ob-
served by Shaw and Wasserburg [7]. Measurements
on authigenic phosphate concretions from the Vo-
contian Trough, located in the northern part of Tethys
(Table 1), indicate that Tethys seawater reached its
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lowest Nd isotopic composition values, almost conti-
nental crust-like, during the late Early Cretaceous
(120-90 Ma ago; €y, = —8.8 and — 10, respec-
tively). These low values probably result from me-
chanical erosion of continental crust in combination
with the very special climatic conditions at that time.
During this period worldwide basaltic volcanism and
associated outgassing of CO, was extensive and led
to the establishment of greenhouse conditions ([25]
and references therein) which accelerated weathering
and flux rates of continental detritus into the oceans
[26].

From 180 to 90 Ma the Nd isotopic evolution is
geochemically not decoupled from Sr, with both
suggesting an increasing continental runoff. In the
Aptian, the Sr seawater curve suddenly dips down-
ward, suggesting an increased mid-ocean ridge hy-
drothermal flux which recovers gradually through
the Albian [27]. Volcanism, seafloor spreading, and
hydrothermal activities have frequently been invoked
to explain short-term excursions towards lower
¥Sr/%Sr. Similarly, the few Nd isotope data
presently available also suggest an increased hy-
drothermal flux between 120 and 90 Ma ago.

4.2. The global paleocirculation and Nd isotopic
evolution of seawater from 90 to 25 Ma

From 100 to 80 Ma ago, the counter-clockwise
rotation of the African plate lead to the opening of
the South Atlantic. This in turn, lead to compres-
sional plate movements in the Tethys region between
the European and African plates (Fig. 1B [28]).
However, this did not lead to an immediate narrow-
ing of the Tethys seaway because global sea level
was rising at the same time. Only in the Tertiary,
when this late Cretaceous first-order sea level high-
stand was over [29], did the new plate kinematic
framework lead to a complete change in the general
global current pattern. The E-W currents in the
former Indian-Tethys—Caribbean seaway were re-
placed by N-S currents in the northern and southern
Atlantic ([30] and references therein).

Between 90 and 25 Ma ago (Late Cretaceous—
Early Tertiary) the Nd isotopic composition of At-
lantic and Tethys seawater increased significantly,
from '*’Nd/ "**Nd ratios of 0.51205 (ey, = —10)
to 0.5123 (ey, = —6; Fig. 2 and Fig. 3) which is

Fig. 1A. Kimmeridgian (152 Ma)

Fig. 1. Evolution of the Tethys basin durin the Mesozoic and
Cenozoic according to Scotese et al. [28]. (A) Jurassic: breakup of
Pangea and formation of Tethys with its appendix-like shape. (B)
Cretaceous: opening of the South Atlantic and northward drift of
India. (C) Early to middle Tertiary: separation of Australia from
Antartica and its northward drift and collision with Indonesia
during the Middle Miocene.
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close to the lowermost values observed for the Pa-
cific Ocean at that time. New data on phosphate
concretions from northern Tethys (Helvetic realm)
and the southern margin of Tethys (Egypt) support
this change towards higher, more mantle-like iso-
topic composition values for Tethys seawater (Fig. 3;
Table 1). However, the Sr isotopic composition in-
creased constantly towards crustal compositions in
both basins, indicating that Sr and Nd isotope sys-
tems were, in contrast to the period from 180 to 90
Ma, geochemically decoupled at this time. In the
Atlantic, this decoupling from 80 to 25 Ma was
explained by the exchange and mixing of isotopi-
cally different water masses rather than the increas-
ing influence of a mantle or crustal source [10]. The
advent of isotopically different water masses in the
North Atlantic was probably due to the opening of
the South Atlantic and the northward drift of India at
about 90-80 Ma ago (Fig. 1B). This enabled the
more radiogenic Pacific surface waters (e, > —4.7;
143Nd/ 1*'Nd > 0.5124) to travel westwards around
southern Africa into the South Atlantic and, finally,

etary Science Letters 144 (1996) 9-19
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tion at 25 Ma (Late Oligocene—Early Miocene)
reaching values above 0.51237 (e, = —4.6; Fig. 3),
which is higher than observed for contemporaneous
Atlantic seawater. This indicates that, during this
period, large masses of Pacific surface waters en-
tered the Tethys basin again through the Indian—
Tethys seaway. This increasing intflow of Pacific
seawater into Tethys was probably related to a first-
order sea-level highstand some 80-50 Ma ago (Late
Cretaceous—Early Tertiary [29]). This highstand ap-
parently could completely compensate the plate tec-
tonic induced narrowing of Tethys seaway which
started in Late Cretaceous. Erosional base-level was
higher during this highstand, which diminished con-
tinental runoff. Furthermore, the extensive growth of
carbonate margins during the Middle and Late Creta-
ceous might have sealed many siliciclastic shore-
lines, which also led to a reduction in continental
runoff. Therefore, the combination of a higher input
of Pacific seawater and a reduction in continental
runoff may have led to the increase in '**Nd/'**Nd
ratios observed in the Tethys at that time.

During the Eocene (55-35 Ma) the Indian—Tethys
seaway became very narrow between the Arabian
plate to the south and the Eurasian plate to the north
[30] but the Nd isotopic composition of Tethys sea-
water remained elevated. This indicates that consid-
erable amounts of Pacific seawater could still enter
Tethys. In the Early Miocene (25 Ma) the Nd iso-
topic composition of Tethys seawater was very close
to Pacific seawater (Fig. 2). This supports the hy-
pothesis that Pacific seawater still fed the Tethys
basin, in spite of the narrow seaway. Based on stable
isotope data of benthic foraminifera and sedimento-
logical and faunal evidence, Woodruft and Savin
[31] suggested that, during the Early Miocene, a
warm saline plume of bottom water flowed from
eastern Tethys across the present day Persian Gulf
region into the Indian Ocean. According to these
authors this outflow probably triggered a surface
counter-current of Indian seawater into Tethys, which
is in good agreement with our Nd isotope data.

4.3. The paleocirculation and Nd isotopic evolution
of Pacific and Tethys seawater from 25 to 10 Ma

A strong decrease in Nd isotopic ratios in Atlantic
seawater 25-20 Ma ago was first described by Palmer

and Elderfield [15] using only Nd isotope data from
Fe—Mn coatings of foraminifera from the South At-
lantic (Fig. 4A). In the present study we use new
data for phosphate peloids from two different areas:
one in North Carolina (Fig. 4B), representing North
Atlantic seawater, and another on Malta (Mediter-
ranean), representing Tethys seawater (Fig. 4C).
These new data confirm the major change towards
less radiogenic Nd isotopic composition values 20
Ma ago and suggest the establishment of a new
circulation pattern in the Atlantic and Tethys oceans.
During this period, from 180 to 100 Ma, Sr and Nd
were probably not geochemically decoupled and sug-
gest increasing continental runoff.

The largest decrease in Nd isotopic ratios is ob-
served in Tethys seawater (Fig. 4C). The phosphate
peloids from 3 different and well dated stratigraphic
sections from Malta [23] show the highest
"*Nd/ "**Nd isotopic composition values of 0.5124
(eyy = —4.1) at approximately 25 Ma ago. This Nd
value is close to contemporaneous Pacific Ocean
water. The isotopic composition decreased to values
lower than 0.5122 (ey, = —8.2) about 17 Ma ago.
At this time the Nd isotopic ratios ranged between
0.5122 and 0.51224, corresponding to a variation of
1.3 € units. This major change in Nd isotopic com-
position may reflect the collision of the Arabian and
Eurasian plates. Thus, the Indian—Tethys seaway
started to close about 25 Ma ago leading to the
diminution of radiogenic Pacific seawater and the
breakdown of the circum-equatorial circulation pat-
tern of the world oceans approximately 20 Ma ago
(Early Miocene; Fig. 1C). The lowest ">Nd/ '"**Nd
value of 0.51215 (e, = —9.4) has been found in
the youngest phosphate sample, which formed about
6 Ma ago (Messinian). During the Messinian the
seaway between Atlantic and Tethys closed in re-
sponse to a worldwide regression [32]. The Mediter-
ranean Sea dried up and its basinal parts were filled
by thick evaporites. Fresh waters overprinted the
geochemical composition of the evaporites, leading
to the development of nonmarine *'Sr/ *Sr values
and precluding their use for stratigraphic correlation
and dating [33]. This complete isolation of the Tethys
could also explain the very low crust-like Nd iso-
topic composition found in the Messinian of the
Malta section.

Data from phosphate peloids in the lowermost
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part of the North Carolina Miocene section suggest
an isotopic evolution in the North Atlantic Ocean
about 23-20 Ma ago that is similar to that of the
Tethys (Fig. 4B). However, it is not likely that
closing of the small Indian-Tethys seaway alone
caused this strong Nd shift. Rather, we suggest that
less radiogenic seawater entered the Atlantic from
the south. A possible explanation for this could be
the separation of Australia from Antarctica about 45
Ma ago and its northward drift and collision with
Indonesia during the Middle Miocene (Fig. 1C, [34]).
This plate tectonic event led to the evolution of
today’s circulation pattern, with individual current
systems for the Indian and Pacific oceans [35]. Con-
sequently, it was no longer radiogenic Pacific water
that entered the Atlantic directly from the south
around Africa 23-20 Ma ago but, rather, Indian
Ocean water whose present-day Nd isotopic compo-
sition is known to be less radiogenic [4]. In addition,
Sr isotopic composition values of seawater indicate
that, during the Miocene, continental weathering and
runoff increased mainly due to the collision of India
with Asia and denudation of the Himalayan-Tibetan
orogen [36,37]. Thus, continental weathering proba-
bly also became a dominant process for the oceanic
Nd budget.

Beginning about 20-18 Ma ago, the Nd isotopic
compositions of the Atlantic and Tethys oceans
evolved differently. Whereas the Nd isotopic compo-
sition of Tethys seawater continued to decrease, the
isotopic composition of the North Atlantic Ocean
water started to increase again and reached values as
high as 0.51226 (e, = —7.4) at about 18 Ma ago
(Fig. 2 and Fig. 3 and 4B). Phosphate peloids from
the Aurora section in the Carolina phosphogenic
province have '*Nd/'**Nd ratios of higher than
0.5123 (eyy = —6.6) which are close to values found
for contemporaneous Pacific seawater. At this time
Sr and Nd are again decoupled from 80 to 25 Ma.
Therefore, the significant increase in Nd isotopic
composition in the Atlantic might be caused by
major changes in the circulation pattern within the

Atlantic Ocean itself between 25 and 20 Ma. The
change in currents might have been in response to
the opening of Drake Passage, which led to estab-
lishment of the circum-Antarctic current system (Fig.
1C, [38]). Opening of the Drake Passage enabled
Pacific seawater to travel around Antarctica and to
enter the South Atlantic and to flow northwards to
join the Gulf Stream portion of the North Atlantic
gyre. This new admixture of more radiogenic Pacific
seawater would explain the increase in Nd isotopic
composition of the Atlantic between 20 and 18 Ma.

Since about 18 Ma, the Nd and Sr isotopic com-
position of the Atlantic Ocean have no longer been
decoupled and have evolved to present-day seawater
values (Fig. 3). This might indicate that the influx of
Pacific seawater into the Atlantic diminished soon
after the Drake Passage opened. However, it is more
probable that the continued opening of the North
Atlantic between Greenland and Scandinavia at the
Reykjanes Ridge and subsidence of the Iceland—
Faeroe Ridge about 16 Ma ago [39-41] allowed the
Arctic Norwegian Overflow Water to enter the North
Atlantic basin and form the North Atlantic Bottom
Water. No data exist for the isotopic composition of
the paleo-North Atlantic Bottom Water. However,
investigations of the present-day current demonstrate
that it has the lowest Nd isotopic composition (=
0.51195; €y, = —13.5) ever measured in the open
ocean [3]. Because upwelling of cold, nutrient-en-
riched bottom water became a widespread phe-
nomenon during the Miocene that lead to deposition
of primary phosphate sediments [42], we suggest that
exchange of these non-radiogenic bottom waters with
surface waters caused the decreasing isotopic com-
position values in the youngest history of the At-
lantic Ocean.

5. Conclusions

The combination of Sr and Nd isotope data from
marine phosphates allows reconstruction of the pale-

Fig. 4. (A) Variations in I“Nd/ 144N ratios in Fe—Mn coatings of foraminifera form the South Atlantic (DSDP Site 357) during the past
30 Ma. Data from Palmer and Elderfield [15]. (B) and (C) Variations in "“*Nd/'**Nd ratios in phosphate peloids from Carolina (North
Atlantic) and Malta (Tethys), respectively. In (B) (Aurora section, Table 2) only samples below the sedimentary unconformity and
depth-increasing Sr ages have been used. Insert in (B) shows the same data plotted vs. core depth.
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oceanic evolution of the Atlantic and Tethys oceans
during the past 180 Ma. Changes in circulation
patterns, especially connected with the increasing
input of Pacific seawater, caused a decoupling of the
Sr and Nd isotope systems. However, with diminish-
ing input of Pacific seawater a coupled evolution of
Sr and Nd is observable for the Atlantic and Tethys
oceans which suggests increasing continental runoff.

During two major phases the input of Pacific
seawater was important and caused the decoupling of
the Sr and Nd isotope systems: (1) in the Late
Cretaceous—Early Tertiary (90-25 Ma ago), due to
the opening of the South Atlantic and a global sea
level highstand; and (2) in the Miocene from about
20 o 18 Ma ago, due to the opening of the Drake
Passage. The Nd isotopic evolution is not geochemi-
cally decoupled from Sr from 180 to 90 Ma, from 25
to 20 Ma and from 18 Ma to the present day.

Acknowledgements

We thank B. Kiefel, D. Tisserand, and D. Ames
for their technical assistance in the laboratory and
S.L. Goldstein and two anonymous reviewers for
critical reviews of the manuscript that helped clarify
several points. E. Jacobs furnished the Malta samples
and J.G. Bréhéret the phosphate samples from the
Vocontian Trough series. (UC]

References

[1] D.J. Piepgras, G.J. Wasserburg and E.J. Dasch, The isotopic
composition of Nd in different ocean masses, Earth Planet.
Sci. Lett. 45, 223-236, 1979.

[2] D.J. Piepgras and G.J. Wasserburg, Neodymium isotopic
variations in seawater, Earth Planet. Sci. Lett. 50, 128—138,
1980.

[3] D.J. Piepgras and G.J. Wasserburg, Influence of Mediter-
ranean outflow on the isotopic composition of Nd in waters
of the North Atlantic, J. Geophys. Res. 88, 5997-6006,
1983.

[4] F. Albarede and S.L. Goldstein, World map of Nd isotopes in
sea-floor ferromanganese deposits, Geology 20, 761-763,
1992.

[5] M.R. Palmer and J.M. Edmond, The strontium isotope bud-
get of the modern ocean, Earth Planet. Sci. Lett. 92, 11-26,
1989.

[6] C.J. Bertram and H. Elderfield, The geochemical balance of

the rare earth elements and neodymium isotopes in the

oceans, Geochim. Cosmochim. Acta 57, 1957-1986, 1993.

H.F. Shaw and G.J. Wasserburg, Sm—Nd in marine carbon-

ates and phosphates: Implications for Nd isotopes in seawater

and crustal ages, Geochim. Cosmochim. Acta 49, 503-518,

1985.

[8] W.H. Burke, R.E. Denison, E.A. Hetherington, R.B. Koep-

nick, H.F. Nelson and J.B. Otto, Variation of seawater

87Sr/ 83r throughout Phanerozoic time, Geology 10, 516—

519, 1982.

P. Stille, S. Chaudhuri, Y.K. Kharaka and N. Clauer,

Neodymium, strontium, oxygen and hydrogen isotope com-

positions of waters in present and past oceans: a review, in:

Isotopic signatures and sedimentary rocks, N. Clauer and S.

Chaudhuri, eds., pp. 389-410, Springer, Berlin, 1992.

{10] P. Stille, Nd-Sr isotope evidence for dramatic changes of
paleocurrents in the Atlantic Ocean during the past 80 m.y.,
Geology 20, 387-390, 1992.

[11] P.). Hooker, P.J. Hamilton and R.K. O’Nions, An estimate of
the Nd isotopic composition of Iapetus seawater from ca. 490
Ma metalliferous sediments, Earth Planet. Sci. Lett. 56,
180-188, 1981.

[12] RK. O’Nions, S.R. Carter, R.S. Cohen, N.M. Evenson and
P.J. Hamilton, Pb, Nd and Sr isotopes in oceanic ferro-
manganese deposits and ocean floor basalts, Nature 273,
435-438, 1978.

[13] S.L. Goldstein and R.K. O'Nions, Nd and Sr isotopic rela-
tionships in pelagic clays and ferromanganese deposits, Na-
ture 292, 324-327, 1981.

[14] H. Staudigel, P. Doyle and A. Zindler, Sr and Nd isotope
systematics in fish teeth, Earth Planet. Sci. Lett. 76, 45-56,
1985 /86.

[15] M.R. Palmer and H. Elderfield, Variations in the Nd isotopic
composition of foraminifera from Atlantic oceanic sediments,
Earth Planet. Sci. Lett. 73, 299-305, 1985.

[16] P. Grandjean, H. Cappetta, A. Michard and F. Albaréde, The
assessment of REE patterns and 143Nd/ '44Nd ratios in fish
remains, Earth Planet. Sci. Lett. 84, 181-196, 1987.

[17] P. Stille and N. Clauer, Sm—Nd isochron-age and provenance
of the argillites of the Gunflint Iron Formation in Ontario,
Canada, Geochim. Cosmochim. Acta 50, 1141-1146, 1986.

[18] P. Stille, N. Clauer and J. Abrecht, Nd isotopic composition
of Jurassic Tethys seawater and the genesis of Alpine Mn-de-
posits: Evidence from Sr-Nd isotope data, Geochim. Cos-
mochim. Acta 53, 1095-1099, 1989.

[19] P. Stille and H. Fischer, Secular variation in the isotopic
composition of Nd in Tethys seawater, Geochim. Cos-
mochim. Acta 54, 3139-3145, 1990.

[20] P. Stille, S.R. Riggé, N. Clauer, D. Ames, R. Crowson and
S.W. Snyder, Sr and Nd isotopic analysis of phosphorite
sedimentation through one Miocene high-frequency deposi-
tional cycle on the North Carolina continental shelf, Mar.
Geol. 117, 253-273, 1994.

[21] W. Abouchami and S.L. Goldstein, A lead isotopic study of
Circum-Antarctic manganese nodules, Geochim. Cos-
mochim. Acta 59, 1809-1820, 1995.

[22] S.R. Riggs, P. Stille and D. Ames, Sr isotopic age analysis of

{7

[9

[t}



P. Stille et al. / Earth and Planetary Science Letters 144 (1996) 9--19 19

co-occuring Miocene phosphate grain types on the North
Carolina Shelf, J. Sediment. Res.. in press, 1996.

[23] E. Jacobs, H. Weissert, G. Shields and P. Stille, The Mon-
terey Event in the Mediterranean: a record from shallow
shelf sediments from Malta, Paleoceanography, in press,
1996.

[24] P.J. Hodell, P.A. Mueller and I.R. Garrido, Variations in the
strontium isotopic composition of seawater during the Neo-
gene, Geology 19, 24-27, 1991.

[25] H. Weissert and H. Mohr, Late Jurassic climate and its
impact on carbon cycling, Palacogeogr. Palaeoclimatol.
Palaeoecol., in press, 1996.

[26] K.B. Follmi, H. Weissert and A. Lini, Nonlinearities in
phosphogenesis and phosphorus—carbon coupling and their
implications for global change, in: Interactions of C, N, P
and S Biochemical Cycles and Global Change, R. Wollast,
F.T. MacKenzieet al., eds.. NATO ASI Series Vol. 14, pp.
447-474, 1993.

[27] CE. Jones, H.C. Jenkyns, A.L. Coe and S.P. Hesselbo,

Strontium isotopic variations in Jurassic and Cretaceous sea-

water, Geochim. Cosmochim. Acta 58, 3061-3074, 1994,

C.R. Scotese, L.M. Gahagan and R.L. Larson, Plate tectonic

reconstructions of the Cretaceous and Cenozoic ocean basins,

in: Mesozoic and Cenozoic Plate Reconstructions, C.R.

Scotese and W.W. Sager, eds., pp. 27-48, 1988.

[29] P.R. Vail, RM. Mitchum, R.G. Todd, JM. Widmier, S.
Thompson, J.B. Sangree, J.N. Bupp and W.G. Hatlelid,
Seismic stratigraphy and global changes of sea level, Mem.
Am. Assoc. Pet. Geol. 26, 149-212, 1977.

[30] J. Butterlin, B. Vrielynck, G. Bignot, J. Clermonte, M.
Colchen, J. Dercourt, R. Guiraud, A. Poisson and L.E. Ricou,
Lutetian palecenvironments (46~40 Ma), in: Atlas Tethys
Palaeoenvironmental Maps, J. Dercourt, L.E. Ricou, et al.,
eds., pp. 197-209, BEICIP-FRANLAB, Rueil-Malmaison,
1993,

[31] F. Woodruff and S.M. Savin, Miocene deepwater oceanogra-
phy. Paleoceanography 4, 87—140, 1989.

[32] K.J. Hsii, M.B. Cita and W.B.F. Ryan, The origin of the
Mediterranean evaporites, in: Init. Rep. DSDP 30, 1203-
1231, 1973.

[33] D.W. Miiller, P.A. Mueller and J.A. McKenzie, Strontium

[28

[

isotopic ratios as fluid tracers in Messininan evaporites of the
Tyrrhenian sea (western Mediterranean Sea), Proc. ODP Sci.
Results 107, 603-614, 1990.

[34] A.R. Edwards, Southwest Pacific Cenozoic paleogeography
and and integrated Neogene paleocirculation model, in: Init.
Rep. DSDP 30, 667-684, 1975.

[35] G. Keller and J.A. Barron, Paleoceanographic implications of
Miocene deep-sea hiatuses, Bull. Geol. Soc. Am. 94, 590—
613, 1983.

[36] F.M. Richter, D.B. Rowley and D.J. DePaolo, Sr isotope
evolution of seawater: the role of tectonics, Earth Planet. Sci.
Lett. 109, 11-23, 1992.

[37]1 M.E. Raymo, The Himalayas organic carbon burial, and
climate in the Miocene, Paleoceanography 9, 399-404, 1994.

[38] N.J. Shackleton and J.P. Kennet, Paleotemperature history of
the Cenozoic and the initiation of Antarctic glaciation: Oxy-
gen and carbon isotope analyses in DSDP Sites 277, 279, and
281, Init. Rep. DSDP 29, 743-755, 1975.

[39] J.G. Sclater, S. Hellinger and C. Tapscott, The paleo-
bathymetry of the Atlantic Ocean from the Jurassic to the
present, J. Geol. 85, 509-552, 1977.

[40] R.R. Vogt, The Faeroe-Greenland—Iceland Ridge and the
western boundary undercurrent, Nature 239, 79-81, 1972.

[41] AN. Shor and R.Z. Poore, Bottom currents and ice rafting in
the North Atlantic: Interpretation of Neogene depositional
environments of Leg 49 cores, Init. Rep. DSDP 49, 859-872,
1979.

[42] S.R. Riggs, Paleoceanographic model of Neogene phospho-
rite deposition, U.S. Atlantic Continental Margin, Science
223, 123-131, 1984.

[43] M.S. Chyi, D.A. Crerar, R.W. Carlson and R.F. Stallard,
Hydrothermal Mn deposits of the Franciscan assemblage, II.
Isotope and trace element geochemistry, and implications for
hydrothermal convection at spreading centers, Earth Planet.
Sci. Lett. 71, 31-45, 1984.

[44] L.S. Keto and S.B. Jacobsen, Nd isotopic variations of
Phanerozoic paleoceans, Earth Planet. Sci. Lett. 90, 395-410,
1988.

[45] W.B. Harland, R.L. Armstrong, A.V. Cox, L.E. Craig, A.G.
Smith and D.G. Smith, A Geologic Time Scale 1989, 263
pp.. University Press, Cambridge, 1990.



