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We therefore accept, provisionally, that these major dust events 
provide a common stratigraphic marker which allows the direct 
correlation of the marine and Vostok records. For this purpose, 
we selected major events recognizable in both records (Fig. 2) 
that correspond either to maximum values (events 2, 3, 6 and 
7) or to the beginning (event 4) or termination (events 1 and 5) 
of a peak. 

To test the validity and limits of this approach we first examine 
the last climatic transition. Low dust contents at Vostok (Fig. 
2b) occur at mid-transition (12.2 kyr BP) whereas at RC11-120 
(Fig. 2c) the minimum in the magnetic susceptibility record 
occurs about 3.5 kyr later. So large a difference for such a recent 
event may be explained only partially by dating inaccuracy, 
either on Vostok or RC11-120; hence we consider this value as 
a limit of the accuracy of our stratigraphic approach. 

Discrepancies between the Vostok core and marine core 
chronologies before 110 kyr BP have already been noted and 
discussed3. They are due to the different duration of the last 
interglacial period, which was about twice as long in the Vostok 
chronology (stage G) as it is in the marine chronology. As a 
result, at mid-transition from glacial to interglacial (H/G or 
6/ 5), the Vostok temperature leads the global ice volume (as 
given by the 8180 SPECMAP record) and the surface tem
perature at RC11-120 by respectively 10 and 7 kyr (ref. 3). For 
this transition the time difference between the end of the dust 
peak (Fig. 2b) and the end of the magnetic 'flux' peak is ~ 10 kyr 
and using this level as a time marker would put the Vostok 
temperature record practically in phase with the marine 8180 
record (Fig. 2). The Vostok temperature would then lag the 
RC11-120 sea surface temperature by ~3 kyr, but this value is 
not significant given the limit of accuracy mentioned above. 
Within this limit, we conclude that there was no significant 
phase shift between the Vostok temperature and the marine 
records during the previous glacial-interglacial transition. We 
also note that the time interval between levels 4 and 5 is 30% 
less in the Vostok than in the marine chronology (from 138 to 
66 kyr BP and from 128 to 73 kyr BP respectively). This might 
reduce the discrepancy between the duration of the last inter
glacial in the two records, but we note that the 'dust' event 
during marine stage 4 is less well characterized than those of 
stages 2 or 6. 

Our approach is independent of absolute dating. We note, 
however, that recent results obtained on coral-reef terraces place 
the peak of the last interglacial around 126 kyr BP (E. Bard, B. 
Hamelin, Y. Lao, R. F. Anderson and R. G. Fairbanks, unpub
lished results) confirming the deep-sea-core dating obtained by 
orbital tuning29

• The Vostok timescale would thus be in error. 
This would be a strong argument against the evidence from a 
continental sequence32 for a much earlier interglacial period. 

Our stratigraphic approach relies on the critical assumption 
that magnetic susceptibility in RCll-120 reflects the aeolian 
input. Our results must be confirmed and all the information 
relevant to the Vostok and marine chronologies combined before 
a revised Vostok timescale may be established. We intend to 
make further magnetic measurements and mineralogical in
vestigations to ascertain the origin of the magnetic material 
and to extend the technique of using dust as a stratigraphic 
marker. D 
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The role of strain energy in 
creep graphitization 
of anthracite 
J. V. Ross & R. M. Bustin 

Department of Geological Sciences, The University of British Columbia, 
Vancouver, Canada, V6T 284 

RECENT research on ceramics and natural minerals has demon
strated that non-hydrostatic stress can affect some polymorphic 
transitions and can increase reaction rates1'

2
• One such example 

is the graphitization of anthracite. Under natural conditions 
graphite forms at temperatures of 300-500 °C and confining pres
sures of -500 MPa (refs 3-9). But in simple heating experiments 
at ambient pressure and high confining pressure (up to 1 GPa), 
temperatures of ~2,000 °C are required for graphite forma
tion1o.-13. Here we report creep experiments on natural anthracite 
at temperatures of 300-600 °C, using variable strains and strain 
rates and a constant confining pressure of 500 MPa. The experi
ments yield an apparent activation energy of 68.6 kJ mor1 for 
the steady-state process(es) leading to graphite formation. This 
value is in marked contrast with simple heating experiments, which 
require an activation energy of 1,000 kJ mol-1 (ref. 10). We suggest 
that in our experiments, and also under natural conditions, 
graphitization is facilitated by available strain energy associated 
with non-hydrostatic stress; such stresses typify conditions of 
natural graphitization. 

Naturally occurring graphite has been documented from many 
localities (usually under conditions of synkinematic metamorph
ism associated with high strain) ranging from upper greenschist 
facies to lower amphibolite facies and above3 -

7
• To test the 

hypothesis that the strain-energy component of natural deforma
tion is a very important part of the energy required for natural 
graphitization we planned a series of axial-symmetric deforma
tion experiments on natural samples ofvacuum-dried anthracite, 
which were maintained at 110 oc for a minimum of 1 week. 
These experiments were conducted under reducing conditions, 
comparable to deformation and metamorphism under natural 
conditions: methane was evolved during the experiments. We 
used two types of confining-pressure medium-a solid medium 
(NaCI) for high-strain experiments (> 15% axial shortening)14 

and argon gas for low-strain experiments15
• All tests were con

ducted in compression using a confining pressure of 500 MPa, 
a temperature range of 350-600 oc and constant strain rates of 
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1.3 x 10-6 s-1 to 1.3 x 10-4 s-1. After being corrected for 
apparatus and jacket effects16·18, all stress-strain curves have 
similar geometry, with the stress difference at any strain decreas
ing with increasing'temperature or with decreasing strain rate; 
steady-state conditions were achieved at -5% axial strain. 
Values of stress difference, measured at 10% axial strain, for 
different strain rates are shown in Table 1 and are plotted as 
log (stress difference) against -log (strain rate) in Fig. 1. We 
use a linear least-squares minimization procedure16 to fit the 
data to a power-law creep equation of the form15 

In 8 =In A-Q/ RT + n in u 

where A is the pre-exponential factor, Q is the apparent activa
tion energy, n is the stress exponent, 8 is the strain rate, T is 
the temperature (K) and u is the stress. The best-fit (correlation 
coefficient, r = 0.92) isotherms through the data points have a 
slope n and increase their spacing slightly towards the lower 
temperatures. The parameters of this fit (confining pressure of 
500MPa) are A=l0°·99

±
0

.
15 s-1 MPa."K, Q=68.6±1.2kJ 

mol-1 and n = 3.3 ± 0.2, where the errors quoted are ±2 standard 
deviations (95% confidence limits). 

We have examined all of the deformed samples and un
deformed specimens using reflected light. As previously dis
cussed19, the maximum reflectance increases with increasing 
strain and at about 23% strain is preferentially developed parallel 
to the plane of flattening (plane perpendicular to the maximum 
compressive stress, or load axis); and the bireflectance (the 
difference between maximum and minimum reflectance) 
increases. 

Reordering of the molecular structure accompanying defor
mation suggested by optical property(s) is also evident in trans
mission electron microscopy (TEM) of the undeformed and 
deformed samples. Undeformed samples are characterized by 
elongated (10-20-nm) pores lying in the bedding plane and by 
pore walls composed of 'stacks' of basic structural units (BSUs) 
or aromatic layers that are 1-5 nm thick and up to 10 nm long 
(Fig. 2). These configurations are similar to those previously 
described6•

13
, Using TEM we examined two samples that were 

shortened by >25% at 600 oc using a strain rate of 10-5 s-1
, and 

found them to be heterogeneous in structure. The pore size 
(5-10 nm in length) and density were reduced and the BSUs 
were preferentially oriented in the plane of flattening. The BSUs 
of which the pore walls were composed, although turbostratic3, 

had a more planar or linear nature in the flattening plane. 
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FIG. 1 The logarithm of stress difference plotted against the logarithm of 
the strain rate for steady-state data from constant-strain-rate, constant
temperature experiments (data shown in Table 1). All experiments at 500-
MPa confining pressure and stress difference measured at 10% strain. 
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TABLE 1 Stress difference at various strain rates 

Temperature Strain rate 
oc 10-4 s-1 10-5 s-1 10-6 s-1 

350 660 354 177 
400 478 220 135 
450 398 186 95 
500 316 162 81 
550 269 131 66 
600 213 107 52 

Stress difference (a3 -a1) (in MPa) measured at 10% axial strain in 
experiments at a constant confining pressure of 500 MPa. 

Selected-area diffraction (SAD) imaging in the dark field shows 
many microstructural orientations within the specimen (Fig. 3 a). 
Other areas show strong preferred orientation in SAD images 
of their (002) lattice fringes (Fig. 3b ), indicating that a high 
degree of anisotropy is associated with strains of over 23%, 
similar to the structure of graphite produced at high temperature 
and ambient pressure by simple heating. At some positions, 
where the anisotropy seems to be greatest, dark-field imaging 
shows a crystalline SAD pattern (Fig. 3c) and the bright-field 
images are characterized by Bragg and Moire fringes (Fig. 3d), 
indicative of graphite lamellae that may be either single crystals 
or overlapping crystallites. 

TEM of undeformed and deformed specimens gives insight 
into the process(es) operating during steady-state deformation: 
that results in the formation of graphite. Pores have coalesced, 
rotated and become aligned in the flattening plane of the experi
ments. Furthermore, the BSUs or stacks of aromatic layers have 
become more ordered, with the eventual production of graphite. 
This long-range ordering of the structure(s) is associated with 
large values of reflectivity and bireflectance of highly strained 
samples. The graphite produced in the deformation experiments 
is comparable to that produced by simple heating under ambient 
pressure. We suggest that the activation energy of 1,000 kJ mol-1 

associated with simple heating experiments is the sum of the 
thermal activation energy 68.6 kJ mol-1 for diffusion-biased 
creep17 and the strain energy imparted to the sample(s) during 
a minimum of 23% axial shortening. 

Recent reviews20 show that most solid-state transformations 
involve nucleation and growth and, with a suitable driving stress, 

FIG. 2 Transmission electron micrograph (dark field) of the starting material 
(undeformed specimen of anthracite), showing the network of (002) images 
indicating the microporosity and sections of the aromatic layers or BSUs of 
which the pore walls are composed. Scale bar is 1,000 nm. 
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can occur at low temperatures requiring little thermal activation. 
These transformations therefore occur by the well-known effect 
of shear stress on reaction kinetics observed in many ceramics 
and minerals21

-
23

• In natural deformation the production of 
graphite at the much lower temperatures of 400-500 oc is prob
ably aided by shear-strain effects accompanying natural defor
mation. In nature, shear strains are often in excess of y = 2 
( y = 2 corresponds to axial shortening of -60%). This process 

a b 

FIG. 3 a, Selected-area diffraction pattern (SAD-dark field) of highly defor
med specimen, showing (002) ring containing 'spotty' reflections, indicating 
that the layers are turbostratic. b, SAD (dark-field) pattern from same 
specimen showing well developed arcuate pattern of the (002) ring, indicating 
a high degree of preferred orientation of the aromatic layers. c, Dark-field 
SAD pattern of crystalline graphite. d, Bright-field electron micrograph of 
region in c, showing graphite lamellae having 0.335-nm spacing, with Bragg 
fringes and poorly developed Moire fringes, resulting from partial overlapping 
and rotation of graphite lamellae. Scale bar is 10 nm. 
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of graphite formation is also probably related to the diffusional 
release of H+ and CH4 molecules associated with structural 
rearrangement and alignment of BSUs. The rest of the activation 
energy needed for the graphitization process comes from shear 
strain, which facilitates the straightening of the aromatic layers 
to a more uniform graphite packing and, on the scale of the 
optical microscope, also leads to an increase in reflectivity and 
birefiectance. D 
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DESPITE the importance of cyanobacteria in global primary pro
ductivity1 and of heterotrophic bacteria in the consumption of 
organic matter in the sea2, the causes of their mortality, par
ticularly the cyanobacteria, are poorly understood. It is usually 
assumed that mortality is due to protozoan grazing3

•
4 rather than 

to viral infection, probably because abundances of phage and host 
in nature are presumed to be lo~. Previously, either very few 
marine bacteriophages have been found by plaque assays6--9

, or 
viruses have been simply observed10--

12 or counted13
•
14 by trans

mission electron microscopy, with the assumption that 'phage
looking' forms are locally active bacteriophages. Here we report 
not only high viral abundance in the ocean but also counts of 
bacteria and cyanobacteria in the final irreversible stage of lytic 
infection. The latter counts are necessary to evaluate mortality, 
because the sources, hosts, viability and ages of observed free 
viruses are unknown; even finding viruses attached to cells does 
not prove successful infection. Up to 7% of the heterotrophic 
bacteria and 5% of the cyanobacteria from diverse marine loca
tions contained mature phage; interpretation via culture data 
indicates that up to 70% of the prokaryotes could be infected. 
These data demonstrate the existence of a significant new pathway 
of carbon and nitrogen cycling in marine food webs and have 
further implications for gene transfer between marine organisms. 

t Present address: Department of Biological Sciences, University of Southern California. Los Angeles, 
California 90089-0371, USA. 
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