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fluids®. Perhaps Ni is precipitated at depth instead of being added
to the hydrothermal system. Whether metal-rich magmatic fluids
may be transferred to a hydrothermal system remains unresolved;
the possible mechanism of such a process is also unclear. O
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STrOMATOLITES are laminated, accretionary structures, which
are commonly regarded to have formed by the sediment-binding
or precipitating activities of ancient microbial mats or biofilms
(composed mainly of cyanobacteria), possibly supplemented
by abiotic surface precipitation'~. Stromatolites are thus con-
sidered to be a proxy for early life on Earth, as the record of
these structures extends back to 3.5 Gyr ago®. But as stromato-
lites only rarely contain fossil microbes, their biogenicity is tacitly
assumed on the basis of morphological comparisons with
modern, demonstrably biological, structures®. Little is known
about the physical, chemical and biological processes that
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controlled the growth of ancient stromatolites' and,
with pioneering exceptions’, the analysis of the inherent geo-
metric characteristics of the structures has not been pursued.
Here we present a morphological characterization of ancient
stromatolites that have growth surfaces with self-affine fractal
geometry. We deduce, from both the microscopic textures and
the fractal dimension, a purely abiotic dynamical model of
stromatolite surface growth that combines chemical precipita-
tion on the growing interface, fallout and diffusive rearrangement
of suspended sediment, and uncorrelated random noise. This
result calls into question the assumption that organisms—even if
present—necessarily played an essential role in determining
stromatolite morphology during times when precipitation at the
sea floor was common, such as the earlier Precambrian.

The stromatolites analysed in this study form part of a 1.9-Gyr-
old subtidal reef developed within the foreland basin of Wopmay
orogen, northwestern Canada'®'’. The reef is part of the shallow-
ing-upward Cowles Lake Formation in which deep basinal lime-
stone rhythmites and siliciclastic turbidites are overlain by
prograding slope facies, capped by reef and back-reef intraclast/
ooid grainstone. The reef is 20 metres thick and primarily consists
of peak-shaped stromatolites, although domal stromatolites also
are locally abundant''. Stromatolite growth surfaces are expressed
as laminae which are remarkably irregular, forming a hierarchy of
peaks of differing size, and separated by U-shaped depressions
(Fig. 1). A high degree of surface roughness is expressed across
many different length scales. Three different lamina types are
present: (1) laminae, often dark, that preferentially thicken into
the depressions; (2) lighter laminae that are uniformly thick in the
direction normal to the growth surface; and (3) light laminae that
form millimetre-scale irregular projections (Fig. 1a). All laminae
consist of fine, microsparitic calcite, with crystal sizes generally in
the range of 5-10 um; darker laminae may contain several per
cent clay and silt-sized siliciclastic detritus.

Photographs were taken of the peak-shaped stromatolites
exposed along outcrop faces oriented normal to the growth
direction (Fig. 1b), and representative samples were collected,
cut normal to the growth direction, and polished (Fig. 1a) for
detailed analysis. Stromatolitic growth laminae revealed in the
polished slab and in the field photograph were traced and digitized
for values of height ; at horizontal locations x;, j = 1,..., N, at
uniform intervals Ax. If the lamina failed to be single-valued at
somex;, then the average height of that lamina at thatx; was chosen
instead. Eleven growth laminae of horizontal length L = 0.065 m
were obtained (with N = 64 and Ax = 1.0 mm) from the polished
slab. Seventeen growth laminae of length L =1.20m (with
N =128 and Ax = 9.4 mm) were obtained from the field photo-
graph of the outcrop. Each digitized lamina then was multiplied
by a Hanning (cosine taper) window function'? and its power
spectrum
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was calculated. The average power spectra (S(k)) for the polished
slab and field photograph, respectively, are shown in Fig. 2.
Without adjusting any prefactors, both power spectra obey the
same power law (S(k)) = Ak*, where A4 is a constant and the
exponent = 2.01 £+ 0.03 was obtained from linear regression.
The two power spectra collectively span nearly three orders of
magnitude in wavenumber, with wavelengths ranging from 0.002
to 1.2m.

The power-law decay of (S(k)) shows that the stromatolite
laminae have self-affine fractal geometry, where the fractal
dimension D may be obtained”® from the relation D =
1+ (5 - p)/2. We thus find D = 2.50 + 0.02. Having found this
one-parameter characterization of stromatolite morphology, we
wish to use it to deduce the dynamics of stromatolite growth.

We propose the following mechanisms for the growth of
stromatolites in general, for which our example is a particular
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case. These mechanisms are: (1) fallout of suspended sediment;
(2) diffusive smoothing of the settled sediment (that is, sediment
moves downhill at a rate proportional to slope) and surface
tension effects in chemical precipitation; (3) surface-normal
precipitation; and (4) uncorrelated random noise representative
of surface heterogeneity and environmental fluctuations. Viewing
these processes macroscopically, that is, in terms of a continuum
partial-differential equation, we may express these growth
mechanisms as

oh 2 / 2
E:verxVh—va 14 (Vh) +n(x,1) (2)

where the four terms on the right-hand side correspond specifi-
cally to the four mechanisms listed above, respectively. Thus v, is
the time-averaged rate of upward growth through sediment
settling, « is an effective diffusion coefficient, v, is the time-
averaged rate of surface-normal precipitation, and # is
uncorrelated random noise with zero mean and variance 3. The
square-root factor is a geometric correction that acts to project the
surface-normal growth along the h-axis. The smoothing repre-
sented by the second term of equation (2) is equally represen-
tative of surface tension and diffusion. The net effect of these two
processes is combined into the single coefficient . In the case of
our stromatolite in particular, and other stromatolites in general
(including convex-upward morphotypes), the effects of surface
tension will tend to dominate in laminae formed by precipitation
(the light layers in Fig. 1) whereas the effects of diffusion will tend
to dominate in layers which have formed by the fallout of
suspended sediment (the dark laminae in Fig. 1).

Assuming that | VA | < 1, we approximate it by
14 0.5(Vh)’. Then, transforming equation (2) to
the comoving frame 4’ = h — (v, 4 v, )t and drop-
ping primes, we obtain the interface evolution
equation of Kardar, Parisi and Zhang':

I ot (VY ) ()

ot 2
Numerical solutions of equation (3) and related
models for which the contribution from surface-
normal growth is not small (specifically, when the
quantity &= v,n,/x’ is not insignificant) yield
interfaces that evolve to a statistical steady state
with fractal dimension D =~ 2.6 independent of
initial conditions™"7. Assuming that our measure-
ment of D ~ 2.5 is not significantly different from
the theoretical prediction of D = 2.6, our theoretical
description is consistent with our quantitative
measurements.

We note that when ¢ — 0 (that is, when the
contribution from the nonlinearity in equation (3)
is insignificant), equation (3) predicts D =3
(ref. 18), in clear contradiction to our measure-
ments. Thus the inclusion of surface-normal
precipitation in our mechanistic theory appears
essential. Surface-normal growth in the case of the
stromatolite studied here involves the precipita-
tion of the two, generally lighter types of laminae
(Fig. 1a): one which maintains constant thickness
independent of local slope, and another which is
expressed by growth of irregular projections that
generally are covered by the darker sediment.
Some of the taller projections, however, are
incompletely covered and influence the shape of
overlying laminae, resulting in sharp peaks
separated by concave-upward depressions. The
irregular projections, which occur at a scale
smaller than our resolution but which micro-
scopically show no evidence for preservation of
filament moulds or other biogenic microtextures,
influenced the structure of the stromatolite reef
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over a broad range of length scales to generate its characteristic
peaked structure. Thus they constitute the building blocks of an
iterative process. Although most other stromatolites produce
convex-upward, dome-shaped laminae, our four generic growth
mechanisms should still be present. Although our theoretical
description has been justified by the use of only one para-
meter—the fractal dimension D—we note that further confirma-
tion could come from measurement of the time-dependent
roughening of initially flat surfaces'. Thus, future studies should
concentrate on the surfaces upon which stromatolite growth is
initiated and the way that lamina shape changes upward.

We note that the mechanisms invoked in equation (3) are
derived from examination of the stromatolite itself and the
quantitative measurement of our stromatolite approximately fits
the prediction of a theory. Significantly, the deterministic form of
equation (3) describes the evolution of interfaces which are
qualitatively similar to growth forms of many stromatolites with
more typical, convex-upward morphology (see Fig. 1 of ref. 14 and
compare with the image on page 8 of ref. 3). Thus, we consider
that we have developed a model which not only approximately fits
a measured exponent, but also conforms to physically plausible
mechanisms derived from the observations of the stromatolite
growth textures themselves.

Our result demonstrates that the morphology of at least some,
and perhaps many, types of stromatolites may be accounted for
exclusively by abiotic mechanisms, particularly where growth by
precipitation is thought to be important. However, insomuch as
microorganisms exist in virtually all shallow marine environments

FIG. 1 Peaked-shaped stromatolites from the Cowles Lake Formation reef complex. a,
Polished slab. Stromatolitic lamination is represented by three types (arrowed) which:
thicken into depressions and tend to be darker coloured (d); form lighter layers of constant
thickness as measured normal to the growth surface (c); form lighter layers with millimetre-
scale, irregular projections that grow normal to the growth surface (p). Note that the
millimetre-scale irregular projections are the source of the peaked structure at all larger
scales. b, Outcrop photograph showing peaks at intermediate and largest scales.
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FIG. 2 Plot of log,,S(k) versus log,qk, for both the field photograph (circles)
and polished slab (squares), compared to the best-fitting line from linear
regression (straight line). Both sets of data fit the relation S(k) ~ k~* where
f =2.01+0.03. The power-law decay of S(k) shows that no single
wavenumber component dominates the power spectrum and that the
geometry of the stromatolite laminae is statistically scale invariant.

today, it would be misleading to assume that they did not inhabit
the surfaces of most, if not all, Precambrian stromatolites. But if
they did, then it is no longer clear what role they played in
morphogenesis. As the textural evidence for precipitation in
stromatolite growth continues to increase'®%, particularly for
early Precambrian time when stromatolites are regarded as an
important proxy for life on Earth it seems prudent to remain
cautious in the assumption of biogenicity without direct evidence
supplied by the presence of fossilized microbes that can be shown
to have influenced morphogenesis (that is, were not passively
residing on a convenient substrate). In attempting to demonstrate
through rigorous analysis that morphology may uniquely reflect
biology, we emphasize that the null hypothesis—that morphology
is the result of physical and chemical processes—cannot be
falsified in the case studied here and probably for many other
stromatolites. O
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Human listeners can localize sounds by the difference in both
arrival time (phase) and loudness between the two ears'. Move-
ment of the sound source modulates these cues, and responses to
moving sounds have been detected in animals in primary auditory
cortex*” and in humans in other cortical areas®. Here we show
that detection of changes in the interaural phase or amplitude
difference occurs through a mechanism distinct from that used to
detect changes in one ear alone. Moreover, a patient with a right
hemisphere stroke is unable to detect sound movement, regard-
less of whether it is defined by phase or by loudness cues. We
propose that this deficit reflects damage to a distinct cortical
area, outside the classical auditory areas, that is specialized for
the detection of sound motion. The deficit is analagous to cerebral
akinotopsia (motion blindness) in the visual system, and so the
auditory system may, like the visual system®, show localization of
specialized functions to different cortical regions.

Detection of a sound movement from phase cues was investi-
gated in control subjects by using a binaurally presented tone of
500 Hz in which the phase was sinusoidally modulated at 2 Hz. In
one condition, as the phase was advanced at one ear, it was
retarded at the other. This produces a changing delay between
the waveforms at the ears, or interaural phase modulation (IPM),
like that produced by a sound source oscillating in a horizontal arc
around the head. Apart from changes in the interaural phase
between the ears, this stimulus also modulates the instantaneous
phase or frequency at either ear alone; a control stimulus was
therefore used in which these frequency changes were identical at
the two ears (binaural frequency modulation, FM). The interaural
phase difference of the FM stimulus was always zero.

The detection of frequency- and phase-modulated stimuli is
shown in Fig. 1a, ¢ for six control subjects. The mean threshold
(expressed as modulation index) was 1.24 for the detection of FM,
and 0.313 for IPM. The IPM threshold for controls corresponds to
a maximum interaural phase delay of 36 deg and, for an environ-
mental sound, an average angular velocity of 85 degs™'. The data
for naive subjects shows inter-subject variation, but the FM
threshold for individual subjects exceeds the IPM threshold 4.7-
fold (95% confidence interval, 2.8—6.8). Thus control subjects find
it easier to detect a phase modulation at the two ears associated
with the lateral movement of a sound source than to detect the
associated frequency modulation. Together with the subjects’
reports of a clear difference in the percept at threshold, this
shows that the detection mechanism for IPM is distinct from those
previously described for FM at low modulation rates®’. At higher
modulation rates, above 10 Hz, the detection of IPM and FM is
similar for all subjects, and the perception of sound movement is
lost.

Detection of sound movement from amplitude cues was also
investigated in control subjects by using a binaurally presented
tone sinusoidally amplitude modulated at 2 Hz. Analogous to the
case with phase modulation, the stimuli had amplitude changes
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