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observed after high-energy irradiation of these materials'®". The
present diffusion study provides additional evidence for this phy-
sical concept, and illustrates the strong correlation between atomic
mass transport processes and electronic properties of native defects
in semiconductors. U
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Early onset and tropical forcing
of 100,000-year Pleistocene
glacial cycles

Scott Rutherford & Steven D’Hondt

University of Rhode Island, Graduate School of Oceanography, Narragansett,
Rhode Island 02882, USA

Between 1.5 and 0.6 Myr ago, the period of the Earth’s glacial
cycles changed from 41 kyr, the period of the Earth’s obliquity
cycles, to 100 kyr, the period of the Earth’s orbital eccentricity'?,
which has a much smaller effect on global insolation. The timing
of this transition and its causes pose one of the most perplexing
problems in palaeoclimate research’. Here we use complex
demodulation to examine the phase evolution of precession and
semiprecession cycles—the latter of which are phase-coupled to
both precession and eccentricity—in the tropical and extra-
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tropical Atlantic Ocean. We find that about 1.5 Myr ago, tropical
semiprecession cycles (with periods of about 11.5 kyr) started to
propagate to higher latitudes, coincident with a growing ampli-
tude envelope of the 100-kyr cycles. Evidence from numerical
models suggests that cycles of about 10 kyr in length may be
required to explain the high amplitude of the 100-kyr cycles®.
Combining our results with consideration of a modern analogue,
we conclude that increased heat flow across the equator or from
the tropics to higher latitudes around 1.5 Myr ago strengthened
the semiprecession cycle in the Northern Hemisphere, and trig-
gered the transition to sustained 100-kyr glacial cycles.

The 100-kyr band of global ice-volume variability exhibits several
significant features over the past 2.6 Myr (Fig. la). What are
generally regarded as the late Pleistocene glacial cycles began
about 0.6 Myr ago and the first high-amplitude 100-kyr variability
began about 1.2 Myr ago’. Inspection of the filtered record shows
that the amplitude envelope of the 100-kyr cycle began to expand
toward late Pleistocene values 1.4—1.5 Myr ago. Before then, 100-
kyr cycles occurred but were not sustained.

This interpretation is supported by an elegant study of the
amplitude and phase of the 8'®0 record at two major eccentricity
periods (95 and 124 kyr)®. The study showed that frequency
modulation of §'%0 in the eccentricity band, which is characteristic
of the late Pleistocene’, and the phase lock between 3'*0 and orbital
eccentricity began near 1.5 Myr ago®. Furthermore, although its
temporal resolution is limited, another study showed that the
asymmetry (a third-moment quantity that describes the shape of
a time series) of the 8'®0 record changed dramatically 1.5 Myr ago®.

The timing of this transition coincided with other events
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Figure 1 Oxygen isotope and calcium carbonate accumulation time series. a, Bandpass
filter of the Site 659 8'80 record. Periods between 90 and 130 kyr are passed by the filter.
We note that the band begins to oscillate consistently and increase in amplitude near 1.5
Myr ago. b, Calcium carbonate mass accumulation for Site 607. Mass accumulation is
calculated from weight per cent carbonate® 2, wet bulk density measured by the Gamma
Ray Attenuation Porosity Evaluator, grain density*® and sedimentation rate calculated from
the oxygen isotope age model. We note the change in the character of CaCO3
accumulation that occurs near 1.5 Myr ago. ¢, 8'®0 record from Site 607 correlated to
5'%0 from Site 659.
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observed in the palacoclimate record. At about 1.6 Myr ago, glacial—
interglacial 8"°C variations and dissolution of CaCOj in the tropical
Atlantic indicate the first substantial decrease in North Atlantic
Deep Water (NADW) production during glacial periods”'°. Palaeo-
climate records of the Asian monsoon exhibit major phase changes
relative to insolation'" and indices of African aridity indicate a
change to more arid conditions at this time'2. In addition, the rate of
loess deposition in China increased and the loess/palaeosol alter-
nations began to correlate with the ice-volume record (r = 0.7 from
0.0-1.5 Myr ago and r = 0.15 from 1.5-2.5 Myr ago) at 1.5 Myr
ago". Although sustained high-amplitude glacial cycles did not
begin until about 1.2 Myr ago’, we suggest the transition to a climate
regime conducive to sustained 100-kyr ice-sheet variability
occurred 1.5 Myr ago.

One explanation for the high-amplitude climate response to low-
amplitude orbital forcing is that the 100-kyr glacial cycles are a free
oscillation internal to the climate system with the phase set by
Milankovitch forcing'*". If so, ice-sheet nonlinearities would con-
tribute to a climate system that is inherently sensitive to forcing at
eccentricity periods. However, this hypothesis does not adequately
explain why 100-kyr climate fluctuations exist in a number of pre-
Pleistocene climate records when large ice sheets were not available
to provide the 100-kyr sensitivity, or when ice sheets were oscillating
at other frequencies'®".

Some numerical models also require an approximately 10-kyr
free oscillation or time constant that is internal to the model and
dependent on free parameters*'*">. For example, when a model* was
run without an internal ~10-kyr oscillation the 100-kyr response to
weak eccentricity forcing was correspondingly small. Subsequent
adjustment of the free parameters in the model produced an
internal, unforced ~10-kyr cycle. Model runs with the internal
~10-kyr oscillation and the weak eccentricity forcing produced a
much larger 100-kyr response to weak eccentricity forcing. This
result is consistent with resonance of a nonlinear oscillator to
additive forcing®. Another model demonstrated a strong linkage
between low-latitude semiprecession and 100-kyr cycles'®. In the
model output, the amplitude of the eccentricity-band spectral peaks
is proportional to the amplitude of the semiprecession band spectral
peaks.
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Figure 2 Instantaneous phase determined by complex demodulation. a, Phase of Site
607 CaCO3; mass accumulation at precession and semiprecession frequencies. We note
that before 1.5 Myr ago the phases move in opposite directions, indicating independence.
After 1.5 Myr ago the phases move in the same direction, indicating they are coupled.
b, Phase of Site 659 dust flux at precession and semiprecession frequencies. The phases
are coupled throughout the entire 2.6-million-year record.
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Our bispectral analyses (see Methods) suggest that semipreces-
sion cycles, which are phase-coupled to precession and eccentricity,
may provide the ~10-kyr oscillation needed by these climate
models to produce 100-kyr ice-volume cycles. If this is the case,
we would expect that the phase coupling between precession,
semiprecession and eccentricity, which originates in the tropics,
propagated to the high latitudes near the onset of 100-kyr glacial
cycles.

A previous study used bispectral analysis to show that phase
couplings similar to those in the insolation solutions were present in
ice-volume records from 0 to 1.0 Myr ago but not from 1.0 to 2.6
Myr ago®. To further investigate these phase couplings we examined
CaCOj; mass accumulation rate (MAR) estimates from Deep Sea
Drilling Project (DSDP) North Atlantic Site 607 (41° N, 32° W)
(Fig. 1b) and dust accumulation estimates from Ocean Drilling
Program (ODP) tropical Atlantic Site 659 (18° N, 21° W) on the
same age model (Fig. 1c) (see Methods)"”. The results of our
bispectral analysis of these time series suggest that the phase-
coupled characteristic of the tropical semiprecession cycles propa-
gated to the North Atlantic between 1.2 and 1.9 Myr ago (see
Methods).

If two frequencies are phase-coupled, as indicated by the bispec-
trum, then the instantaneous phases of the two frequencies (which
can be determined by complex demodulation) should change in
unison over time. Complex demodulation of the Site 607 CaCOs;
MAR at precession and semiprecession periods indicates that these
two frequencies were phase-coupled in the North Atlantic between
0.5 and ~1.5 Myr ago but not before ~1.5 Myr ago (Fig. 2). This
result is supported by a change in the character of the CaCO; MAR
record near 1.5-1.6 Myr ago (Fig. 1b). In contrast, complex
demodulation of the Site 659 dust flux record indicates that
the precession and semiprecession periods were phase-coupled in
the tropical Atlantic for at least the last 2.6 Myr, confirming the
bispectral results. These results suggest that phase-coupled semi-
precession cycles, which originate in the tropics, propagated to
the high latitudes near 1.5 Myr ago, the same time that persistent
100-kyr ice-volume cycles began to build (Fig. 1a).

There are two ways to generate semiprecession cycles that are
phase-coupled to precession and eccentricity. First, the alignment of
perihelion with each equinox during one precession cycle produces
a semiprecession cycle, analogous to the semiannual cycle produced
by the passage of the sun over the equator twice each year. An energy
balance model'® demonstrated this process and its ability to produce
power at 100- and 400-kyr periods. When semiprecession cycles
occurred in the model output, 100-kyr cycles also occurred, with
power proportional to that of the semiprecession cycle. In this case
tropical heat export (either atmospheric or oceanic) can propagate
the semiprecession signal from low to high latitudes'. Second,
because the Northern and Southern hemispheres are 180° out of
phase with respect to precession, the export of a Southern Hemi-
sphere precession signal to the Northern Hemisphere will produce a
semiprecession cycle in the Northern Hemisphere. Today, a South-
ern Hemisphere annual signal is exported to the Northern Hemi-
sphere in the western tropical Atlantic where the south equatorial
current is diverted into the Northern Hemisphere at Point Calcan-
har, Brazil. Case two is similar to case one in that both require
two precession cycles that are 180° out of phase. In case one,
the cycles occur when perihelion is aligned with each equinox,
whereas for case two they occur when perihelion is aligned with
each solstice.

An annual analogue for both cases occurs in the tropical Atlantic.
For case one, the passage of the sun over the equator twice per year
produces a semiannual cycle, just as alignment of an equinox with
perihelion twice during each precession cycle produces a semipre-
cession cycle. A semiannual cycle is documented in an empirical
orthogonal function analysis of tropical Atlantic sea surface tem-
perature (SST). In this analysis the second eigenvector exhibits
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semiannual SST cycles with SST maxima occurring during both
boreal spring and boreal autumn®.

The export of a seasonal signal from the Southern to the Northern
Hemisphere is an annual analogue for case two because the hemi-
spheres are 180° out of phase with respect to both the seasonal and
precessional cycles. Between 20° N and 20° S in the Atlantic Ocean,
total monthly heat content peaks during austral summer and
generally follows the Southern Hemisphere annual cycle®. In the
northern tropical Atlantic (0° to 20° N), however, a second heat
content peak occurs during boreal summer. In addition, the eastern
equatorial Atlantic (6° N to 6° S) exhibits periods of heat export
during both boreal summer and austral summer. Thus a semiannual
cycle exists in the northern tropical Atlantic owing to the cross-
equatorial influence of the Southern Hemisphere. Furthermore,
tropical Atlantic SST and evaporative heat flux are important
components in modelling the phase of the North Atlantic
oscillation® which in turn influences the production of NADW
on interannual to decadal timescales.

There is evidence that the semiannual analogue of heat export
and SST in the eastern tropical Atlantic applies to semiprecession
cycles. Estimates of SST and thermocline depth (an important factor
in heat storage and export) in the tropical Atlantic over the last 20
kyr show two peaks approximately 10 kyr apart®. The double peak
is particularly strong in the east, as in the semiannual analogue. In
addition, zonal wind-driven divergence in the equatorial Atlantic
over the past 40 kyr exhibits a dominant periodicity near that of
semiprecession®.

The African and Asian monsoons provide another means of
producing semiprecession cycles. Previous studies showed that the
strength of the Asian monsoon is in phase with a Southern Hemi-
sphere latent heat source at the precession period'! while the African
monsoon is in phase with maximum Northern Hemisphere
summer insolation”. Neither of these studies examined the phase
of semiprecession cycles, but they suggest that monsoon strength
depends on sensible heating of the continent in the Northern
Hemisphere and latent heat transported from the Southern Hemi-
sphere. Northern Hemisphere sensible heating is greatest when
boreal summer is aligned with perihelion and Southern Hemisphere
latent heat export is greatest one-half precession cycle later, when
boreal summer is aligned with aphelion and atmospheric circula-
tion during austral winter is strongest'’. By shifting the balance of
these monsoon drivers, it may be possible to vary the intensity of a
semiprecession cycle in the Northern Hemisphere.

Recent modelling studies of orbitally-forced El Nino variability
provide additional support for a tropical driver of ice-sheet
variability”>. The model output shows that El Nifio frequency
and intensity varies at precession and semiprecession periods.
Extending the modern El Nino effects on Hadley circulation, pole-
ward heat transport, and high-latitude North American seasonality
to longer timescales suggests that tropical teleconnections may be
important in the growth and decay of large Northern Hemisphere
ice sheets™.

Our results indicate that a major climate threshold was crossed
near 1.5 Myr ago; a time marked by large changes in low-latitude
terrestrial conditions'"'** and in thermohaline circulation®'’. Our
results also suggest that enhancement of either low- to high-latitude
climate connections (case 1) or cross-equatorial heat flow (case 2)
initiated the growth of 100-kyr ice sheets at that time. In either case,
our results suggest that the tropics played a major role in the
initiation and maintenance of the 100-kyr ice-sheet oscillations of
the last 1.5 million years. ([

Methods
Data

We placed the Site 607 CaCO; and Site 659 dust accumulation records on the oxygen
isotope™” age model from Site 659 (ref. 19). Although weight per cent CaCO; at Site 607 is
strongly influenced by ice-rafted detritus (IRD) during the past 2.5 Myr (ref. 28), CaCO5
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MAR depends on dissolution at depth and CaCO; production in the surface waters and is
independent of dilution by IRD. The Site 659 dust flux record is a particularly relevant
tropical record because low-latitude land masses should exhibit strong semiprecession
variability'®.

Signal processing

Bispectral analysis is a signal processing technique that detects phase coupling between
different frequencies in a single time series. Bispectral analysis of Site 607 CaCO; MAR
shows significant North Atlantic phase couplings between precession, eccentricity, and
semiprecession from 0.2 to 1.2 Myr ago but not from 1.9 to 2.9 Myr ago. However,
bispectral results for ODP Site 659 (18° N, 21° W) dust flux'’ indicate that significant
tropical phase couplings existed during both time intervals.

Like spectral analysis, the results of bispectral analysis are averaged over the length of the
time series and it is difficult to constrain the timing of transitions. To determine the timing
of the transition to a phase-coupled system in the North Atlantic, we used complex
demodulation to extract the instantaneous phase of the phase-coupled frequencies
determined by bispectral analysis. Demodulation was performed using the ARAND
package on phase-locked precession and semiprecession periods as indicated by the
bispectral results. For Site 607 these were 19 and 9.5 kyr which show strong phase
couplings with each other and with eccentricity over the past 1.6 million years. For Site 659
the demodulation isolated periods of 21 and 10.5 kyr. These two periods are strongly
phase-coupled with each other and with eccentricity throughout the past 2.6 million years.
A filter with 100 weights, a half-amplitude frequency of 0.01 cycles per kyr and a stop
frequency of 0.016 cycles per kyr was used on all demodulations. The filter satisfies two
requirements®: it passes all frequencies out to one-half the precession (or semiprecession)
bandwidth (~0.0078); and it safely stops all harmonics, which begin at a frequency of
0.028 after demodulation (for example, the first precession harmonic 1/12 kyr to 1/18 kyr).
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Accelerated hydration of the
Earth’s deep crust induced
hy stress perturbations
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The metamorphic cycle associated with the formation of
mountain belts produces a lower crust containing little or no
free fluid"”. The introduction of external fluids to dry and imper-
meable volumes of the Earth’s crust is thus a prerequisite for
the retrogressive metamorphism later observed in such regimes.
Such metamorphism can cause significant changes in the crust’s
physical properties, including its density, rheology and elastic
properties™. On a large scale, the introduction of fluids requires
the presence of high-permeability channels, such as faults or
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fractures, which are the result of external tectonic stresses. But
extensive interaction between externally derived fluids and the
fractured rock requires efficient mass transport away from the
initial fractures into the rock itself, and this transport often occurs
over distances much longer than expected from grain-boundary
diffusion. Here we present both field observations and a simple
network model that demonstrate how the transport of fluids into
initially dry rock can be accelerated by perturbations in the local
stress field caused by reactions with fluids. We also show that the
morphology of reaction fronts separating ‘dry’ from ‘wet’ rocks
depends on the anisotropy of the external stress field.

‘Dry’ volumes of the Earth’s crust contain no separate fluid phase
although both the mineral surfaces and crystal lattices are likely
to contain more or less strongly adsorbed volatile components.
Reactions between volatiles and such dry rocks may occur at any
depth in the Earth’s crust at which externally derived fluids get
access to the rocks at a temperature where hydrous phases or
carbonates are stable. An excellent field example of such a process
can be found in the Bergen Arcs of southwestern Norway. The
Bergen Arcs are a series of arcuate Caledonian nappes thrust upon
the Proterozoic basement rocks of the western gneiss region of
western Norway® (Fig. 1).

One of these, the Lindaas nappe, consists mainly of dry Protero-
zoic granulite facies rocks, including anorthosites, that were partly
hydrated during the Caledonian orogeny some 420 Myr ago®. The
hydration occurred both under eclogite and amphibolite facies
metamorphic conditions. Figure 2a shows how a reaction front
defining the transition from dry anorthosite to hydrated (‘wet’)
eclogite surrounds a fracture that initially formed within the
anorthosite. This fracture is filled with a vein assemblage consisting
of euhedral omphacite in a matrix of quartz, clinozoisite, phengite,
plagioclase and kyanite that precipitated from the externally intro-
duced fluid at a temperature around 700 °C and a pressure around
1.5 GPa (ref. 7).

Phase petrological analyses indicate that the fluid was water-rich
(>50 mol.% H,0)’. Apart from a kink fold centred on the fracture
or vein (Fig. 2a), there is no extensive internal deformation within
the eclogitized part of the anorthosite, and the front separating the
anorthosite from the eclogite is flat and morphologically stable on
the macroscale. The transition from anorthosite to eclogite involves
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Figure 1 Geological map of Holsngy northwest of Bergen in western Norway. Holsnay is
labelled H in the inset. Non-shaded regions are composed of ‘dry” granulite facies rocks,
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notably anorthosites. Shadings denote areas with different extents of eclogitization
(hydration under eclogite facies conditions).
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