in the Solar System® and the equations of precession for the Earth”
over 100 Myr using several different values of &. We assumed,
somewhat arbitrarily, that the Earth’s obliquity was 55° at 600 Myr
ago—the age of the youngest low-latitude glacial deposits’™.
Williams suggested that the obliquity must originally have been
>54° because this is the critical latitude above which the poles
receive more annually averaged insolation than does the Equator.
However, ice sheets are more sensitive to changes in seasonal
insolation extremes than to annually averaged insolation, so the
Earth’s obliquity during Precambrian times need not actually have
been this high. Figure 3 shows that under extreme polar ice loading,
the Earth’s obliquity could have been reduced to within 3° of its
present value by 500 Myr ago if £; = 230°. (A phase lag near 0° yields
a comparable rate of drift in the same direction (Fig. 2)). This result
is in good agreement with the geological data referenced earlier''.

Support for the hypothesis that the Earth’s obliquity has
decreased comes from analysing the orbit of the Moon. The lunar
orbit is presently inclined at ~5° to the ecliptic plane. Backwards
integrations by Goldreich® and others” have predicted that the
lunar orbit was inclined by at least 10° to the Earth’s equatorial plane
when it formed. This result is in apparent conflict with the widely
accepted giant-impact theory of lunar origin, in which the Moon
accretes from an impact-generated debris disk aligned with the
Earth’s Equator®. Had the Moon formed in the Earth’s equatorial
plane, as predicted, its orbit should have aligned itself with the
ecliptic plane as the Moon receded from the Earth®. The present 5°
lunar inclination with respect to the ecliptic plane implies that
either the Moon was never in the equatorial plane (that is, that the
giant-impact model is wrong) or that it was perturbed away from
the equatorial plane early in its history, perhaps as a result of spin—
orbit resonances encountered by the Earth and Moon when they
were much closer’. (The Moon’s orbit might also have been
inclined by a giant impact, but the extreme size of the necessary
impactor” (>1,100 km) makes such an event unlikely.)

Alternatively, the lunar orbit may have tilted away from the ecliptic
plane more recently in gravitational response to the secular downward
drift of the Earth’s obliquity around ~600 Myr ago. At present, the
Earth’s mean obliquity is slowly increasing as a result of tidal interac-
tions with the Moon®®. The lunar inclination is decreasing at the same
time, so the angular momentum of the Earth—-Moon system is
approximately conserved. Momentum conservation between the
Earth’s spin and the Moon’s orbit may be approximately written
sin(0,/2) = — (L,/Lg) sin(©;/2), where L;, = Cuw is the spin angular
momentum of the Earth, L, = M,,(GM)"*a,}? is the orbital angular
momentum of the Moon, and @, and @; are the angular change to the
Earth’s obliquity and lunar inclination, respectively, C is one of Earth’s
principal inertia moments, defined in legend to Fig. 1, and M,,, and Mg,
are the masses of the Moon and the Earth, respectively.

For the late Proterozoic, the distance to the Moon, a,, = 57 Earth
radii, and the rotational velocity of the Earth, w = 27/(21 hours)
(ref. 33). If we assume that the lunar inclination was originally zero,
and that the change that occurred as a result of climate friction was
O; = +6° (allowing for a subsequent 1° reduction, to 5°, as a result
of tidal friction), then the required change to the Earth’s obliquity is
©, = — 25.4° This implies that the Earth’s obliquity may have been
23.5° 4 25.4° = 49° for much of the Precambrian period, which is
only slightly less than the 54° obliquity suggested by Williams. Given
the uncertainty in the actual obliquity that would be required to
cause low-latitude glaciation, we believe that the information
obtained from the lunar orbit provides additional support for the
idea that the low-latitude glaciations in Precambrian times were a
consequence of high planetary obliquity. O
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Crustal accretion at mid-ocean ridges is generally modelled as a
symmetric process. Regional analyses, however, often show either
small-scale asymmetries, which vary rapidly between individual
spreading corridors, or large-scale asymmetries represented by
consistent excess accretion on one of the two separating plates
over geological time spans'™. In neither case is the origin of the
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asymmetry well understood. Here we present a comprehensive
analysis of the asymmetry of crustal accretion over the past
83 Myr based on a set of self-consistent digital isochrons’ and
models of absolute plate motion®’. We find that deficits in crustal
accretion occur mainly on ridge flanks overlying one or several
hotspots. We therefore propose that asymmetric accretion is
caused by ridge propagation towards mantle plumes or minor
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ridge jumps sustained by asthenospheric flow'*'" between ridges
and plumes. Quantifying the asymmetry of crustal accretion
provides a complementary approach to that based on
geochemical'? and other geophysical data'>'* in helping to unravel
how mantle plumes and mid-ocean ridges are linked through
mantle convection processes.

To analyse global spreading asymmetries, we constructed a grid of

BoL

350° 0°

320°

330° 340°

0°

-10°

-20°

-30°

-40°

-50° 8 ul
220° 230° 240° 250° 260° 270 280° 290°

d

> HEEN ([ ([ [
= 30.0 35.0 40.0 45.047.5 52.555.0 60.0 65.0 70.0

80°  90°

100° 110° 120° 130°

Figure 1 Crustal accretion rates of conjugate plates in four areas, illuminated by
marine gravity anomalies?. a, The North Atlantic; b, the South Atlantic; ¢, the
Indian Ocean; and d, the South Pacific Ocean. The isochrons shown are 5
(10.9Myr ago), 6 (201 Myr ago), 13 (331 Myr), 18 (40.1 Myr), 21 (479 Myr), 25
(55.9 Myr), 31 (67.7 Myr), 34 (83.5 Myr), M0, M4, M10, M16, M21 and M25 (ref. 7).
Isochrons in the southwest Pacific are based on Munschy et al.?®. Areas for which
we analysed the asymmetry of crustal accretion through time are outlined by grey
polygons and numbered from 1to 12. Also shown are synthetic tracks of hotspots
crossing the ridge (from ref. 8); labels are in million of years (see ref. 29 for a
discussion on model accuracy). The gaps in hotspot tracks created by ridge
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crossings are dashed. Hotspots that have been close to a ridge for long
geological time periods may simultaneously produce hotspot tracks on two
plates (for example, Kerguelen, Tristan). Present-day locations of hotspots are
shown as stars, and the main hotspots are labelled. Active plate boundaries are
shown as bold black lines, whereas extinct ridges are coloured magenta.
Continental margins are light grey, and areas of insufficient data coverage are
dark grey; AAD indicates Australia-Antarctic discordance. Asymmetries off
western Australia represent deviations from spreading rates based on best-fit
half-stage poles, as conjugate Indian Ocean floor is subducted.
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crustal accretion rates using the global age data set of Miiller et al.”
(Fig. 1). Resolution is limited by the isochron spacing and the grid
node interval of 0.1°. We assessed the internal consistency by
extracting the spreading asymmetry for conjugate plate pairs from
two selected areas of equal time range for Africa—South America
(area 5, Fig. 1b) and Australia—Antarctica (area 11, Fig. 1c), and
tested whether the percentages of crustal accretion add up to 100%.
The mean error for these two plate pairs is 0.23 £ 1.8%. However,
errors in cumulative plate accretion for the same plate pairs are
much smaller, that is, 0.075% for area 5 and 0.005% for area 11.

At relatively small scales, asymmetries in crustal accretion vary
between individual spreading corridors and through time without
clear trends, and independently of the presence of ridge propagators
(Fig. 1). This is in accordance with patterns of spreading asymmetry
found on a local scale on the Mid-Atlantic Ridge®>**. Such short-term
asymmetries in crustal accretion may be caused by long-lived asym-
metries in small-scale convection under the ridge'®, by intra-segment
ridge propagation’ or variations in melt supply’. On the timescales that
we can resolve (stage durations of ~6—14 Myr) there is no correlation
between the short-term asymmetry of spreading and half-spreading
rates, or the migration of the ridge relative to the mantle.

In order to analyse short- versus long-term spreading asymme-
tries (Fig. 2), we calculated the rates of mid-ocean-ridge migration
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Figure 2 Spreading asymmetry by stage (continuous lines) versus time for areas
marked in Fig. 1. The total, cumulative difference in accreted area for each plate
pair is given in per cent (dashed lines). For each plate pair, the two graphs are
identical for the first stage (83.5-67.7 Myr), and then diverge to express fluctua-
tions in accretion asymmetry through time versus cumulative trends. The zero-
age value of the cumulative curve distinguishes ‘fast plates’ (cumulative excess
accretion) from ‘slow plates’. GRN, Greenland; NAM, North America; SAM, South
America; ANT, Antarctica; AFR, Africa; AUS, Australia; NAZ, Nazca.
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relative to the mantle, parallel to the spreading direction, using
absolute plate motion models* (Fig. 3). Small-scale, short-term
asymmetries do not correlate with spreading rates or absolute ridge
migration rates within the resolution of our data. However, Figs 2
and 4 clearly show cumulative, long-term asymmetries. We first
evaluate their correlation with ridge migration rates. The South
Atlantic ridge (areas 5, 6, 7) exhibits the slowest rates of ridge
migration of the ridges considered here (2.4—3.9 mmyr™"). Rates of
excess accretion have been consistently high on South America
(2.4-4.1%). The ridges in the North Atlantic (areas 1, 2, 3, 4) all
migrated with average rates of 16-19mmyr ', and show small
totals of excess accretion between 0.6% and 0.7% on the leading
plate. In contrast, the southwest (area 8) and western southeast
Indian (area 9) ridges migrated northwards at average rates of ~16
and 49 mmyr’, but show excess accretion on the trailing plate (that
is, Antarctica) of 3.1% and 1.7%, respectively. The central Indian
ridge (area 10) migrated northeastwards about as fast as the western
southeast Indian ridge, but shows a ‘flip’ in excess accretion from
the leading plate to the trailing plate at chron 13 (33.1 Myr ago),
resulting in negligible cumulative asymmetry (0.5%). On the east-
ern southeast Indian ridge (area 11) the leading Australian flank
shows excess accretion on average for the past 35 Myr, while the
ridge has been moving north at rapid rates averaging ~40 mm yr ™'

0 10 20 30 40 50 60 70 80
L L L L L L L L

80
60-] Area 1, leading plate = GRN (17.6 mm yr ) [
40 -
20
0

80

Rate (mm yr -%)
B
o
I

20f----—---¢

0]
gg: Area 10, leading plate = IND (46.3 mmyr=)[
40 1

20 =

804 _ _ _ .

20] Area 12, leading plate = NAZ (11.3 mrvyr-1)
20

Time (Myr)

Figure 3 Rate of the ridge-normal component of the migration of mid-ocean
ridges relative to the mantle by stage versus time (solid lines). Rates are computed
for points roughly in the middle of the mid-ocean-ridge segments analysed (Fig.1).
Half-spreading rates are shown as dashed lines. The average, cumulative ridge
migration rate is given for the leading plates, that is, the plates which move faster
relative to the mantle than their conjugates. IND, India; other abbreviations as in
Fig. 2.
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since 33 Myr ago. On the East Pacific Rise (area 12, Fig. 1d) ridge
migration is quite slow (11.3mmyr™") despite fast spreading rates
(Fig. 3). Here we find excess accretion on the leading Nazca plate
(10.4% since 40 Myr ago).

Thus, contrary to the model suggested by Stein et al.'®, there
appears to be no correlation between long-term spreading asym-
metry and migration of the spreading ridge over a fixed or slowly
moving mantle. Based on a fluid mechanical flow model, Stein et
al.'® suggested that trailing plates should accrete faster. However,
Sleep'” and Fujita and Sleep'® showed that the fast side of a spreading
ridge is hotter and weaker, and therefore more susceptible to dyke
intrusion. This acts as a stabilizing mechanism, and may help
explain why ridge migration does not necessarily result in long-
term asymmetries. Only the spreading ridge between India and the
trailing, Antarctic, ridge flank shows consistent excess accretion on
the trailing plate as implied by Stein et al.'s. This ridge also moved at
relatively high rates of 30-80 mmyr ' relative to the mantle since
chron 34 (83 Myr ago) (Fig. 3), suggesting a minimum ‘absolute’
ridge migration speed for Stein et al’s'* mechanism to have an effect
on the asymmetry of spreading.

A connection between asymmetries in crustal accretion and in
asymmetric depth—age behaviour as suggested by Hayes* is not
evident. For instance, in the southern South Atlantic (area 7) there is
excess accretion on the anomalously deep’ South American ridge
flank, whereas in the western southeast Indian Ocean (area 9)
pronounced excess accretion occurs on the anomalously shallow®
Antarctic ridge flank. Where plate-wide asymmetries are observed,
they do not occur in all spreading corridors (Fig. 1). Stein et al.'’
noted that if hotspot—ridge asthenospheric flow is relatively fast
compared to ridge migration speed, then the latter alone will not
predict spreading asymmetry.

The generation of long-term asymmetries requires dyke intrusion
to consistently move towards the slower-spreading flank, which is
cooler in the absence of hotspots. To investigate the effect of
hotspots on spreading asymmetries, we show synthetic tracks of
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Figure 4 Cumulative rate of ridge migration versus spreading asymmetry and
estimated errors. Data are given for areas marked in Fig. 1 averaged for time
periods shown in Figs 2 and 3. Most leading ridge flanks are fast, because the
conjugate trailing flanks are underlain by one or several mantle plumes. Excep-
tions are the western southeast Indian ridge (area 9), where the trailing flank is
fast, in accordance with Stein’s et al.'s'® model, and the southwest Indian ridge
(area 8), which is very complex, and has experienced severe changes in spread-
ing direction. PAC, South Pacific; SSAT, southern South Atlantic; CSAT, central
South Atlantic; NSAT, northern South Atlantic; NATL, North Atlantic; CATL, central
North Atlantic; LABR, Labrador Sea; NGSE, Norwegian Greenland Sea; ESEI,
eastern southeast Indian ridge; WSEI, western southeast Indian ridge; SWIN,
southwest Indian ridge; CIND, central Indian ridge.
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main hotspots® (Fig. 1). Hotspots may cause ridge jumps by
pressure-release melting of material flowing towards the ridge,
causing excess dyke intrusion on the ridge flank proximal to the
hotspot. The buoyancy of the plume material increases the spread-
ing force, which depends on the buoyancy times its depth'>'®. Deep
plume buoyancy of sufficient magnitude can cause the point of
maximum tension to be located off-axis, close to the plume.

A clear example of such ‘trapping’ of a ridge by a hotspot is seen in
the South Atlantic (area 6). Here successive ridge jumps towards the
Tristan da Cunha hotspot just east of the ridge caused consistent
excess accretion on the South American plate (Fig. 1b). The absence
of hotspots close to the mid-ocean ridge since initiation of spread-
ing explains why spreading asymmetry is negligible in the Labrador
Sea, in most of the North Atlantic and in the southeast Indian Ocean
(area 11). In contrast, deficits in crustal accretion are found on those
ridge flanks that are underlain by hotspots in the Norwegian—
Greenland Sea, the South Atlantic and in the southwest and central
Indian oceans. The current locus of active volcanism on Iceland is
located on eastern Iceland®', indicating recent ridge jumps to the
east, whereas earlier jumps were dominantly to the west (Fig. 1a).
This supports models of a stationary Iceland hotspot® with a
vertical cylindrical structure” rather than a laterally moving
plume over which the ridge has migrated from west to east. In the
South Atlantic, the St Helena, Tristan da Cunha, Discovery, Shona
and Bouvet hotspots are all located on the African plate, and have
caused both large-scale ridge propagation events as well as succes-
sive jumps of the ridge axis towards Africa, leaving excess crust on
South America. The same relationship of net asymmetries with
hotspots on the slowly spreading ridge flank are found for spreading
between Africa and India (area 10), showing a deficit in accretion on
the African plate during the past 33 Myr, when Réunion was located
underneath the African plate, and a deficit on the Indian plate
before 33 Myr ago when the hotspot was situated east of the ridge
(see also ref. 12). Kerguelen appears to have channelled asthenospheric
material towards the southeast Indian ridge'*”, resulting in crustal
deficits in the corridors proximal to the hotspot on Antarctica (Fig.
1c), even though the plume is located ~1,000 km away from the ridge
(see also ref. 12). The most extreme asymmetries observed, on the East
Pacific Rise, are expressed as deficits in crustal accretion on the French
Polynesian part of the Pacific plate, which is underlain by a thermal®
or dynamically supported” “superswell” and numerous hotspots (Fig.
1d), indicating that successive ridge propagators/jumps™ may have
been triggered by plume—ridge interaction.

Fig. 1a—d illustrates that spreading asymmetry is ubiquitous in all
ocean basins, but its occurrence is not dependent on the presence of
ridge propagators'* (Fig. 1). This indicates that discrete ridge jumps,
such as those described by Weiland et al.’, play an important role in
causing cumulative asymmetries in accretion. In the absence of
medium-to-large hotspots which channel material towards the
ridge, small-scale ridge jumps occur randomly, with little net accretion
asymmetry through time. Ridge—hotspot interaction biases this
process by causing successive ridge jumps towards the plume. We
conclude that ridge—plume interaction is the main cause of spreading
asymmetries, even for large ridge—plume distances. O
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We describe here two new specimens of the mammal
Deltatheridium pretrituberculare from the Late Cretaceous period
of Mongolia. These specimens provide information on tooth
replacement in basal therian mammals and on lower jaw and
basicranial morphology. Deltatheroidans, known previously from
isolated teeth, partial rostra and jaws from the late Cretaceous of
Asia'™* and possibly North America®’, have been identified var-
iously as eutherians”?, as basal metatherians (the stem-based clade
formed by marsupials and their extinct relatives)>™", or as an
outgroup to both eutherians and metatherians™'>"". Resolution of
these conflicting hypotheses and understanding of the early evolu-
tion of the therian lineage have been hampered by a sparse fossil
record for basal therians. The new evidence supports metatherian
affinities for deltatheroidans and allows a comprehensive phyloge-
netic analysis of basal metatherians and marsupials. The presence
of specialized marsupial patterns of tooth replacement and cranial
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vascularization in Deltatheridium and the basal phylogenetic
position of this taxon indicate that these features are character-
istic of Metatheria as a whole. Other morphological transforma-
tions recognized here secure the previously elusive diagnosis of
Metatheria®'*"®, The new specimens of Deltatheridium illustrate
the effectiveness of fairly complete fossil specimens in determin-
ing the nature of early evolutionary events.

Two specimens of Deltatheridium pretrituberculare were recov-
ered from Ukhaa Tolgod, the Mongolian Late Cretaceous locality
notable for the abundance and exquisite preservation of dinosaurs,
lizards, birds and mammals'®. The first specimen, PSS-MAE 133, is
an adult represented by a partial skull, complete lower jaws and two
ulnae. The second, PSS-MAE 132, is a juvenile, consisting of nearly
complete jaws, disarticulated skull bones and several postcranial
elements. Comparison of all known specimens of Deltatheridium">
indicate that there is a single species, D. pretrituberculare, with no
subspecies (contra ref. 2).

The new specimens of Deltatheridium provide the following,
revised dental formula: 14/3 C1/1 P3/3 M4/4. In contrast to previous
observations"**", three lower incisors and four upper molars are
present. I, the largest incisor, is ‘staggered’ as in several groups of
metatherians'. I, and I; are spatulated, but the crown of I is
missing in all known specimens. Previous reports of either one or
two incisors in Deltatheridium (the main feature distinguishing
two reported subspecies’) are artefactual. A tiny fourth upper
molar is present bilaterally in PSS-MAE 133 (Fig. 1); this tooth
and its alveolus were missing or unrecognized in earlier specimens,
which led to the incorrect count of three upper molars. The
presence of only three molars is unusual among metatherians and
was used as evidence against the possible marsupial affinities of
Deltatheridium®*". M* is positioned lingually to the metacone of
M?, so it continues the lingual curvature and reduction of the
posterior molar dentition present in deltatheroidans, Holoclemensia
and Potamotelses'.

The skull of Deltatheridium also has derived features indicating
marsupial affinity, including a premaxilla with a posteriorly directed
process that reaches the alveolus of the canine (Fig. 1), a feature
widely present in metatherians but absent in basal eutherians and
Mesozoic outgroups. The lower jaw has a distinctive shelf-like,
medially inflected angle (Fig. 2), a metatherian feature that is absent
in Mesozoic outgroups, monotremes and eutherians'.

Study of the second specimen, PSS-MAE 132, indicates that the
braincase morphology of Deltatheridium was similar to that of
therian mammals in genera, with an extensive squama of the
squamosal and an anterior lamina absent from the braincase wall,
and of marsupials in particular, with a deep zygomatic process of the
squamosal, also present in the Early Cretaceous prototribospheni-
dan Vincelestes. The petrosals (Fig. 3) are similar to those attributed
to metatherians from the Late Cretaceous of North America®”,
showing two major metatherian synapomorphies: first, an absence
of vascular sulci on the promontorium, indicating a marked
reduction or complete absence of the stapedial arterial system;
and second, a small, horizontally orientated prootic canal connected
to the postglenoid venous system.

Perhaps the most distinctive similarity between Deltatheridium
and living marsupials is the tooth-replacement pattern. Unlike any
other group of mammals, marsupials replace only one tooth
postnatally, the last premolar*~>. The jaws of PSS-MAE 132 show
several teeth in the process of eruption (Fig. 4). Although the first
two premolars show substantial wear and are fully erupted, the
canine and P; are erupting; the former is about halfway out and the
posterior accessory cusp of the latter is at the level of the alveolar
margin. M; has a fully functional trigonid, but the talonid is still at
the level of the alveolar margin, whereas the smaller M, is lodged
deep in a crypt and rotated about 50° from the horizontal axis and
35° from the mandibular axis. Regular X-rays, computerized-
tomography scanning and dissection of the right jaw did not
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