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the possibility of its formation in pure MgSiO,; garnet at high
pressures and high temperatures. Ringwood and Major'® have
reported the synthesis of garnet with a composition of Fe/Fe +
Mg =0.25 and Al,O; = 1.3 mol % at 1,000 °C and above 25 GPa.
Akaogi and Akimoto'* found that, in the enstatite (MgSiO;)-
pyrope (Mg;Al,Si;0,,) system below 1,200 °C, at least 5 mol %
Al,O; is required to stabilize garnet. We have confirmed the
expected formation of alumina-free garnet of MgSiO; at much
higher temperatures than the previous studies. The synthesized
garnet is not cubic but of lower symmetry. In some meteorites,
cubic majorite garnet occurs in association with glass and high-
pressure phases of orthosilicate (spine! and modified spinel)'’,
suggesting that crystallization involves melting at high pressures.
This phase assemblage suggests that pressure and temperature
conditions of majorite formation are close to those of the present
experiment. The only difference between majorite garnet and
the present non-cubic phase is the composition of Fe/ Mg+ Fe.
Therefore, we anticipate the future finding of non-cubic
aluminium-free garnet instead of cubic majorite in shocked
enstatite chondrites (E) and bronzite chondrites (H), which have
low Fe/Mg+ Fe in silicate phases. The detailed relationship
between the cubic and non-cubic garnets is an important prob-
lem to be studied in order to clarify quantitatively the conditions
prevailing in majorite-bearing meteorites.

The pressure-induced phase transitions in magnesium silicates
(Mg,Si0, and MgSiQ;) have been extensively studied because
of their importance for investigating the nature of the Earth’s
mantle’d, The transition in MgSiO; at ~1,000°C is:
orthopyroxene (OPx) - clinopyroxene (CPx) - modified spinel
(MS) +stishovite  (St) ->spinel (Sp)+St—ilmenite (II)~
perovskite (Pv), and it possesses a gap between CPx and Il in
polymorphic transition. In contrast, the transition in Mg,SiO,
shows a simple mode: two steps of polymorphic transition
followed by a disproportionation reaction: olivine»MS- Sp->
Pv+St. The disproportionation reaction of CPx involving
stishovite, followed by the recombination reaction to 11, is poorly
understood. The stability field of the new non-cubic garnet
borders those of CPx and 1l, all in the polymorphic relation,
and the non-cubic garnet fills the gap between CPx and Il in
the polymorphic transition of MgSiO; at high temperature.
Therefore, MgSiO; has five polymorphic phases, OPx > CPx -~
Gt* - I1- Pv, in continuous sequence with increasing pressure
(Gt* denotes non-cubic garnet). The presumed phase relation
for MgSiO; composition is shown in Fig. 3, which summarizes
the latest experimental data’’-?°. The two phase assemblages
involving stishovite (stippled area in Fig. 1) at the lower tem-
peratures may be interpreted as a result of the abnormally high
density and low entropy of stishovite.

We note several important implications of the present result
for the constitution of the Earth and planetary interiors. The
congruent melting of MgSiO; persists continuously from
pyroxene to perovskite through non-cubic garnet, so that the
pyroxene-stoichiometric phase remains as a major solid phase
in the partial melting process throughout the mantle, regardless
of the alumina and other minor elemental concentrations of the
candidate material. Because the density of garnet is expected
to be larger than the silicate melt throughout the upper mantle’,
it may sink, thereby constituting the bottom of the upper mantle.
The fractionation of garnet could have an important role in the
formation of the layered structure in the mantle.

We thank H. Sawamoto, M. Kato, E. Ohtani and M. Kanzaki
for discussion and advice, D. Nakamura for help on infrared
absorption spectroscopy and Bob Geller for comments.
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The depth—time pattern of calcite accumulation recorded at Deep
Sea Drilling Project (DSDP) sites beneath the oligotrophic sub-
tropical gyre in the south-east Pacific Ocean allows us to define
here both the calcite compensation depth (CCD) and the lysocline.
The Neogene CCD history is one of shoaling before 15 or 20 Myr
and subsequent deepening to the present level of 4,100 m. A broad
zone of increased calcite dissolution, 600 m thick, formed during
early to middle Miocene time and has remained. This zone, the
lysocline, denotes an important change in ocean chemistry and
may reflect either an increase in the volume of more corrosive deep
water beginning about 18 Myr and reaching steady state by 14 Myr,
the time of rapid ice build-up in Antarctica, or an increase in
calcite rain rate caused by an increase in surface-water produc-
tivity.

Early workers in marine geology realized that throughout
most of the deep ocean the calcium carbonate microfossil tests
generated in surface waters dissolved before they could be
incorporated into the sediments’. Experiments in the Pacific by
Peterson” and Berger’* showed that calcite dissolution did not
increase linearly with depth but that little dissolution occurred
above about 3,500 m and rapid dissolution occurred at greater
depths. This depth zone of rapidly increasing dissolution rate
is the lysocline®® and that depth at which the dissolution rate
of calcite matches the supply rate, and below which there is no
net CaCQ, accumulation, is the CCD%’.

Studies of piston cores® and surface sediments® from the South
Pacific have shown the present CCD to be at ~4,100 m depth,
and the top of the lysocline near 3,500 m. Heath'® studied
calcium carbonate deposition in the equatorial Pacific and infer-
red changes in the CCD through Cenzoic time. Berger'' first
incorporated seafloor subsidence history into Pacific CCD
studies, using an empirical age-depth curve similar to that
compiled by Sclater et al.’? Results of this study of equatorial
Pacific sediments gave the first reasonable estimate of the
equatorial Pacific CCD history. An important event in this
history was the rapid deepening of the CCD from ~4,000 to
4,800 m at 35-40 Myr. Van Andel and co-workers used empirical
subsidence curves and DSDP data to determine the CCD his-
tories of the equatorial and non-equatorial Pacific'*™'®. Their
results refined those of Berger for the equatorial Pacific and
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Fig. 1 Index map of the South Pacific showing sites used to
construct the subsidence, CCD, and lysocline history of the region.

showed that CCD has been ~600 m shallower (4,000-4,200 m)
since the early Oligocene in areas 10° or more north and south
of the Equator.

We have determined the history of CaCO; deposition in the
South Pacific based on data from the site chapters in the Leg 8
(ref. 16), Leg 34 (ref. 17) and Leg 92 (ref. 18) DSDP Initial
Report volumes, converting the other data to the Leg 92 bio-
stratigraphy. For each of the eight sites analysed (Fig. 1) we
determined intervals of CaCOQ; deposition at rates typical of
oligotrophic oceans, intervals over which there was an order-of-
magnitude reduction in the mass accumulation rate of CaCO;-
rich sediments, and the times at which CaCQ, accumulation
stopped'®. The latter is a functional definition of the sedimentary
CCD®. We presume that the large decrease in rate records the
influence of the lysocline. The times of these changes are plotted
along the subsidence curves'® and produce the first reconstruc-
tion of separate histories of the CCD and lysocline in the Pacific
(Fig. 2).

The eight sites chosen for this study provide a generalized
history of the lysocline and the CCD. Site 601 has always been
above the lysocline. Sites 598 and 599 are now below the lyso-
cline and above the CCD; Sites 319 and 597 have passed through
both the lysocline and the CCD. The two oldest sites, 75 and
321, passed through the CCD abruptly with no evidence of
reduced calcite accumulation rates before reaching the CCD.
Site 320 was spot-cored; the youngest calcareous sediments
recovered there are 15 Myr old. Nonetheless, the reasonably
good agreement between the CCD from Site 597 and the
maximum age of the transition through the CCD at 320 suggests
that these sites passed through the CCD at about the same time.

The CCD in the South Pacific was at ~4,200m in late
Oligocene time, shoaled ~500 to a depth of 3,700 m in the
middle-early Miocene, and has deepened since then to the
present depth of ~4,100 m (Fig. 2). This history is similar to
that determined by van Andel et al.'® for the subtropical and
temperate Pacific.

The absence of a zone of decreased preservation® or reduced
CaCO; accumulation above the CCD at Sites 75 and 321 suggests
that the lysocline was not well developed before 20-17 Myr. It
then developed and shoaled to 600 m above the CCD by
13.5 Myr. This 600-m dissolution zone (shaded in Fig. 2) has
been present ever since. Linear sedimentation rates for CaCQ;-
rich sediment above the lysocline at Sites 597, 598, 599 and 601
and above the CCD at Sites 75 and 321 are all ~3-10 m Myr™*.
Site 319 had higher rates: 11 m Myr™! just above the CCD and
35 m Myr™! for older, shallower sediments'®.

All investigations of the Cenozoic history of the CCD have
shown a shoaling of the CCD from the middle Oligocene to
middle or late Miocene time, followed by a younger deepening,
broadly similar to the information shown in Fig. 2'*?'"%, A rise
in the CCD must reflect some combination of (1) increased CO,
content, hence corrosivity, of deep waters, reflecting either
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Fig. 2 CaCOj; accumulation record plotted on age-depth curves

for each site. Squares are 1 Myr X 100 m and provide an indication

of accuracy. The shaded region indicates the depth zone of the
lysocline. Solid line, CCD; dashed line, lysocline.

stagnation or enhanced input of organic carbon, and (2) reduced
input of biogenic CaCO; to the deep ocean. The uitimate causes
of changes in these parameters have been related to: the rate
of formation of oceanic bottom water; the nature of shelf/basin
depositional fractionation which depends largely on sea level;
and sea-surface biological productivity of calcium carbonate
and organic carbon. Oxygen isotope data suggest that the middle
Cenozoic is characterized by constant or perhaps even declining
ice volume®*?*, hence only minor changes in the production
rate of bottom water may have occurred then. Sea level rose
gradually from the mid-Oligocene to the mid-Miocene®®, con-
sistent with a shoaling CCD, but as the sudden, large mid-
Oligocene sea-level fall does not affect the CCD, it seems in-
appropriate to invoke the ensuing gradual rise of sea level. We
therefore agree with the view'>*%?* that, during times of constant
ice volume, sea-surface biological productivity exerts the
dominant control of the CCD. The problem remains complex,
however, because factors such as total carbonate supply to the
sea floor'®, the amount of non-calcareous, siliceous produc-
tivity”’, and how or why productivity changes during times of
relatively uniform oceanic and atmospheric circulation, are not
well understood on a global scale.

Van Andel er al.'® have suggested that the lysocline may be
related to the volume of corrosive deep water. If this is the case,
our data suggest an increase in this volume which, within the
accuracy of our data, occurred during the same time span as
the inferred ice build-up on Antarctica, 16.0-12.4 Myr (oxygen-
isotope stratigraphy from ref. 28; foraminifer zonation and
timescale from ref. 29). We note, however, that the present
lysocline does not correspond to any water mass boundaries in
the Pacific. More recently, Broecker and Peng®® have suggested
that the thickness of the zone of rapid CaCO, dissolution
between the lysocline and the CCD varies directly with the
downward flux of calcite. If so, the early Miocene separation
of the lysocline and CCD may be related to increased surface-
water productivity. There exists ancillary evidence supporting
increased equatorial productivity of both calcareous'® and
siliceous?’” organisms then.

We thank the sedimentologists and palaeontologists on board
the Glomar Challenger during Leg 92 for their efforts which
produced much of the present data. N. Pisias and W. Berger
made several useful comments and suggestions.
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The distribution of metalliferous sediments next to active spreading
centres has scientific and economic interest'. Although metal-rich
waters emanating from active hydrothermal vents have been traced
in intermediate level water masses far beyond the ridge crest’, the
greatest concentrations of metal oxides in sediments occur near
the vents®. There, however, it is conceivable that the oxides may
be redistributed and possibly further concentrated by redeposition,
resulting in misconceptions of the age and relative timing of
hydrothermal pulses. Here, we document microfossil evidence of
stratigraphical inversion and redeposition of Upper Miocene
(Messinian) sediments cored at Deep Sea Drilling Project (DSDP)
Site 599 on the East Pacific Rise (EPR). This suggests that where
reworking can be confirmed, care should be taken not to correlate
directly the occurrences of the metalliferous sediments with
apparent coeval pulses of hydrothermal activity or enhanced sea-
floor spreading rates.

Hole 599 (19°27.09' S, 119°52.88’ W; water depth = 3,654 m),
located ~600 km west of the present ridge crest, was drilled in
a small basin surrounded by a region of low relief with abyssal
hills ranging from 200 to 300 m in height (Fig.1). This site
yielded some 41 m of mostly Upper Miocene clay-bearing to
clayey calcareous oozes with a basement age of 8.1-8.6 Myr
(ref. 5). The lower 31 m of the section is strikingly layered,
consisting of alternating light (mostly yellowish brown to dark
yellowish brown) and dark (mostly dark reddish brown)
coloured layers tens of centimetres thick (Figs 2, 3). The colour
variations are the result of changes in the relative amounts of
calcium carbonate (70-80% in light coloured sediments, 55~
70% in dark coloured sediments’) and a noncarbonate fraction
which is primarily clays and ferruginous grains. The clays are
mixtures of poorly crystalline smectites and amorphous oxides.
The ferruginous grains, which range in size from 10 to 100 um,
are a metalliferous hydrothermal component which has been
described by Leg 34 scientists as red-brown to yellow-brown,
semi-opaque oxides (RSOs)°.

The strongly layered portion of the section is dated between
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Fig. 1 Bathymetry (from seabeam swath-mapping*) and location

of Deep Sea Drilling Site 599 on the west flank of the East Pacific

Rise. This site, along with the other DSDP Leg 92 sites, was the

first en the East Pacific Rise to be drilled using the hydraulic piston

corer, which minimizes sediment disturbance during the coring
process.
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Fig. 2 Sections 1-5 of DSDP Core 599-3 showing alternations of

light (L), dark (D), and intermediate (I) coloured lithologies within

the Messinian clayey nannofossil ooze sequence (see key in Fig. 3

for detailed colour descriptions). The darker lithologies contain

less carbonate and more hydrothermal metalliferous components

than do the lighter lithologies. Note the sharp contact (dark over
light) at 21 cm in section 599-3-3.
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