
generates a continuous red, green and blue digital record of the sediment core surface. A
single composite record of colour intensity was compiled by sampling the continuous
downcore profiles of red, green and blue colour intensity from the core drives at an
increment of 0.5 mm. The three colour channels covary (r 2 ¼ 0.60–0.99); we chose to
use the red colour channel to document the downcore concentration of the laminae in
the record because it exhibits slightly higher variance than either the blue or the green
channel.

Data analysis
The age model for the new record is based on the same radiocarbon chronology used in
ref. 4. The laminae dated by accelerator mass spectrometry 14C of terrestrial microfossils in
the record of ref. 4 are distinctive, and could be confidently identified in the new cores. By
creating a composite section from overlapping drives, we were able to improve on the
original age model. We adopted the constant carbon accumulation model (CCAM) and an
event model (EM) to allocate time between dated intervals4,8. The CCAM assumes that the
rate of organic carbon deposition has remained nearly constant between radiocarbon-
dated intervals through the Holocene, and this continuous sedimentation was punctuated
by nearly instantaneous clastic depositional events. The EM is based on the assumption
that each of the clastic laminae was deposited during a single ENSO event with a temporal
duration of 6 months, and we based this hypothesis on discharge data from the Rio Chira,
which display high flow for a period of 6 months during an ENSO event18. Clastic events
were identified in the colour intensity profile as peaks in colour intensity units that exceed
the surrounding background laminae by 15 colour intensity units or more8. After time was
assigned to the clastic laminae, the remaining time was distributed linearly between
radiocarbon dates. One advantage of the EM over the CCAM is that it assigns equal
magnitude to each of the events, thereby removing any effects that sediment compaction
may have on the colour of the light-coloured laminae at the base of the record. Data
archived at the NOAA Paleoclimatology Program and available online at: http://
www.ngdc.noaa.gov/paleo/pubs/moy2002.
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Illite–smectite interstratified clay minerals are ubiquitous in
sedimentary basins and they have been linked to the maturation,
migration and trapping of hydrocarbons1, rock cementation2,
evolution of porewater chemistry during diagenesis3 and the
development of pore pressure4. But, despite the importance of
these clays, their structures are controversial. Two competing
models exist, each with profoundly different consequences for
the understanding of diagenetic processes: model A views such
interstratified clays as a stacking of layers identical to endmem-
ber illite and smectite layers, implying discrete and indepen-
dently formed units (fundamental particles)5, whereas model B
views the clays as composed of crystallites with a unique struc-
ture that maintains coherency over much greater distances, in
line with local charge balance about interlayers6. Here we use
first-principles density-functional theory to explore the ener-
getics and structures of these two models for an illite–smectite
interstratified clay mineral with a ratio of 1:1 and a Reichweite
parameter of 1. We find that the total energy of model B is
2.3 kJ atom21 mol21 lower than that of model A, and that this
energy difference can be traced to structural distortions in model
A due to local charge imbalance. The greater stability of model B
requires re-evaluation of the evolution of the smectite-to-illite
sequence of clay minerals, including the nature of coexisting
species, stability relations, growth mechanisms and the model of
fundamental particles.

Illite and smectite both consist of aluminosilicate layers alternat-
ing with interlayers. In illite the charge of non-exchangeable inter-
layer cations is balanced by a greater net negative charge on the
layers due largely to the substitution of Al for Si in the tetrahedral
sheets. The mineral rectorite is the regularly interstratified sequence
of illite- and smectite-like layers with a ratio of 1:1 and a Reichweite
(R) ordering parameter R1. The illite- and smectite-like com-
ponents of rectorite may be viewed as being centred either on the
layers or on the interlayers (Fig. 1). The former view corresponds to
model A: as in pure illite or smectite, the two tetrahedral sheets of
each layer have the same composition; each interlayer is identical
and is adjacent to a high-charge and a low-charge layer. In model B
interstratification is viewed as being interlayer centred: each layer is
identical and contains an Al-rich and an Al-poor tetrahedral sheet;
up-down alternation of these layers results in two distinct inter-
layers, one adjacent to low-charge tetrahedral sheets and the other
to high-charge tetrahedral sheets. Model B is consistent with
alternating K-rich and K-poor interlayers, as implied by X-ray
diffraction7.

Small crystal sizes, complex composition, and turbostratic stacking
(disordered rotations about the layer normal) in illite–smectite clays
prevent complete experimental specification of the structure. How-
ever, advances in solid-state theory and computing power allow the
exploration of even complex crystal structures such as clays. To
evaluate the energetics of illite–smectite clays, and to test models A
and B, we performed first-principles quantum mechanical calcula-
tions based on density-functional theory in the local density approxi-
mation. We considered the system KxAl2ðAlxSi42xÞO10ðOHÞ2, where
x ¼ 1 (muscovite) and x ¼ 0 (pyrophyllite) are endmembers of
the illite–smectite series. We determined the total energies of fully
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relaxed structures of models A and B for x ¼ 0.5, which corresponds
to a 1:1 R1 illite–smectite (I–S) composition (Fig. 1). For each
model, the cell shape and internal atomic coordinates were system-
atically adjusted until the energy was minimized and the stress was
hydrostatic. Energy minimization was performed at constant
volume, which we assumed to be that of muscovite (V ¼ 943 Å3

per 82 atoms). All computations were performed with the plane-
wave pseudopotential method using the Vienna Ab Initio Simu-
lation Package (VASP)8. This method has been used successfully to
study clays9.

We find that model A has a total energy that is substantially
higher than that of model B. The difference in energy
(24 meVatom21, or 2.3 kJ atom21 mol21) is comparable to the
thermal energy at ambient temperature. For comparison, the
quartz–cristobalite enthalpy difference at ambient conditions is
more than a factor of two smaller (1 kJ atom21 mol21) (ref. 10).
The energy difference can be understood in terms of the two model
structures: whereas in model B the excess charge of the interlayer K
is balanced locally by charge-deficient tetrahedral sheets, in model A
charge deficiency is disposed asymmetrically about the interlayer,
allowing for only partial local balance of the interlayer charge.

The computations provide additional insight into the structural
energetics of the two models. In model A, the asymmetric charge
about the interlayer leads to a displacement of the K ion towards the
charge-deficient layer by 0.7 Å. The proximity of the K ion causes
substantial distortions of the coordination polyhedra, which con-
tribute to the energetic instability of model A: the Al tetrahedron
shows a variance of bond angles (units: degrees squared) (ref. 11)
j ¼ 46, and three of the Si tetrahedra have j . 29. In contrast,
tetrahedra in model B show 2 , j , 10, within the range of values
found experimentally in crystal-structure refinements of clays and
micas (0.2–14.2) (ref. 12). As expected for dioctahedral phyllosili-
cates, OH bonds in both models are inclined towards the vacant site

in the octahedral sheet, forming an angle (d) with respect to the layer
normal. In model B, the OH bonds about the K interlayer show
d ¼ 69–758, in agreement with experimental measurements in
muscovite13,14. In contrast, model A shows much larger inclinations:
the OH bonds nearest to the K ion show d ¼ 97–998, that is, the
hydrogen ions are forced below the plane of oxygen ions to which
they are bonded.

The fact that differences in energy and structure between the two
models can be understood in terms of local charge balance is
important for the applicability of our results to natural illite–
smectite. Layers of illite–smectite are known to stack in a variety
of ways, including turbostratically. Different stacking sequences
must result in small adjustments in local structure. However, such
adjustments and the resultant differences in energy are trivial
compared with the major differences between the tested models,
and do not affect the conclusions of this study. In natural samples,
the difference in charge between low- and high-charge elements is
reduced as compared with our idealized structures based on end-
members. Differences in energy and structure between models A
and B are expected to be reduced proportionately, but to remain
large to the extent that low-charge and high-charge elements remain
distinct.

The structure of model B is significant because it shows that the
energetically favourable state of R1 I–S is not a simple mixture of
endmember layers of illite and smectite. The structural components
of model B, including the 2:1 layers (tetrahedral–octahedral–tetra-
hedral, TOT), are not found in either endmember. This has
important implications for the thermodynamic properties of
illite–smectite clays. Because these are difficult to obtain exper-
imentally at low temperatures of formation, there have been many
previous attempts to model thermodynamic properties15. These
models did not consider the unique low-energy ordered state of R1
I–S represented by model B. The difference in energy between model
B and a nanoscale mechanical mixture of illite and smectite layers
(model A) is substantial and must be considered in future modelling
of thermodynamic properties.

The unique structure of R1 I–S shows that it is a relatively stable
phase of low potential energy, as demonstrated also for smectite and
illite by their common occurrence. Our results imply that the

Figure 2 Schematic of illite-rich illite–smectite structure showing interlayer cations

(spheres) and 2:1 layers. Shading of the tetrahedral sheets indicates relative

concentration of tetrahedral Al, with the darkest shading corresponding to the highest

concentrations (greatest charge deficiency). Two illite-like units, bounded by cleavage

planes, one 20-Å thick and one 40-Å thick, are indicated by the brackets.

Figure 1 Fully relaxed computed structures of model A (left) and model B (right) 1:1 illite–

smectite. Dark tetrahedra, Si; light tetrahedra, Al; large dark spheres, K; small dark

spheres, H. Al octahedra are also shown. The repeat unit in the c-direction in each case

contains one occupied and one unoccupied interlayer. For all calculations, we assumed an

energy cut-off of 500 eV and a 2 £ 2 £ 2 Monkhorst–Pack29 k-point mesh. Computed

lattice parameters for model A: a ¼ 5.168, b ¼ 8.947, c ¼ 20.808 Å, a ¼ 89.978,

b ¼ 101.408, g ¼ 89.968; and model B: a ¼ 5.130, b ¼ 8.868, c ¼ 21.163 Å,

a ¼ 89.828, b ¼ 101.618, g ¼ 89.968, are within 2% of those measured for a natural

K-rich rectorite without interlayer water30.
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commonly observed assemblages in the illite–smectite series should
be pure smectite, smectite þ R1 I–S, pure R1 I–S, R1 I–S þ illite,
and illite. The series is not continuous, but it has gaps between
smectite and R1 I–S, and between illite-rich illite–smectite and illite,
such gaps being analogous to immiscibility gaps. Indeed, recent
transmission electron microscope (TEM) studies16 demonstrated
the occurrence of these assemblages. TEM data show a large gap
between smectite and R1 I–S, and a smaller gap between a range of
illite-rich illite–smectite and illite. Figure 2 shows the structure
relations for illite-rich illite–smectite. The Al–Si ordering implied by
our model verifies that it can be viewed as interstratified packets of
illite and R1 I–S (ref. 17), not illite and smectite layers. This does not
mean that complete sequences of randomly ordered smectite-like
and illite-like layers cannot occur. Such interstratified clays may
form where crystallization favours extreme disorder. Our results do
imply, however, that much if not most of ‘mixed-layered illite–
smectite’ involves phases for which ordered R1 I–S is the critical,
unique phase, analogous to corrensite in the chlorite–smectite
(saponite) system18.

This model at first appears incompatible with X-ray diffraction
(XRD) data, which are consistent with a continuous series of
interstratified illite–smectite (ref. 19) as expressed in Reichweite
nomenclature20, and which provides support to fundamental par-
ticle theory5. We tentatively suggest that the differences in interpret-
ations of XRD patterns and TEM observations are caused by
differences in sample preparation. TEM analysis involves ion-milled
samples that retain their original texture, whereas XRD analysis
generally involves mechanical and chemical treatment that causes
separation of layers, especially along low-charge interlayers, which
are reconstituted in altered sequences in samples for which inter-
particle diffraction determines characteristics of XRD patterns21.

Fundamental particle theory5 requires that illite–smectite com-
prise illite and smectite layers and is thus incompatible with the
results of this study. The theory assumes that R1 I–S comprises
independent elementary particles of illite (20-Å-thick units centred
on an illite interlayer) and smectite (10-Å-thick elementary smectite
particles). Illite-rich illite–smectite is modelled as equivalent to
independent fundamental particles comprising coherently related
illite layers. Interfaces between particles in aggregates are modelled
as being smectite-like and, through interparticle X-ray diffraction,
as giving rise to sequences that behave like illite–smectite (ref. 21).
Fundamental particles are theorized to exist not only in samples
prepared for XRD, but also in original geologic samples. This model
has been criticized22 on the basis of TEM observations of intact
samples. Our results show that the 2:1 layers in a sequence of illite-
rich illite–smectite are not independent (Fig. 2). The relative
proportions of Al and Si in any one layer are directly related to
those in adjacent layers. Moreover, such layer sequences are com-
patible with the data for thickness of separates on which the
fundamental particle theory is based5. Cleavage across low-charge
interlayers must produce separate illite-like particles (Fig. 2), but
with interfaces that are truly low charge (Al-poor tetrahedral
sheets), consistent with observed relations6,23 and inconsistent
with the smectite-like behaviour attributed to fundamental par-
ticles. We suggest, therefore, that fundamental particle theory is
based on an invalid crystal-chemical model and incorrectly implies
equality of states of clay separates and crystallites in unprocessed
rocks.

Several mechanisms for the formation of illite–smectite during
diagenesis of pelitic sediments have been proposed, but they can be
approximated as two types, layer-by-layer replacement and dissol-
ution/neocrystallization24. Our results favour dissolution and neo-
crystallization25,26 because the differences in Al–Si ordering between
rectorite and illite or smectite are incompatible with transform-
ations by means of solid-state diffusion of Al and Si at the low
transformation temperatures observed in Nature25. Previous work,
based on XRD patterns, has indicated layer-by-layer replacement of

smectite by illite, for example in Gulf Coast mudstones, which show
a continuous series of mixed-layered illite–smectite with increasing
depth by XRD27. The layer-by-layer mechanism, however, is incom-
patible with the presence of discrete phases separated by gaps.

The validity of theories of crystal growth is based on observations
of the sizes and shapes of crystals in evolving systems. The most
recent theories of growth of illite–smectite have been tested assum-
ing that particle thicknesses (as measured in separates by XRD) are
fundamental particles; that is, they consist only of the sequences of
illite layers obtained in separates28. As shown in Fig. 2, however,
layers that are separated by a low-charge interlayer (smectite-like)
are not independent, and thus a layer added during growth is not a
randomly determined illite or smectite layer. Adjacent layers have
structures that are mutually dependent, as is true of any crystal
structure and defined in the case of illite–smectite by the distri-
bution of Al in the tetrahedral sheets. We view the common lack of
coherency (turbostratic stacking) that occurs across low-charge
interlayers as a defect in a continuous crystal, albeit a defect that
is the rule rather than the exception; that is, packets of layers are
analogous to McEwan crystallites6. No theory of crystal growth can
be applied successfully to measures of crystal size that are not
equivalent to actual growth units. The kinds of complete layer
sequences shown in Fig. 2 are inferred to represent growth units, in
contrast to units consisting only of the illite-like components in
separates as interpreted by fundamental particle theory. We con-
sider that determinations of growth mechanisms in natural systems
that assume the existence of fundamental particles in clay separates
are therefore in error. A
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The hypothesis that animal population dynamics may be syn-
chronized by climate1 is highly relevant in the context of climate
change because it suggests that several populations might
respond simultaneously to climatic trends if their dynamics are
entrained by environmental correlation. The dynamics of many
species throughout the Northern Hemisphere are influenced by a
single large-scale climate system, the North Atlantic Oscillation
(NAO)2,3, which exerts highly correlated regional effects on local
weather4. But efforts to attribute synchronous fluctuations of
contiguous populations to large-scale climate are confounded by
the synchronizing influences of dispersal or trophic inter-
actions5. Here we report that the dynamics of caribou and
musk oxen on opposite coasts of Greenland show spatial syn-
chrony among populations of both species that correlates with
the NAO index. Our analysis shows that the NAO has an influence
in the high degree of cross-species synchrony between pairs of
caribou and musk oxen populations separated by a minimum of
1,000 km of inland ice. The vast distances, and complete physical
and ecological separation of these species, rule out spatial
coupling by dispersal or interaction. These results indicate that
animal populations of different species may respond synchro-
nously to global climate change over large regions.

Despite widespread evidence that several species’ populations
respond to large-scale climatic fluctuation2,3, attributing spatial
synchrony in animal population dynamics to environmental forcing
is problematic6. The correlated dynamics of populations of Soay
sheep (Ovis aries) on separate islands7 is strongly indicative of
spatial coupling by climate, as is the segregation of the structural
dynamics of Canada lynx (Lynx canadensis) populations into
regions experiencing similar climatic regimes8. But the high degree
of gene flow among the lynx populations indicates that there is also
a high degree of dispersal among them9. The pervasive influence of
the NAO10 in the population dynamics of vertebrates throughout

the Northern Hemisphere2,8,11–13, including Soay sheep13–15 and
Canada lynx8, suggests that the NAO has the potential to contribute
to spatial synchrony across broad geographic scales in these and
other populations16. The challenge therefore lies in identifying
systems in which the climatic signal in population synchrony is
not obscured by dispersal or trophic interactions.

We have analysed continental-scale data on the long-term
dynamics of caribou (Rangifer tarandus) and musk oxen (Ovibos
moschatus) in Greenland, where a continent-wide ice sheet separates
the two species physically and ecologically (ref. 17 and Fig. 1a).
Caribou are indigenous to west Greenland but do not inhabit
northeast Greenland, where musk oxen are indigenous (Fig. 1a).
Although time series data on population dynamics exist for seven
caribou and six musk oxen populations in Greenland, our analysis
focuses primarily on six caribou and five musk oxen populations
whose dynamics are influenced by the NAO (Methods). The
physical isolation of these two species, coupled with their lack of
interspecific competition for food or shared predators in Greenland,
greatly simplifies the analysis of climate-induced synchrony. In
addition, evidence indicates that the dynamics of populations of

  

Figure 1 Correlations between the NAO and local weather and population synchrony in

Greenland. a, Spatial gradient in the correlation between local winter temperature and the

winter NAO index across Greenland. Contours (interval 0.1) denote correlations between

the NAO winter index and average winter (December to March) temperature from 12

weather stations (blue dots) over the period 1967 to 1995. Correlative contours were

constructed as described29 using linear interpolation30. Red and green circles show the

location of the respective musk oxen and caribou populations used in our analyses.

b, Correlations between the winter NAO index and synchrony (Methods) across

populations of musk oxen (red; R 2 ¼ 0.45, P , 0.001) and caribou (green; R 2 ¼ 0.43,

P , 0.001) in northeast and west Greenland, respectively. Inclusion of the two

populations that are not influenced by the NAO resulted in poorer correlations for both

species (Methods). The top x-axis applies to the correlation with musk oxen synchrony, the

bottom x-axis applies to the correlation with caribou synchrony; axes are reversed to show

the same gradient from cold (left) to warm (right).
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