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arise from the attempt to interpret complex behaviour within the
limits of a favoured structure. The main conclusions drawn from the
present first-principles quantum simulations, together with those of
ref. 23, are in accordance with a model that is deduced from, and is
claimed to be consistent with, all known experimental data®. []
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The large-scale geometry and age progression of many hotspot
island chains, such as the Hawaiian—Emperor chain, are well
explained by the steady movement of tectonic plates over sta-
tionary hotspots. But on a smaller scale, hotspot tracks are
composed of discrete volcanic islands whose spacing correlates
with lithospheric thickness'. Moreover, the volcanic shields them-
selves are often not positioned along single lines, but in more
complicated patterns, such as the dual line known as the Kea and
Loa trends of the Hawaiian islands®’. Here we make use of the
hypothesis that island spacing is controlled by lithospheric
flexure' to develop a simple nonlinear model coupling magma
flow, which feeds volcanic growth, to the flexure caused by
volcanic loads on the underlying plate. For a steady source of
melt underneath a moving lithospheric plate, magma is found to
reach the surface and build a chain of separate volcanic edifices
with realistic spacing. If a volcano is introduced away from the
axis of the chain, as might occur following a change in the
direction of plate motion, the model perpetuates the asymmetry
for long distances and times, thereby producing an alternating
series of edifices similar to that observed in the Kea and Loa trends
of the Hawaiian island chain.

Various models have been proposed to explain the formation of
discrete islands within hotspot tracks. Periodicity in island forma-
tion may originate in the mantle by solitary waves** on, or shear
instabilities®” of, mantle plumes; these models, however, do not
explain the observed correlation' between island spacing N and
lithospheric thickness H, that is, A o« H**, Alternatively, stresses in
the lithosphere may generate joints with regular spacing of the order
of the thickness of the lithosphere with volcanic eruptions occurring
at their intersections®; however, the stresses necessary to cause the
observed pattern of volcanoes are not well constrained and may
require multiple, somewhat ad hoc, origins®. Our model instead
builds on the idea (motivated by the observed correlation between A
and H) that magma flow occurs at locations where the horizontal
flexural stresses due to existing islands are approximately zero' (that
is, at the transition between the flexural depression and the flexural
bulge). The model provides a simplified yet self-consistent dyna-
mical system that generates realistic results by taking into account
the effects of flexural stresses and erosion of the dyke walls on
fracture formation.

The physical processes involved in our model act on greatly
varying length and time scales. Whereas the flexural wavelength is of
the order of 100 km (ref. 9), and the flexural amplitude changes over
timescales of volcano formation (~10° years; ref. 10), a typical
magma-transporting fracture is only 1-10 m wide and forms over
timescales of days (ref. 11). A practical approach to treating this
disparity in scales is to define the lithosphere’s permeability to
magma percolation as a continuous field variable, thus treating the
average effects of fractures in a continuum mechanical sense. By
analogy with the physics of fracture formation and evolution, the
permeability is assumed to depend on stresses'"'> and total erosion
(for example, melting'*'* and thermomechanical erosion") of the
fracture walls.
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We first assume that the stresses influencing the permeability are
due to both an impinging mantle plume, and lithospheric flexure
(Fig. 1). The net effect of the plume on the base of the lithosphere is
represented as a tensile stress or over-pressurization (due to infla-
tion of the hotspot swell, horizontal spreading of the plume top,
and/or high pressure of the melt region) of super-gaussian'® shape
placed in the frame of reference of a lithosphere moving with
velocity v in the negative x-direction:
~ |:(x _ 1/tz)z_H/z]P

' M
Here A is the maximum stress, and r is the half-width of the source; p
provides generality by allowing o, any shape, from purely gaussian
(p = 1) to plateau-shaped (p > 1).

The stresses associated with plate flexure are assumed to be
primarily a function of the surface load as described in thin-plate
theory; the vertical deflection w caused by a load of height h (which
is variable in space and time) and density p,, is therefore given by

DViw + (p, = p,)gW = — pugh 2

where D is the flexural rigidity’, p, and p,, are the densities of the
asthenosphere and water, respectively, and V} is the two-dimen-
sional horizontal biharmonic operator. In equation (2), the effects
of the basal load are assumed to be negligible relative to those due to
the volcanic load. The permeability of the lithosphere itself is
primarily controlled by the sum of the horizontal normal flexural
stresses near the surface (where fracturing is most likely to occur'’)
given by

0,(x,y,t) = Ae

D

% W ®3)
where H is the elastic lithospheric thickness’. (For nearly vertical
fractures, only the horizontal stresses need to be considered and
hence the vertical compression due to either the plume or the
volcanic load is neglected.) Thus, for example, a net compressive
stress (o < 0) acts like an excess confining pressure on magma
pathways.

The influence of erosion of fracture walls (due to a combination
of melting, thermomechanical erosion, hydrating chemical
reactions'®'®, and so on) on permeability is controlled by the rate
of influx and efflux of net energy due to magma injection. This
energy nominally includes all forms of energy that contribute to
erosion, for example, heat (for melting and for thermal condition-
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Figure 1 Sketch of the influence of flexural stresses on fracture formation.
Fractures form where the magma pressure due to the plume is greater than the
sum of compressive stresses due to flexure and the tensile strength of the
lithosphere. Once a magma pathway is established, the fracture is kept openin an
environment of increasing flexural stresses by erosion of the fracture walls.
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ing which facilitates erosion by softening the rock), gravitational
potential energy, internal mechanical energy, kinetic energy (for
mechanical erosion), and chemical potential energy (for reactive or
hydrating effects). The various erosional effects and their interac-
tions are difficult to estimate. Although evidence for melting of wall
rock is found in Hawaiian lavas®, it is unlikely to provide the
necessary erosion by itself (based on silicate latent heats and
estimates of magma heat loss). The loss of gravitational potential
energy of magma provides a large source of power for mechanical
erosion for which there is evidence in the presence of xenoliths*';
however, the effectiveness of such erosion is difficult to estimate as it
depends on the friability of wall rock, the geometry (such as
tortuosity) of the pathways, and many other parameters. However,
our model suggests that the formation of discrete islands requires
significant net erosion to allow established pathways to remain open
in the presence of mounting compressive stresses. Thus, while we
cannot quantitatively determine the net erosional effect based on
observations and experiments, we do find, a posteriori, that the
effect must be significant to permit island formation in this model, a
prediction that clearly warrants testing with future field and
laboratory studies.

Opverall, we assume that stress and erosion affect permeability by
changing the magma volume fraction (that is, porosity) f due to
dykes and cracks. Incremental changes in f are thus assumed to be
controlled by increments in net energy and normal stresses

Cdf = Bde + do,, + do; 4)

where e is the net energy content of the bulk medium (wall rock plus
magma) per volume in excess of the far-field value, B is a constant,
and C is a hybrid parameter whose inverse C ' represents the
responsiveness of crack or dyke volume to stress and erosion (that
is, a large value of C causes a small change in f for a given input of
energy or stress). We assume that, to first order,
C = C/(f(f max — f)) which precludes unphysical values of f < 0;
fmax is the value of fbeyond which increases in stress and net energy
are partitioned less into changing porosity than into other
responses, such as heating or deforming the magma. We assume
that this limit is similar to the disaggregation limit for melts, that is,
0.01 < f .. =< 0.1 (however, f.,.x need not be evaluated explicitly in
this model as it only appears coupled to other parameters).
Equation (4) is easily integrated to yield the function f(e,0,,05).
Then, assuming that permeability k is linearly dependent on f, and
that, for simplicity, magma percolation obeys Darcy’s law, the
magma volume flux per area (the Darcy velocity) is given by

— B

V= —k"f‘"a" 1 + tanh % 0~ 0, + e
2u 2C/f max

(6))

X [(pl —0w)g — (onh +p,w) %}

where k, is a reference permeability, u is the magma viscosity, o, is
an integration constant representing the intrinsic tensile strength of
the far-field lithosphere'?, and p; is lithospheric density. The
pressure gradient driving flow (the last bracketed factor in equation
(5)) is due to the magma buoyancy, the hydraulic head of magma
inside the volcano, and the flexural deflection of lithosphere into the
underlying asthenosphere. (If o, represents magma overpressurization
instead of plume tensile stress, then, strictly speaking, it should be
included in the driving pressure; however, this is found to have little
significant effect on the final results.)

The volcanic load height h grows according to the ejection rate of
magma onto the surface, V; changes in € are primarily controlled by
the injection rate of magmatic net energy, which is also proportional
to V. Thus we may write

oh
ar

_Hae

V=_—~2=
AQot

(6)
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where AQ is the drop in magmatic energy per volume across the
lithosphere (from bottom to top). This final equation provides,
first, a description of how h changes with time, f, and second the
relation e = AQHK/H (assuming e and h are both zero at some initial
time) which we can then substitute back into equation (5) to
eliminate e. The resulting governing equations (1), (2), (3), (5)
and (6) with the aforementioned substitutions describe how the rate
of change of volcano height 4 is a strongly nonlinear function of h
itself.

Numerical solutions of the governing equations yield chains of
discrete volcanoes (Fig. 2) for a wide range of parameters. The first
magma pathways form in pristine, unflexed lithosphere, after which
a volcanic load begins to grow. The mounting compressive flexural
stresses (or) beneath the volcanic load soon overwhelm the tensile
stresses (o,) from the plume magma source, thereby impeding and
eventually precluding the initiation of any further magma pathways
in the vicinity of this volcano. However, as the lithosphere moves on,
the plume magma source eventually reaches a region of the litho-
sphere where the flexural compressive stresses are low enough that it
can force open new magma pathways to the surface. Erosion
provides a positive feedback which keeps established pathways
open long enough to form a volcano, even as the compressive
flexural stresses grow along with the volcanic load. (The flow in the

Figure 2 Theoretical model of discrete islands formed on a lithospheric plate
moving over a mantle hotspot. In the lithospheric reference frame, the hotspot
starts atx = 70km, y = 110km and moves to the right at velocity v = 10cmyr ™",
causing a line of single volcanoes. When the hotspot reaches x = 470km, the
relative direction of plate motion changes by 45°, causing a transition to a dual
line of volcanoes (see text for discussion). The governing equations are
solved using a pseudo-spectral code? with 256 x 128 Fourier modes. The
volcanoes are relatively sharp peaks rather than proper shields because
gravity-induced spreading at the surface is neglected. The parameters used
to generate the figure are: D =238x10®Nm (ref. 9), H =30km,
pw = 1,000kgm~2, p, =3,300kgm~2, p, =2,600kgm~2 p =3,400kgm3,
r=110km, x = 100Pas (ref. 13), and ¢, = 5.1 X 10" Pa (ref. 28). (See text for
definitions of symbols.) We choose p = 3, which results in a plateau-shaped o,
that facilitates generation of the dual line by providing a wider swath of nearly
equal probability of volcano formation; a more peaked function tends to concen-
trate volcanic edifices on the hotspot axis. Parameter kf,.., = 1.8 X 107" m? is
estimated using F/A, =K f /(o — pr)g, Where F is the volume flux of magma
(~3.6m3s™" for Kilauea volcano®), and A, is the volcano area (~2,500 km?). We
choose A = 5.0 x 107 Pa, resulting in plume tensile stress or magma pressure
that is of the order of the tensile strength o,; and Co/f,.x = 1.8 X 10° Pa so that, to
be conservative, the minimum resistance to changes in porosity C is also of the
order of the tensile strength for plausible f,ax. The value of BAQ = 6.3 X 10° Pa
causes the effect of wall-rock erosion to be comparable to or even larger than the
flexural stresses, as is a posteriori found to be required for the formation of
discrete islands.
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established pathways is eventually shut off by the hydraulic head of
magma within the volcano itself.) Once the next volcano is estab-
lished, the process repeats itself. The resulting volcanic spacing A is
proportional to H*'* because the natural length scale of the flexure
equation (2) is proportional to D"* and D o« H® (ref. 9). With
lithospheric thickness H = 30 km (refs 22, 23), we can match the
observed volcano spacing of 70 km in the Hawaiian islands'.

Our simple model predicts that a dual line of volcanoes similar to
the Kea and Loa trends of the Hawaiian chain, and comparable
trends in other Pacific island chains®, is a natural consequence of
the dynamics of the system when it is initiated or perturbed by a
volcanic load placed off the hotspot axis, as might occur after a
change in tectonic-plate motion. The dual chain occurs because the
compressive stresses beneath the off-axis edifice preclude formation
of the next volcanoes on that side of the axis; thus, the closest region
susceptible to new volcano formation is on the opposite side of the
hotspot axis. Subsequent volcanoes form similarly, leading to a
chain reaction that results in alternating positions of volcanoes. The
eventual separation of the two lines depends on the radius r of the
plume magma source; a separation characteristic of the Kea and Loa
trends is achieved for r = 110 km. This value of r is comparable with
estimates of the melt radius (100—150 km) of the Hawaiian plume®®,
which suggests that the plume stress is caused more by a high-
pressure melt region then by other sources of plume stress, such as
inflation of the hotspot swell (which has a much larger radius'®).
However, the spacing between nearest volcanoes is the same as that
for the single line, about 70 km. Moreover, the two volcanic lines
tend to sample different parts of the plume magma source; this
may help explain the disparate geochemistry and petrology of
volcanoes on single hotspots as they would arise from regions
with different temperatures, degrees of partial melting, and possibly
entrainment™.

The present Kea and Loa trends are predicted by our model to be
due to an off-axis asymmetry caused by, and perpetuated since, a
change in direction of plate motion. As these trends are relatively
young, or at least have been strongest in the past 4 Myr, they may
reflect a change in plate motion that occurred not 43 Myr ago (the
time of the Emperor—Hawaiian bend) but, as recently suggested*
only 3—6 Myr ago.
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Living gnathostomes (jawed vertebrates) include chondrichth-
yans (sharks, rays and chimaeras) and osteichthyans or bony
fishes. Living osteichthyans are divided into two lineages,
namely actinopterygians (bichirs, sturgeons, gars, bowfins and
teleosts) and sarcopterygians (coelacanths, lungfishes and tetra-
pods). It remains unclear how the two osteichthyan lineages
acquired their respective characters and how their common
osteichthyan ancestor arose from non-osteichthyan gnathostome
groups"’. Here we present the first tentative reconstruction of a
400-million-year-old fossil fish from China (Fig. 1); this fossil fish
combines features of sarcopterygians and actinopterygians and
yet possesses large, paired fin spines previously found only in two
extinct gnathostome groups (placoderms and acanthodians). This
early bony fish provides a morphological link between osteichthyans
and non-osteichthyan groups. It changes the polarity of many
characters used at present in reconstructing osteichthyan inter-
relationships and offers new insights into the origin and evolution
of osteichthyans.

The fossil fish Psarolepis romeri® was described on the basis of
skull and lower jaw materials from the Lower Devonian strata
(about 400 million years (Myr) Bp) of Qujing, Yunnan, China.
Materials assignable to the same genus from the Upper Silurian
(about 410 Myr 8p) of China* and Vietnam® made Psarolepis one of
the earliest osteichthyans known so far. The skulls and lower jaws
exhibit the overall morphology of sarcopterygians but also show
characters found in primitive actinopterygians, such as a tooth-
bearing median rostral and a lower jaw with five coronoids (rather
than three as in most sarcopterygians)*®. Psarolepis was first placed
within sarcopterygians, as a basal member of Dipnormorpha’ or
among the basal members of Crossopterygii’. The new features
revealed by the shoulder girdle and cheek materials reported here
(Figs 1d, e, 2, 3) indicate that Psarolepis may occupy a more basal
position in osteichthyan phylogeny.

Most Psarolepis specimens derive from four beds at the same
locality in Qujing, the first bed being in the Yulongsi Formation
(Pridoli), the second and third beds in the Xishancun Formation
(early Lochkovian), and the fourth bed in the Xitun Formation (late
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Lochkovian). The specimens described here are from the second
and third beds. The shoulder girdles and cheek plates from the third
bed are often preserved as internal moulds (Fig. 2a) or as external
moulds showing the internal casts of sensory canals and the pore-
canal system (Figs 2b, ¢, 3a). Like elements previously assigned to
Psarolepis’, these materials exhibit the unique ornamentation with
large, closely spaced pores on the cosmine surface. This unique
ornamentation forms the basis of their assignment to Psarolepis,
which is also supported by other histological and morphological
features and by their association with elements that are directly
comparable to the type specimen.

The shoulder girdle (Fig. 2) bears a huge pectoral spine that
extends posteriorly from a conspicuous ridge between the ventral
and vertical laminae of the cleithrum, resembling the condition in
some placoderms and acanthodians. In addition, the symmetrical
fin spine’ indicates that Psarolepis may possess median spines in
front of the unpaired fins (Fig. 1a, ¢), as in sharks and acanthodians.
The median fin spine exhibits the same ornamentation as the
associated parietal shield and lower jaw* other taxa from the
same bed (petalichthyids and galeaspids) cannot possess a similar
ornamentation. Such paired and unpaired fin spines are unknown in
early osteichthyans, whether sarcopterygians or actinopterygians'.
The only possible exceptions are two questionable Silurian forms,
Lophosteus, which has indeterminable spine-like fragments’, and
Andreolepis, which has a lateral projection of the cleithrum®’.

A critical issue is whether Psarolepis has the typical sarcopterygian
monobasal articulation of the paired fins. Although the internal
mould of the endoskeletal shoulder girdle (Fig. 2a) does not show
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Figure 1 Reconstruction of Psarolepis, a 400-million-year-old sarcopterygian-like
fish with an unusual combination of osteichthyan and non-osteichthyan features.
a, Head and anterior part of the fish with tentatively positioned median fin spine.
b, Anterior view of the skull and lower jaws (from ref. 3). Scale bar, 5 mm. ¢, Median
fin spine (from ref. 4). d, Shoulder girdle with pectoral spine, based on specimens
shown in Fig. 2. e, Cheek plate with maxillary and preopercular, based on
specimens shown in Fig. 3. Surface ornamentation of the cheek plate is omitted
to show the pattern of sensory canals. Most Psarolepis specimens derive from
four beds at the same locality in Qujing, Yunnan, China.
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