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Abstract

The timing of events leading to the earliest connection between the Pacific and Atlantic oceans at Drake Passage is

controversial but important, because gateway opening probably had a profound effect on global circulation and climate. A

rigorous new analysis of marine geophysical data demonstrates a major change in the motion of the South American and

Antarctic plates at about 50 Ma, from N–S to WNW–ESE, accompanied by an eightfold increase in separation rate. This

would have led to crustal extension and thinning, and perhaps the opening of small oceanic basins, with the probable

formation of a shallow (b1000 m) gateway during the Middle Eocene. No change in South American–Antarctic motion is

observed near the Eocene–Oligocene boundary, but a deep-water connection developed between 34 and 30 Ma, when

continued extension led to the initiation of seafloor spreading at the West Scotia Ridge. These timings correlate with events

seen in the oxygen isotope record from benthic foraminera, and support the view that Drake Passage opening was the

trigger for abrupt Eocene–Oligocene climate deterioration and the growth of extensive Antarctic ice sheets.

D 2005 Elsevier B.V. All rights reserved.
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1. Global cooling and Southern Ocean gateways

The Cenozoic y18O record from benthic forami-

nera [1] shows a gradual decline in global temper-

ature from about 50 Ma (Early Eocene),followed, at

33–34 Ma (Eocene–Oligocene boundary), by an

abrupt cooling/glaciation event (Oi-1), and then a
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prolonged cold period until 26 Ma, during which

extensive ice sheets formed on East Antarctica.

Formation of deep water dgatewaysT at the South

Tasman Rise and Drake Passage has long been

recognized as a possible cause of the abrupt Eo-

cene-Oligocene event, by creating a deep pathway

for the Antarctic Circumpolar Current (ACC) and

bringing about the thermal isolation of Antarctica

[2,3], although other models involving declining

CO2 [4,5], closure of a circum-equatorial seaway

[6] and tectonic uplift [7], have also been proposed.



R. Livermore et al. / Earth and Planetary Science Letters 236 (2005) 459–470460
An influential theory suggesting that, even after

ocean crust started to form in Drake Passage, the

developing gateway might have been obstructed by

relict continental crust until the Early Miocene (23.5

Ma or later, [3,8]), is unsupported by recent work [9].

Hence, correlation of earlier events in Drake Passage

with the y18O record would constitute strong evidence

of a causal relationship between gateway opening and

global changes in circulation and climate. Although it

has been established [8,10] that seafloor spreading

occurred prior to magnetic chron C8 (26 Ma), and,

probably, chron C10 (29 Ma), based on identification

of anomalies within 100 km of the South American

margin and in the southwest Scotia Sea [11], the

kinematics and timing of the initial opening have

remained obscure.
1 The younger end of the normal polarity chron is picked in each

case.
2. South America-Antarctica plate tectonics

The ultimate control on Drake Passage opening

was the relative motion of the South American and

Antarctic plates, which enclose the Scotia Sea. A

detailed record of this motion is contained in remark-

able sets of gravity and magnetic anomalies in the

Weddell Sea (Fig. 1), formed as a consequence of

seafloor spreading on the southern flank of the

South American-Antarctic (SAM-ANT) plate bound-

ary [12]. These data cannot be used in conventional

methods for estimating plate motions, because much

of the opposing, South American, flank of the spread-

ing system has been lost by subduction beneath the

Scotia Sea. Hence, the only rotations published to date

for SAM-ANT motion are based on fitting of anoma-

lies on the flanks of the South American-Antarctic

Ridge [13], more than 1000 km east of Drake Passage,

or else are derived by addition of rotations around the

circuit: South America-Africa-Antarctica (e.g. [14]).

We have therefore extended the technique of Shaw

and Cande [15], involving joint inversion of sea floor

isochrons, derived from picks of magnetic anomalies,

together with continuous flow lines derived from

satellite gravity anomalies, to permit the inclusion of

data from only one flank of a spreading segment. This

dnon-conjugateT fitting involves matching each iso-

chron with every other isochron on the same flank

(Fig. 2), as was done by Engebretson et al. [16], using

a different technique. To ensure that the overall con-
tribution of a pick involved in non-conjugate fitting

was no greater than a pick used for conjugate fitting, a

weight was applied, equal to the inverse of the number

of isochrons to which the pick was rotated. An itera-

tive inversion procedure was then adopted to find the

best-fitting model in a least-squares sense. The advan-

tages of this technique are: i. solutions are constrained

by continuous flow lines rather than by matching

discrete azimuths, resulting in a much smoother mi-

gration of stage poles [17], ii. estimates of uncertain-

ties and data importances (the contribution of

individual data points to the solution) are provided

by the inversion, iii. statistical analysis of results can

be performed to ensure that assumptions about the

distribution of errors are fulfilled.

We applied this technique to a data set consisting

of picks1 of magnetic anomalies C6 (19 Ma), C8 (26

Ma), C13 (33 Ma), C18 (38 Ma), C20 (43 Ma), C21

(46 Ma), and C30 (66 Ma), from the compilation by

Livermore and Woollett [12], augmented by addition-

al picks from the southwest Atlantic (Fig. 3). These

were combined with flow lines digitized from the

satellite free-air gravity anomaly field [18], and

inverted to produce a set of finite rotations describing

South American motion with respect to Antarctica

(Table 1), together with associated uncertainties.
3. Results

The set of solution poles and their uncertainty

ellipses are plotted in Fig. 4, from which the smooth

variation in pole location prior to C8y is apparent. The

westward jump at C30–C21 reflects the formation of

the kink in the Weddell Sea flow lines, while the large

southward jump at C8–C6 correlates with the abrupt

change in plate motion that led to the formation of

long-offset fracture zones on the South American–

Antarctic Ridge [13,19]. Uncertainty ellipses are elon-

gated in a direction approximately perpendicular to

the flow lines, reflecting the relatively short length of

ridge available, while the small uncertainty in the W–

E direction results from the very good isochron fits

obtained. Poles younger than C6 could not be esti-



Fig. 1. a. Free-air gravity anomaly map of the Weddell Sea. Free-air gravity anomalies are taken from the 1-degree grid of Sandwell and Smith

[19], version 11, and are shown as shaded relief (illuminated from the east). b. Magnetic anomalies from the ADMAP compilation [32], draped

over the free-air gravity anomaly surface. Positive anomalies are shown in red and negative anomalies in blue; areas without data are shown as

grey. Clearly identifiable and continuous anomalies are labelled.
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mated with precision, because of the absence of more

recent anomalies in the Weddell Sea, although the

very good agreement of our C6 pole with the

NUVEL-1A pole for SAM-ANT [20] strongly sug-

gests that motion has been stable for the past 20 Ma.

Data importances are plotted in Fig. 3. Magnetic

isochron importances are largest for the limited

amount of data east of the South American–Antarctic
Ridge (Fig. 3a), while flow lines on the Antarctic

flank which lack conjugates have slightly larger

importances than data elsewhere (Fig. 3b). In well-

sampled areas, such as the western Weddell Sea and

western flank of the South American–Antarctic

Ridge, importances are small, indicating a high de-

gree of internal consistency. Accurate estimation of

uncertainty in the inversion is dependent upon the
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assumption of a Gaussian distribution of errors in the

data. This assumption was tested by plotting the

quantiles of the calculated errors against the quan-

tiles of the theoretical (Gaussian) distribution. Such

quantile–quantile plots approximate a straight line

near the origin, deviating when outliers become ap-

parent. In the case of our inversion, we plot the 10%

quantiles for magnetic isochron and fracture zone

(flow line) fits (Fig. 3c).

The results are compatible with spreading on a

two-plate system, and show three phases of motion

since the Late Cretaceous. Phase I began near chron

C30 (66 Ma), and ended some time before chron C21

(46 Ma), and was a period of extremely slow SAM-
Fig. 3. a. Distribution and data importances of magnetic anomaly picks (sy

are labelled according to the nomenclature of Cande and Kent [33] (se

importances. b. Distribution and data importances of fracture zone locatio

rectangular dots. c. Quantile–quantile (q–q) plots for the residuals for eac

best-fit by linear regression for the central F1j of a Gaussian distributio
ANT separation in a N–S direction, giving rise to

minimal motion between the tips of Tierra del

Fuego and the Antarctic Peninsula (Fig. 5). Phase II

followed the abrupt change in direction from N–S to

WNW–ESE near C21, accompanied by an increase in

rate from ~3 to ~24 km/Ma. Phase III commenced at

about chron C6 (20 Ma), and marked a change to W–

E motion reported previously [13]. This probably led

to a major reorganization within the Scotia Sea, in-

volving the initiation of spreading at the East Scotia

Ridge [21].

The phase I/II transition is marked by the bend at

the northern end of the kink in Weddell Sea flow lines,

observed by Livermore and Woollett [12]. This actu-

ally occurs to the south of C21, and is therefore

somewhat older, probably ~50 Ma, although it is not

calibrated by a prominent magnetic anomaly (Fig. 1).

This means that our stage pole progression is slightly

smoothed, and our estimates of spreading rates within

the kink tend to be slight overestimates. An increase

in the rate of SAM-ANT motion, coupled with a

change in direction, was reported by Cunningham et

al. [14] for the interval 55 to 40 Ma, based on addition

of SAM-AFR and AFR-ANT rotations. Their results

did not resolve the kink in SAM-ANT flow lines, but

indicated that a substantial W–E component of rela-

tive motion was maintained throughout this interval.

We attribute this difference to a lack of resolution in

the dating and definition of the changes observed at

the southern Mid-Atlantic Ridge and Southwest Indi-

an Ridge.

We speculate that the phase I/II change may have

been associated with the initiation of subduction of

South American ocean floor at a subduction zone east

of South Orkney, which was then located near the tip

of the Antarctic Peninsula (Fig. 5). Eastward retreat of

this subduction zone was accompanied by extension

and rifting of continental fragments formerly located

near the junction between the tips of Tierra del Fuego

and the Antarctic Peninsula. It is possible that the
mbols) in the Weddell Sea and Southwest Atlantic. Magnetic chrons

e key at top of figure). Radii of circles are proportional to data

ns used in the inversion. Fracture zone picks are indicated by small

h type of data used in the inversion. The straight line represents the

n.
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Table 1

Total reconstruction rotations for South America with respect to Antarctica

Chron Age

(Ma)

Lat

(8N)
Lon

(8E)
Angle

(8acw)
95% confidence ellipsoid

Axis 1 Axis 2 Axis 3 Azimuth

C6 19.05 �85.88 146.44 �6.79 1.31 0.16 0.04 107.86

C8 25.82 �73.48 165.27 �7.35 1.25 0.16 0.05 89.16

C13 33.06 �75.11 172.61 �10.26 0.97 0.12 0.04 80.13

C18 38.43 �75.85 179.21 �12.46 0.64 0.11 0.05 70.10

C20 42.54 �77.15 187.47 �14.02 0.57 0.10 0.05 64.53

C21 46.26 �79.02 198.47 �16.42 0.51 0.11 0.05 53.02

C30 65.58 �78.43 225.32 �19.31 0.55 0.09 0.06 34.29

Axis measurements describing the 95% confidence ellipsoid in 3D space are in great circle degrees/2.79. Azimuth is that of axis 1, measured

counterclockwise from east.

R. Livermore et al. / Earth and Planetary Science Letters 236 (2005) 459–470464
occurrence of alkali basalts in the southern Powell

Basin, dated at 47–50 Ma [22], may be related to

the initial stages of this subduction.

The low rate and N–S direction of SAM-ANT

motion during phase I may reflect a temporary

dlockingT of the plates in the region of the cusp

between ~66 and ~50 Ma [12], causing South Amer-

ica to dpivotT about a nearby SAM-ANT stage pole.

With the initiation of subduction, westward motion of

South America was no longer inhibited, and WNW–

ESE motion was re-established. Such a large and

abrupt change would have had major consequences,

and might be expected to have led to the opening of

the gateway. However, the timing of this change is

much earlier than previous suggestions for Drake

Passage opening [3,6].

Evaluating uncertainties associated with these cal-

culations is complicated [23], but we estimate errors

to be b108 in direction, and b5 km/Ma in rate, i.e.

much less than the changes observed at ~50 Ma and

~20 Ma. Uncertainties in timing of changes result

from the absence of distinctive anomalies at crucial

times, mis-identification of anomalies, and errors in

the magnetic reversal timescale.
4. Comparison with the spreading record in the

Scotia Sea

The ocean floor in Drake Passage was not formed

by SAM-ANT spreading, as in the Weddell Sea, but

was created at the West Scotia Ridge, which was

isolated from the major plates during much of the

Neogene by additional boundaries corresponding to
the North Scotia Ridge and South Scotia Ridge [10].

The oldest confidently identified magnetic anomaly

is C8 (26 Ma), which lies about 100 km from the

South American passive margin on the northern

flank (Fig. 6), except near the Shackleton Fracture

Zone, where it abuts the continental slope. On the

southern flank, a conjugate passive margin is not

seen, having most probably been deformed and mod-

ified by strike-slip tectonics during the recent history

of the South Scotia Ridge. Nevertheless, anomaly C8

has been identified on a small number of profiles,

lying 100–150 km from the South Scotia Ridge

[8,11]. Recent joint inversion of West Scotia Ridge

data [10] has provided precise estimates of the rota-

tions describing plate motions responsible for this

spreading, together with their uncertainties. This

model gives spreading rates of 20–25 km/Ma for

the phase of opening between C8 and C6B (26–23

Ma). Extrapolation of these rates produces an esti-

mate of 30 Ma (chron C11) for the oldest deep-sea

floor at the foot of the continental slope (Fig. 6). If

earliest rates were slower, as is frequently the case

following continental separation, then, of course, this

age estimate would be slightly greater. For example,

if rates prior to C8 were only half those between C8

and C6B, the age of the oldest crust would be 34 Ma

(chron C13). Hence, our best estimate of the age of

the oldest crust in Drake Passage is 32F2 Ma, and

onset of spreading as early as the Eocene–Oligocene

boundary (33.7 Ma) is a genuine possibility. The

absence of anomalies C13 to C11, and the elusive

nature of C10 could be explained by a predominant-

ly tectonic mode of spreading, as suggested for the

early stages of spreading elsewhere (e.g., [24]) or by
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an enhanced supply of sediments from the adjacent

continents (e.g., [25]) during the earliest stages of

opening. In the former case, we would expect oce-

anic basement to become rougher landward of C8,

while the latter requires that erosion caused by any

proto-ACC was insufficient to prevent sediment ac-

cumulation at the ridge axis.
5. Eocene opening

Our rotations suggest that a total of 278 km of

WNW–ESE extension occurred in the region of the

SAM-ANT cusp between 50 and 33 Ma, compared

with only 57 km of N–S motion during phase I (66–

50 Ma). This was most likely expressed as crustal

faulting and subsidence, resulting in much of the

thinned crust now dispersed in the Scotia Sea, such

as Bruce Bank, Pirie Bank, and the South Orkney
microcontinent. It is possible that this extension in-

cluded rifting and localised seafloor spreading in a

number of small basins within the Scotia Sea, such as

the Protector Basin and Dove Basin (Fig. 6), which

contain oceanic basement at depths consistent with

an Eocene age [10].

Whether or not these basins were opening during

the Eocene, it is likely that extension caused by plate

separation led to the establishment of a marine con-

nection between the Pacific and Atlantic across the

broad, subsided continental shelves produced by Eo-

cene stretching. The precise pathways and flow of

deep currents through the early gateway depended

then, as now, upon bathymetry created by tectonic

processes. For example, fracture zones associated

with the movement of crustal fragments such as

South Georgia may have provided exit routes for

deep currents, comparable to the dShag RocksT and

dGeorgiaT passages, which today control flow through

the Scotia Arc [26]. Likewise, any volcanic arc asso-

ciated with the early subduction zone shown in Fig. 5

may have presented an additional barrier to flow,

while the nearby trench provided a conduit for deep

currents.

Although mainly shallow (b1000 m), the early

seaway may have contributed to a decline in global

temperatures through the Middle Eocene, as

recorded in oxygen isotopes from benthic forami-

nifera (Fig. 7). Continued extension at the higher

rates of phase II led eventually to a transition to

full ocean spreading and the establishment of the

West Scotia Ridge spreading centre at 34–30 Ma,

creating the first deep connection through Drake

Passage. The location of anomaly C8 near the

foot of the continental slope in segment W1 (Fig.

6) could indicate a delay between the onset of

spreading and the formation of a deep-water

(N2000 m) gateway. However, C8 on the SE

flank is separated from the South Scotia Ridge by

about 150 km of deep water, suggesting that

spreading had, indeed, begun on segment W1

well before 26 Ma. Possible explanations for the

absence of deep water landward of C8 on the

northwestern flank include ridge jumps and progra-

dation of the margin. We therefore correlate the

formation of a deep gateway by spreading at the

West Scotia Ridge tentatively with the abrupt cool-

ing event at the Eocene–Oligocene boundary (Fig.



Fig. 5. Reconstructions of South America and Antarctica using the new parameters at i. 50 Ma, the proposed time of shallow (b1000 m) Drake Passage opening, ii. 34 Ma, the earliest

time at which a deep (N2000 m) connection was made by spreading at the West Scotia Ridge, and iii. 20 Ma, when a major change in SAM-ANT motion occurred. A gap opens

between the tips of Tierra del Fuego and the Antarctic Peninsula between 50 and 34 Ma, although this takes no account of internal deformation of the plates. Plate motion vectors for

SAM-ANT are shown for a point (608S, 578W fixed to Antarctica) in the Drake Passage. Motion immediately prior to the map age is shown in green, that immediately after in red.

Synthetic flow lines and isochrons are shown, based on the new rotations, for both flanks of the spreading centre, although much of the northern flank was subsequently lost by

subduction beneath the growing Scotia Sea (blue lines with teeth define subduction zone).
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Fig. 6. Synthetic flow lines and isochrons in Drake Passage generated from the model of Eagles et al. [11] for West Scotia Ridge spreading.

Magenta isochrons are extrapolated using earliest stage poles, and have an age of 30 Ma (chron C11) if early rates are constant between break-up

and C6B, but could be as old as 34 Ma (chron C13) if initial rates were lower. Picks of magnetic anomaly C8 are shown as stars. PROT—

Protector Basin; DOVE—Dove Basin; POWELL—Powell Basin. Projection is an oblique Mercator about a pole at (178 S, 1488 E).

R. Livermore et al. / Earth and Planetary Science Letters 236 (2005) 459–470 467
7), and suggest that a major, deep, eastward current

was already in existence soon after spreading

began.
6. Other evidence for Eocene opening

Middle Eocene separation of South America from

Antarctica should be detectable from the fossil re-

cord, since it involved breaking a terrestrial link

between Tierra del Fuego and the Antarctic Penin-

sula, while permitting interchange of marine floras

and faunas of the South Pacific and South Atlantic.

Reguero et al. [27] noted that an endemic fauna,

including several small marsupials, from the La

Meseta Formation of Seymour Island, near the tip

of the Antarctic Peninsula, was probably derived

from the Late Paleocene land fauna of Patagonia,

but became increasingly isolated during the Eocene.

Our model supports their suggestion that this isola-
tion was probably caused by the presence of a

shallow and growing seaway, forming a physical

barrier between the two populations.

Sijp and England [28] have recently reported

results of coupled ocean–atmosphere-ice numerical

modelling, which suggest that Drake Passage open-

ing to shallow depths (690 m in their model) could

have a profound effect on sea surface temperatures

in the Southern Ocean. If this is correct, then the

gradual widening and deepening of the gateway

may be connected with the gradual global cooling

indicated by y18O ratios [1], which also commenced

at ~50 Ma (Fig. 7). However, other modellers [4,5]

conclude that opening of Southern Ocean gateways

alone could not have caused major changes in

meridional heat transport, and show that abrupt

cooling could have occurred as a result of a steady

decline in atmospheric CO2. Nevertheless, even in

this case, it is possible to contemplate a situation in

which gateway opening, by increasing Southern
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Ocean upwelling and turnover, led to an increase in

C sequestration and a consequent reduction in pCO2

[29].

Changes in deep-water circulation at about 32.8

Ma were suggested by Latimer and Fillipelli [30],

based on geochemical proxies from ODP Site 1090

in the Agulhas Basin. A permanent change in the

geochemical character of the terrigenous sediment

fraction, together with a shift in clay mineralogy

towards physically weathered material, were inter-
preted as a result of Drake Passage opening at this

time. Likewise, the termination of an dopal pulseT
together with a hiatus in sedimentation at about

32–33 Ma, in sediment cores from the same ODP

site, is interpreted as evidence of Drake Passage

opening to deep ACC flow [31]. While not conclu-

sive, these results suggest not only that the gateway

had opened, but that some form of proto-ACC had

already commenced flowing by the earliest Oligo-

cene. This, in turn, suggests that the formation of a
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deep-water pathway followed soon after spreading

began at the West Scotia Ridge.

In summary, our kinematic model shows that a

major, abrupt, change in SAM-ANT plate motion

occurred in the middle Eocene (~50 Ma). The

change required that the southern tip of South Amer-

ica began to migrate away from the Antarctic Pen-

insula at that time, yet the oldest sea floor within

Drake Passage is unlikely to be older than 34–30

Ma. Hence, the relative motion must initially have

been taken up by extension and thinning of conti-

nental crust, such as that which forms the southern

tip of South America and the South Orkney micro-

continent, and possibly by opening of minor basins

in the southern Scotia Sea. This extension probably

led to the formation of a region of submerged con-

tinental shelf, and established a shallow (b1000 m)

connection between the Pacific and Atlantic oceans

by the Middle Eocene.
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