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Abstract

Seismic experiments imaging the deep crustal structure beneath hotspot tracks and oceanic plateaus indicate unusually
high seismic velocities (Vp = 7.3~7.8 km/s) at the base of the crust. These high-velocity ‘layers’, up to 10 km thick, are
generally interpreted as large igneous intrusions. In this paper we investigate the extent to which plume magmatism affects
the crust, and propose a model for the origin and composition of the high-velocity layers. We use the petrological code
MELTS [1] to quantify the evolution of primary mantle melts as they ascend to the surface along an imposed
pressure—temperature path. Crystal fractionation is an important process for plume volcanism, as suggested by the
discrepancy between the composition of the erupted lavas, predominantly tholeiitic basalts, and the expected picritic
composition of the parental mantle melts. In our model the initial liquid compositions are taken from melting experiments on
spinel lherzolites at 10-30 kbar pressure and span reasonable compositional differences over a depth range of melting.
MELTS rigorously calculates the amount and composition of the fractionated solid phases and the major oxide concentration
of the residuat liquid. For picritic initial liquid compositions (i.e., those formed at 30 and 20 kbar pressure) our petrological
model predicts a distinct crustal structure: at the base of the crust (e.g., at P =3 kbar) the fractionated cumulates are olivine
and augitic pyroxene, with variable amounts of plagioclase. The calculated compressional wave velocities of the cumulates
are 7.5-7.9 km/s. In the upper crust (P = 1 kbar) intrusions are olivine gabbros (Vp ~ 7.0 km/s). We also find that the
coexistence of high-velocity layers at the base of the crust, with high upper crustal velocities is diagnostic of deep (30-20
kbar pressure) melting. Our results indicate that the lower-crustal high-velocity layers beneath oceanic plateaus and hotspot
tracks represent fractionated cumulates from picritic mantle melts and are therefore an integral part of plume volcanism. This
conclusion suggests that high-velocity layers should be present also beneath continental flood basalt provinces.
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1. Introduction ing of the geodynamic and petrologic processes asso-
ciated with partial melting of mantle plumes. Plumes
of hot material rising from the Earth’s mantle are
thought to cause intraplate volcanic hotspots [2]. It is

also likely that continental flood basalts and oceanic

The interpretation of crustal structure in provinces
affected by plume volcanism requires an understand-
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plateaus were formed by enhanced melting of a large
plume head at the initiation of mantle plume activity
[3-5]. Geochemical analyses of flood basalts provide
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constraints on the depth of primary melting for plume
magmatism, and often indicate that garnet-bearing
peridotite is a likely magma source. A garnet-bearing
source has been suggested for Hawaii [6], for the
Siberian Traps [7], and for the Wrangellia Terrane
[8], which is probably an accreted fragment of an
oceanic plateau [9].

Thermomechanical models of plume-lithosphere
interaction indicate that melting of the lithosphere is
minimal and that the bulk of primary magmas are
produced within the mantle plume [10,11]. The esti-
mated melting depth of 70-120 km (i.e., 20—40 kbar
pressure) is within the stability field of garnet peri-
dotite. According to petrological models and melting
experiments on mantle lherzolite in this pressure
range, the composition of the liquid is picritic, with
high MgO content (15-18 wt%). Although picrites
occur in provinces affected by plume magmatism,
the largest volumes of volcanic rocks are tholeiitic
basalts, with a fairly constant MgO concentration
(6-8 wt%).

The discrepancy between the predicted composi-
tion of the primary melt at depth and the observed
composition of the erupted lavas indicates that pri-
mary mantle melts undergo significant crystal frac-
tionation before being erupted. The conclusion that
erupted lavas do not represent primary magmas, but
are instead largely derived via crystal fractionation,
has important implications for crustal evolution [12].
Fractionated cumulates and intrusions would cause
underplating and thickening of the crust, and these
features should be detectable by geophysical obser-
vations.

There is now a growing body of seismic data that
allow imaging of the deep crustal structure of hotspot
tracks, such as Hawaii [13] and the Marquesas Is-
lands [14], of oceanic plateaus, such as Ontong Java
[15], and of continental flood basalt provinces, such
as the Columbia River Plateau [16]. The seismic data
consistently indicate crustal thickening and the exis-
tence of high-velocity layers at the base of the crust.
These layers are a few kilometers thick (up to 10
km), and their seismic velocities are intermediate
between those of the mantle and those typical of the
lower crust.

In this paper we investigate the effect of plume
magmatism on the crustal structure beneath hotspots
and oceanic plateaus, and we provide a model for the

origin of the high-velocity layers often detected at
the base of the crust. We study the petrological
evolution of picritic mantle melts using MELTS [1],
a code for fractionation/assimilation processes in
silicate liquids. MELTS is based on a rigorous ther-
modynamic formulation of liquid- and solid-phase
equilibria, and it calculates the composition and
amount of liquid and solid phases as a function of
pressure, temperature and initial liquid composition.

In our models crystal fractionation is the domi-
nant process through which picritic melts evolve
toward a basalt. The initial liquid compositions are
taken from recent melting experiments on spinel
lherzolites at 10, 20 and 30 kbar pressure [17], and
hopefully bracket a possible range of mantle melt
compositions. The pressure—temperature paths are
chosen assuming rapid magma transport along the
liquid adiabat, followed by major cooling and frac-
tionation at constant pressure. Crystal fractionation
occurs predominantly at the base of the crust, since
the Moho may represent a density [18] and/or a
rheological [19] trap that inhibits the ascent of partial
melts. We explore a range of Moho depths (10-17
km) which are appropriate to the oceanic environ-
ment. We then compare the crustal velocities struc-
ture observed beneath oceanic plateaus and hotspots
with the compressional wave velocities calculated
for the fractionated cumulus and for upper crustal
intrusions. Similarly, the composition of basaltic
lavas from oceanic plateaus is compared to the calcu-
lated major oxide concentrations of the evolved lig-
uids.

Our results show that crystal fractionation of pi-
critic primary melts (i.e., those formed at 20 and 30
kbar) generates mafic cumulus at the base of the
crust, with calculated seismic velocities of 7.5-7.9
km/s. Intrusions in the upper crust are gabbros,
variably enriched in olivine, with velocities of 7.0—
6.8 km/s. In contrast, fractionation of shallow pri-
mary melts (i.e., using the 10 kbar initial composi-
tion) generates gabbros, variably enriched in or-
thopyroxene, with seismic velocities of 7.2-6.8
km/s.

As expected primary melts generated at higher
pressure have higher normative olivine contents,
therefore fractionation at shallow depths results in
olivine rich (thus seismically fast) cumulates. For
mantle plume magmatism we can reconcile the ex-
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pected picritic composition of mantle melts with the
observed basaltic composition of the erupted lavas
only if significant fractionation occurs. We suggest
that the high-velocity layers observed at the base of
the crust are genetically related to plume magma-
tism, being mafic cumulates of olivine, augitic py-
roxene and some plagioclase formed during crystal
fractionation of picritic mantle melts. Our models
also indicate that important volumes of cumulates
and intruded rocks accompany surface volcanism.

2. Modelling approach
2.1. Petrological calculations

We use the thermodynamic code MELTS [1] to
model fractional crystallization for a multicomponent
system. MELTS finds the composition of the liquid
and solid phases at equilibrium at a given pressure,
temperature and liquid composition, by minimizing
the Gibbs free energy of the system. The model
treats the irreversible process of magmatic crystal-
lization as a series of steps, each characterized by
thermodynamic equilibrium, providing a rigorous de-
scription of the bulk chemical effects which accom-
pany crystallization. At each step of the imposed
pressure—temperature path, the code calculates the
composition and the amount of the solid phases
fractionated and the composition of the residual lig-
uid.

The bulk of the constraints used to calibrate
MELTS are from low pressure experiments, however
the experimentally measured volumes, thermal ex-
pansivities and compressibilities allow extrapolation
to high pressure [20,21]. At 10 kbar MELTS repro-
duces well the shape and trends of recent melting
experiments [22], although there is a systematic dis-
crepancy between observed and calculated concen-
trations for some oxides (e.g., SiO,). We avoid
modeling the whole fractionation path from the
source region to the surface and we restrict our
calculations to the pressure range where MELTS is
accurate.

The initial composition of the primary melt is
from anhydrous melting experiments on natural spinel
Iherzolites by Hirose and Kushiro [17]. Although
partial melting in a mantle plume occurs over a
depth range, we consider for simplicity three initial

Table 1

Initial composition of partial melts

Oxide 1C-30 1C-20 IC-10
Si0o, 45.65 47.53 50.45
TiO, 0.99 0.75 0.65
Al O, 14.31 15.55 17.96
FeO,,, 9.64 8.57 6.71
Cr,0, 0.21 0.21 0.11
MgO 16.71 13.96 10.09
CaO 10.62 11.12 11.38
Na,O 1.80 222 2.47
K,O 0.07 0.08 0.09

compositions formed at constant pressure. The com-
position of the partial melts formed at 30, 20 and 10
kbar (hereafter called IC-30, IC-20 and IC-10, re-
spectively) are shown in Table 1. Their correspond-
ing melt fractions are 16.6, 13.5 and 12.1 wt%
(Table 4 of [17]). These melt fractions are higher
than what is expected for fractional melting in the
mantle; however, at present there are no experiments
that directly constrain the compositions of near-
solidus melts at high pressure. Recent experiments at
10 kbar show that near-solidus melts are enriched in
Si0,, Al,0;, Na,0, and depleted in FeO, MgO,
Ca0, relative to higher melt fraction [22].

We use the mass and composition of the fraction-
ated minerals to calculate the compressional wave
velocity of the fractionated assemblage. For each
mineral we consider an upper and a lower compres-
sional wave velocity [23] to account for variations in
the mineral composition (Table 2), since higher FeO
content decreases the seismic velocities. The upper
and lower compressional velocities for the solid as-
semblage are then calculated as the sum of each
mineral velocities (upper and lower, respectively),
weighted by the relative volume percent of each
mineral. We note that the calculated velocities of the
solid assemblage may differ from in situ seismic
velocities, since compressional velocity increases
with lithostatic pressure (i.e., dV,/dP ~ 1-1.5 X
107% km s™' kbar™!) and decreases with tempera-
ture (i.e., dVp/dT ~ 2-6 X 10™* km s~ '°C~ ") ([25],
and references therein).

2.2. Magma evolution paths

In our models primary mantle melts rise along
their liquidus from the melting region to the base of
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the crust. The implicit assumption is that partial
melts rise rapidly in the uppermost mantle, probably
through veins and cracks, without undergoing signif-
icant cooling and fractionation. Consequently the
composition of the melts reaching the Moho is the
same as the initial composition of the primary melts
given in Table 1. We consider that the crust/mantle
boundary may act as a barrier to the ascents of
mantle melts, inducing ponding at the base of the
crust. We have investigated a range of initial pres-
sures of crystallization, at P = 3 kbar (corresponding
to a Moho depth of ~ 10 km, appropriate for typical
oceanic crust), and P = 5 kbar (Motio depth of ~ 17
km, appropriate for thickened oceanic crust).

We also consider two possible cases. For the ‘one
stage case’ fractionation occurs exclusively at the
Moho, which implies rapid magma transport from
the reservoir to the surface without significant crystal
fractionation. For the Columbia River basalts physi-
cal and chemical constraints require that the flows
were fed from a large magma reservoir near the
crust—mantle boundary and indicate that no signifi-
cant crystal fractionation and assimilation occurred
between reservoir and surface [25). For the ‘two
stage case’ fractionation occurs in part at the Moho
and in part at shallower pressure. The likelihood of
polybaric fractionation for some flood basalt lavas
has been suggested by Cox [12], based on petrologi-
cal observations. In our model the pressure of shal-
low level fractionation is P =1 kbar (~ 3.5 km),
which is consistent with the depth of magma cham-
bers seismically imaged under the Kilauea volcano
in Hawaii [26].

The Moho has often been suggested as a locus of
magmatic underplating. However, the physical con-
ditions that cause a picritic mantle melt to pond and
form sills at the base of the crust are unclear. To

define the forces that cause spreading and ponding at
the Moho requires an understanding of how magmas
rise from the mantle to the surface. It is generally
assumed that lithostatic load and magma density
have a major effect on whether magma will reach the
surface or will ascend only to some equilibrium
position. Picritic melts rise in the mantle in response
to buoyancy forces, and they may flow laterally at
the base of the crust if their density is intermediate
between that of the crust and of the mantle (e.g.
[18).

A likely mechanism to transport large quantities
of hot magma is through fractures, in this case the
level of the top of the magma column is determined
by the weight of the magma column and by the
overburden pressure acting in the source region [27].
The overburden pressure depends on the thickness of
the crust and on the depth of the source. For a dike
to advance upwards the fluid pressure at the top of
the column must exceed the lithostatic pressure. If
the melt is present in continuous conduits down to a
magma chamber it is the integrated density contrast,
rather than the local density contrast, that controls
whether the melt will rise. In this case dense melts
can ascend through less dense surrounding rocks.
These models are probably considerable simplifica-
tions of the natural system and neglect the effect of
rheological differences within the crust and the upper
mantle. Parsons et al. [19] show that the viscosity
increase between the lower crust and the mantle
affects the orientation of the greatest and least princi-
pal stress axes, so that horizontal intrusions and
ponding may be favored at a rheological boundary.
Moreover, if the host rocks are sufficiently elastic to
support differential tectonic stresses, the density of
the surrounding rocks is less important, suggesting
that variations in horizontal stresses, rather than

Table 2

Compressional wave velocity and density of minerals

Mineral Ve . Ve . Density
(km /s) (km/s) (g/cm®)

Olivine (Fog,Fa ,—Fo,5Fa,s) 8.35 8.15 333

Clinopyroxene (augite) 7.70 7.40 3.33

Orthopyroxene (EnysFss—EngoFsyp) 7.80 7.60 333

Plagioclase (An s Ab,s—Angs Abss) 6.70 6.40 2.65

Spinel 9.10 9.00 4.20
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host-rock density may control the behavior of tabular 3. Results
intrusions [19}.

Given the complexity of the problem it is clear We are particularly interested in modeling the
that the models used for our calculations are only effect of plume magmatism in an oceanic environ-
rough approximations of the pressure—temperature ment and in understanding the crustal structure de-
path for mantle melts rising to the surface. tected beneath some oceanic plateaus and hotspot
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tracks. Since the oceanic crust is thinner and has a
more mafic composition compared to the continental
crust, we can at first ignore assimilation processes.
We model fractional crystallization, which implies
that the crystals segregate from the residual liquid as
soon as they form.

3.1. Moho at P = 3 kbar

The results for the initial composition IC-30 are
shown in the top panels of Fig. 1. Fig. 1a shows the
sequence and the cumulative amount of fractionated
minerals as the temperature decreases from the lig-
uidus to 1220°C. Olivine is followed at lower tem-
perature by augite and plagioclase, as predicted by
the Bowen series. The seismic velocity for the cumu-
lates (Fig. 1b) ranges from 8.5 to 7.5 km/s, reflect-
ing the high content of olivine. Fig. 1c and d show
the composition of the residual liquid. The most
pronounced effect of olivine fractionation is the de-
crease in MgO, while SiO, is approximately con-
stant. Fractionation of augite and plagioclase en-
riches the residual liquid in FeQ,,,, and depletes it in
Ca0, Al,0; and SiO,. These major oxide variations
are in agreement with several previous studies ex-
ploring the effect of crystallizing olivine, augite and
plagioclase on silicate melt composition.

The liquid density is calculated by MELTS via a
simplified polynomial representation of the liquid
volumes, which uses estimates of the second pres-
sure derivative of the molar volume and experimen-
tally determined thermal expansivities and compress-

ibilities for each liquid oxide [1]. Fig. le shows that
the liquid density is constant when olivine is the only
crystallizing phase. When pyroxene and plagioclase
join the crystallization sequence the density in-
creases, due to the FeO,, enrichment in the liquid.
This agrees with laboratory experiments [21] show-
ing a liquid density increase during fractionation
until iron oxides start to precipitate. Fig. le also
shows that for a liquid of constant (initial) composi-
tion the density increases with decreasing tempera-
ture. Since the liquid density is a function of both
temperature and composition, cooling and fractiona-
tion are not necessarily associated with decreasing
liquid densities.

It is now interesting to go a step further and
attempt to predict the composition of the residual
liquid erupted at the surface. We consider two cases:
In the ‘one-stage case’ fractionation occurs only at
the Moho, the liquid then ascends to the surface
along its liquidus gradient. Table 3 shows the liquid
composition at 1220°C, which corresponds to an
eruption temperature of 1200°C, if the liquid rises
from Py, = 3 kbar to the surface along a liquidus
gradient of ca. 7°C /kbar. The low SiO, and the high
MgO concentrations are characteristic of a ‘high-
MgO basalt’.

For the ‘two-stage case’ we assume, arbitrarily,
that 25 wt% fractionation occurs at the Moho and
that the residual liquid further cools and fractionates
at shallow pressure (P = 1 kbar). Table 3 shows the
final composition of the liquid at 7= 1200°C. Also
in this case the liquid composition is that of a

Table 3
Final composition of the residual liquid
Oxide 1C-30 1C-30 1C-20 IC-20 IC-10 IC-10
One stage Two stage One stage Two stage One stage Two stage
T=1220°C T=1200°C T=1220°C T=1200°C T=1220°C T=1200°C
P =3 kbar P =1 kbar P =3 kbar P =1 kbar P = 3 kbar P =1 kbar
Sio, 45.80 46.65 48.08 49.17 50.28 52.06
TiO, 2.11 2.82 1.63 1.49 1.56 1.28
AL, O, 15.52 13.98 15.92 14.45 16.01 14.86
FeO,, 14.04 14.12 12.91 12.35 11.22 10.01
Cr,0, 0.01 0.02 0.02 0.03 0.02 0.04
MgO 8.72 9.00 8.03 8.36 7.36 7.94
CaO 10.22 11.30 9.59 10.67 9.45 10.32
Na,O 297 2.1 3.63 3.31 3.90 3.31
K,O0 0.15 0.14 0.18 0.16 0.22 0.18
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*high-MgO basalt’. The solid phases fractionated at
shallow pressure are olivine, clinopyroxene and pla-
gioclase.

The results for the initial composition 1C-20 are
shown in Fig. 1, middle panels. The fractionated
phases are olivine, followed at lower temperature by
clinopyroxene and plagioclase (Fig. 1f), as expected
the olivine content is less than for IC-30. The calcu-

lated P-wave \mlnmtv of the solid aecpmhlaap ranges

from 8.5 km/s (for pure dunitic cumulus) to 7.4
km/s (Fig. 1g). Fig. 1h shows the MgO decrease in
the residual liquid, due to olivine fractionation, and
the effect of augite and plagioclase fractionation on
FeO,,, CaO, and Al,O;. The liquid density is rela-
tively constant until pyroxene and plagioclase are
formed (Fig. 11).

The liquid composition for the one-stage model

th 1mitinl ~ama~ct itian 1020 (Tahla 2) hae Qi)
with initial COMpOSItoN 1v-4U (14d0I€ 5) nds Siv,

48.08 wt% and MgO 8.03 wt% which is similar to
observed compositions of hotspot erupted lavas. For
the two-stage model (using the same constraints
described above) the fractionated phases at P =1
kbar are olivine and plagioclase, and the final liquid
composition has higher SiO, (49.17 wt%) and MgO
(8.36 wt%).

The results for the initial composition IC-10 are
shown in Fig. 1 (bottom panels). As the temperature
drops from the liquidus the fractionated phases are
orthopyroxene, plagioclase and clinopyroxene (Fig.
1m). The calculated velocities of the solid assem-
blage range from 8.0 km/s to 7.0 km/s (Fig. 1n).
Fig. 1o and 1p show the oxide concentration in the
residual liquid, with the previously described trend
induced by plagioclase and clinopyroxene fractiona-
tion. The liquid density increases as a consequence
of the FeO,, increase in the liquid (Fig. 1g).

The liquid composition for the one-stage model
has SiO, 50.28 wt% and MgO 7.36 wt% (Table 3).
For the two-stage model the fractionated phases at
P =1 kbar are olivine and plagioclase, and the final
liquid composition has SiO, 52.06 wt% and MgO
7.94 wt%.

For the two stage model the relative volume
proportions of the residual liquid and of the fraction-

h in s 2 (el ho~)
ated cumulus are shown in | ig. 2 {columns a, 0, CJ.

For the initial composition IC-30, 25 wt% fractiona-
tion at the Moho generates ultramafic cumulus (the
volumetric proportion of OIl:Cpx:Pla:Sp is

1C-30 IC-20 IC-10 1C-30 1C-20 1C-10

(a [ (c ( e [
pocianat ! | Residual | | Residual Reciduat] | Residuat] | Recidusl
liquid liquid liquid hiquid liquid liguid
- - - = = = = — -7 Ol-gabbrof ;; n
Ol-gabbro| | Ol-gabbrol Onx- Ol-gabbro 7.1-68 7,';5 B Zg
72-69 7.15 - 6.85 gnbbm 7.2-6.5
7.1-685
Leuco- ) Troctolite| | Troctolite| | Troctolite
gabbro | |Troctolite| |-t ooopsel [7.05-638 7.0-6.7 | |695-6.68
71-68| |795-675 |99 675
Ultramatid | Mela- Cpx- Wehrlite | | OFClino | | Opx-
80.78 gabbro norite 81.79 PyT REOOTO
oo 7.7-748 7.15 - 6.85 7.9-7.65 7.35-7.05

Fig. 2. Volume proportion of the solid phases and the residual
liquid for the two-stage case. (a,b,c) Moho at P = 3 kbar. (d.e.f)
Moho at P = 5 kbar. Numbers indicate the compressional velocity
(km /s). Volume proportions are calculated from weight propor-

tions using p = 2.9 g/cm?, for mafic cumulates p= 3.2 g/cm®.

Tha Adochad lLiaa ~nlanlasnad nooriswmimo that 2007 ~f tha eacidial
The dashed linc is calculated ab)ullllllb uidlr Svse 01 uic 1esiaidn

liquid is intruded.

67.5:16.5:13.5:2.5) with V, = 8.0~7.8 km/s. For the
initial composition IC-20 an olivine melagabbro is
formed (Ol:Cpx:Pla:Sp is 40.7:28.5:28.5:2.3) with
Vp =71.7-7.45 km/s, while for the initial composi-
tion IC-10 a Cpx-norite is formed (Opx:Cpx:Pla:Sp
is 25:16:58:1) with V, = 7.15-6.85. It is interesting
to note that the velocities of the fractionated cumulus
are indeed different for the three initial compositions,
and that high seismic velocities (7.8-7.4 km /s) are
obtained only if the liquid reaching the Moho is
picritic. The solid phases fractionated at low pressure
(P =1 kbar) are plagioclase and olivine, 80 and 20
volume percent respectively, and the corresponding

Vp is 7.05-6.75 km/s Only for IC-30 is there some

oitac L e

auguc Ul L,lJ)\ rla iS LU 4 10, auu u1u5 VP = 1‘68
km/s. Our results indicate that the coexistence of
high-velocity layers at the base of the crust with high
upper crustal velocities is diagnostic of picritic man-
tle melts and indicative of deep primary melting.
After fractionation at the Moho and at P = [ kbar
the relative volume of the residual liquid is 56, 57
and 59%, respectively, for the IC-30, IC-20 and
IC-10. However, it is likely that an unknown fraction
of the remaining liguid will be intruded in the crust.
We use the initial composition of the liquid reaching
P =1 kbar to find the composition of the ‘intruded

assemblage’. For equilibrium crystallization MELTS
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calculates the solid phases formed until all the liquid
is exhausted. In most cases the ‘intruded’ rock at
P =1 kbar is an olivine gabbro, with V, =7.1-6.8
km/s.

3.2. Moho at P =5 kbar

We conducted the same set of calculations for an
initial pressure of crystallization of 5 kbar. Since the
stability field of olivine decreases with increasing
pressure we expect a lower amount of fractionated
olivine, as compared to the previous case. Fig. 2
(columns d, e, f) shows the relative volume propor-
tions of the residual liquid and of the fractionated
cumulus for the two stage model (i.e., fractionation
at P =5 kbar and P = 1 kbar) For the initial compo-
sition IC-30, 25 wt% fractionation at the Moho

ganaratac a wahrli 1 1
generates a wehrlite (the volumetric proportion of

OL.Cpx:Sp is 59:38:2.5) with V,=8.1-7.9 km/s.
For the initial composition IC-20, an olivine clinopy-
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Fig. 3. MgO concentration vs. Al,0; (a), FeO,, (b), and CaO (c).
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symbols: calculated liquid compositions {(iwo-stage cases) for
initial pressure of fractionation at 3 kbar (un pointing mangled

and at S kbar (down-pointing triangles).

Table 4
Final composition of the residual liquid
Oxide 1C-30 IC-20 IC-10
Two stage Two stage Two stage
T =1200°C T =1200°C T = 1200°C
P =1 kbar P =1 kbar P =1 kbar
Sio, 46.68 48.57 52.28
TiO, 1.81 1.59 1.31
Al O, 13.87 14.47 14.85
FeQ, . 14.44 12.79 9.92
Cr,0, 0.02 0.02 0.03
MgO 8.88 8.33 7.87
Ca0 i1.31 10.57 i0.23
Na,O 2.86 3.50 3.32
K,O 0.15 0.17 0.18

rovenite ig
roxentte 1

formed (OL:Cpx:Sp is 30:67:3) with V, =

7.9-7.65 km/s, while for the initial composition
IC-10, an orthopyroxene gabbro is formed
(Cpx:Opx:Pla:Sp is 49:11:39:1) with V, = 7.35-7.05
km/s. We note that velocities of the fractionated
cumulates are significantly different for the three
initial compositions, and high seismic velocities
{(7.8-7.4 km/sec) are obtained only if the liquids
reaching the Moho are picritic. The solid phases

fractionated at } low prpccnrp ( P=1 l(kar\ are n]aglr\_

clase and olivine, 80 and 20 vol.%, respectively,
with V,=7.0-6.7 km/s. For all liquids at P =1
kbar the corresponding intruded rocks are olivine
gabbros, with V, = 7.1-6.8 km/s. The final compo-
sitions of the residual liquids at 7= 1200°C and
P =1 kbar are given in Table 4.

In Fig. 3 we compare the caiculated major oxide
concentrations in the liquid (for the two-stage cases)
with the comnosition of basaltic rocks from (l‘ the

with the composition of basaltic rocks from the
Ontong Java plateau, noting that only the top 150 m
of the plateau were sampled by Leg 130 [28], (2) the
‘Older Series’ at Malaita island, which is probably
an obducted fragment of the Ontong Java plateau
[29], and (3) the Wrangellia terrane, an accreted
fragment of an oceanic plateau [8,9]. The comparison
is satisfactory although some discrepancies are evi-
dent, for example, the calculated MgO concentration
is higher than observed. The Al,0; concentration for
the two-stage case compares reasonably well with
observations (Fig. 3a), plagioclase fractionation at

low pressure reduces the exceedingly high Al,O,
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Fig. 4. Cartoon for the formation of an oceanic plateau.

differences in FeO,, concentration among IC-10,
IC-20 and IC-30 reflect the initial concentrations in
the liguid, as expected FeO,, is higher for partial
melts formed at high initial pressure (Fig. 3b). The
Mg# (Mg# = molar MgO/MgO + FeO) is 0.70,
0.68 and 0.64, for IC-30, IC-20 and IC-10, respec-
tively, while basaitic lavas may have iower vaiues
(0.6-0.5) indicative of their evolved nature. Al-

th h tha aim of 1 1 -
mougn e aim Of our calculations was not to repro-

duce any particular observed lava composition, but
instead to explore the effect of fractionation assum-
ing plausible P-T paths, we note that the predicted
final liquid compositions are in the range of ob-
served basaltic lavas.

4. Discussion

In this paper we have modeled the petrological
evolution of primary melts assuming that crystal
fractionation is a fundamental process through which
picritic melts evolve toward a basaltic composition.
Our results suggest that high-velocity layers at the
base of the crust represent mafic cumulates and that
important intrusive magmatism is associated with
volcanic activity at hotspots.

Our conceptual model is illustrated in Fi

Partial melting occurs in the plume head at 70

km de

m ths. as su

pths, a ested by numerical models of
convection/melting for plumes impinging on non-
rifting oceanic lithosphere [11]. Melt migrates up-
ward through porous flow or through veins toward
the Moho. We assume that melts rise in the mantle
along their liquidus. Major fractionation occurs at the
base of the crust, where cumulate bodies of olivine,
augitic ciinopyroxene and plagiociase are formed.
The fractionated cumulates are expected to have

variahle thicknecs and lenticnlar chanec raflecting
yailiaviuw WIIVRILIVOO il Iwillivuial Ollutl\/o, ‘Ull\f\dblllé

areas of higher partial melting in the plume, as well
as rheological variations. Partial melts evolve toward
a basaltic composition and rise through the crust,
where intrusions of gabbros, variably enriched in
olivine, contribute to crustal thickening. The residual
liquid is then extruded as basalt flows.

4.1. Occurrence and nature of high-velocity basal

Layers with high compressional velocities (Vp =
7.4-7.8 km/s) are occasionally observed in the low-
ermost crust in both continental and oceanic environ-
ments (30.,31]. In continental settings high-velocity
layers are associated with rift volcanism [32] and
with rifted continental margins [33,34]. In exten-
sional regimes crustal underplating is attributed to

mantle melts nandino a
mant€ me:ls poncing al

crust [24].

t the hacae of the continental
¢ i€ 0ase Of uiC COonUunenia:
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In the oceanic environment layers with velocities
intermediate between oceanic layer 3 (6.6-7.0 km/s)
and the mantle (8.0-8.2 km/s) were discovered in
the 1970’s, but their origin was considered problem-
atic. The anomalously high velocities were generally
ascribed to upper mantle peridotites and dunites ser-
pentinized by hydrothermal circulation, since serpen-
tinization decreases the compressional velocity of
ultramafic rocks. Other rock types with appropriate
seismic velocity are amphybolites containing epidote
and mafic garnet granulites (see [30] and references
therein). High-velocity layers (V, =7.4 km/s and
~ 2 km thick) detected in some parts of the Atlantic
Ocean, are interpreted as cumulate sequences formed
at the floor of relatively persistent crustal magma
chambers beneath spreading ridges [35]. In contrast
the high-velocity layers detected beneath oceanic
plateaus and hotspot tracks have a greater thickness
(6-10 km) and seismic compressional wave veloci-
ties of 7.4-7.9 km/s, as described in more detail
below.

Beneath the Shatsky rise reflection/refraction
studies [36,37] identified the oceanic basement (3—6
km thick, V,=4.7-5.5 km/s), the main crustal
layer (V, = 7.0 km/s) and a basal layer 6-10 km
thick, with V} as high as 7.3-7.8 km/s. The crust is
considerably thickened beneath the plateau, and the
Moho is deeper than 22 km.

The crustal structure of the Ontong Java plateau
was investigated by Furumoto et al. [15] with wide-
angle reflection and refraction methods. In the north-
ern part of the plateau they imaged a considerably
thickened crust (~ 40 km), with a V,=7.0 km/s
mid-crustal layer overlying a 7.6-7.7 km/s lower
crust, 6—12 km thick. The crustal structure beneath
the Ontong Java plateau is remarkably different from
the adjacent basins, where the crust is ~ 15 km thick
and high-velocity layers are absent.

Seismic refraction profiles beneath the Kerguelen
Archipelago [38] identify the oceanic layer 2 (5-10
km thick, V, = 4.6-4.8 km/s) and the oceanic layer
3 (6-8 km thick, V, = 6.6-7.0 km/s). At the depth
of 15-20 km the lowermost crustal seismic velocity
is in the range 7.2-7.5 km/s for a layer 2—-3 km
thick. We note that the thickness of the high-velocity
layer may have been underestimated, since compres-
sional velocities as low as 7.8 km/s were attributed
to the mantle.

Recent seismic reflection profiles of the Caribbean
province [39], reveal the discontinuous presence of
high-velocity layers at the base of the crust. Beneath
the Beata Ridge layers with V, > 7.4 km/s are up to
10 km thick, beneath the Columbia and the Haiti
basin they are approximately 5 km thick, while in
other areas they are not observed.

Seismic reflection beneath Hawaii [13] identify
the upper crust (V, = 4.0-7.0 km/s), the lower crust
and a further reflector at the base of the crust be-
neath the island and flanking moats with V,=7.4—
7.9 km/s. This high-velocity layer, ~ 4 km thick,
has been attributed to ponding of mantle melts at the
base of the crust [40].

Recent seismic refraction experiments across the
Marquesas Islands hotspot trace [14] show a thick-
ened crust (15-17 km) and a large lower-crustal
region, 2-8 km thick, characterized by seismic ve-
locities of 7.3-7.9 km/s. The upper mantle velocity
is at least 8.1 km/s. Away from the platform the
crust is 6 km thick and exhibits lower crustal veloci-
ties of 6.5-7.2 km /s. The high-velocity lower crustal
body is indicative of large-scale crustal underplating
of mafic and ultramafic rock that took place during
hotspot volcanism [14). Similarly, beneath the Re-
union hotspot wide angle seismic data reveal high
velocities at the base of the crust [41].

4.2. Models for the Ontong Java plateau

The Ontong Java plateau is the largest oceanic
plateau on Earth, with an estimated volume of ~ 50
% 10% km? [31]. The extensive magmatism which
formed this plateau was probably induced by a man-
tle plume impinging on young (~ 20 Ma) oceanic
lithosphere. The velocity—depth profile of the north-
ern part of the plateau (Fig. 5a, from [15]) shows a
~ 35 km thick crust, with a 7.0 km/s mid-crustal
layer (~ 15 km thick), overlying a 7.6-7.7 km/s
lower crust (~ 12 km thick). The high compressional
wave velocities in the uppermost mantle (8.4-8.6
km/s) could be imprecise, being determined only
from second arrivals.

The predicted crustal structure (Fig. 5b) is calcu-
lated assuming that major fractionation occurs at the
Moho, but, in contrast to the previous cases, we
allow some fractionation also in the uppermost man-
tle. As the picritic melt (IC-30) is en route from 8
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kbar to the Moho (P = 3 kbar) it fractionates 10 wt%
of olivine and spinel (the volume ratio is 94:6 and
Vp = 8.4 km/s). Fractionation at the Moho generates
cumulates of melagabbro (ol:cpx:pla is 43:27:30)
with Vp = 7.7-7.4 km/s. The phases fractionated in
the upper crust (P = 1 kbar) are olivine and plagio-
clase (V, = 7.0-6.7 km/s), while crustal intrusions
are olivine gabbros (V, = 7.1-6.9 km/s).

This model is simplistic, since neither the primary
melt composition, nor the depth of fractionation are
likely to remain constant during the plateau forma-
tion; however, it predicts a distinct crustal structure.
(1) In the uppermost mantle olivine and spinel en-
richment may explain the unusually high seismic
velocities. (2) At the base of the crust fractionated
cumulates of melagabbro have high seismic veloci-
ties, well in the range of measured lower crustal
elocities of the Ontong Java plateau. (3) In the upper
crust magmatic intrusions of olivine gabbro have
relatively high seismic velocities of ~ 7.0 km/s.

In this model 25 wt% fractionation at the Moho is
followed by 5 wt% fractionation in shallow magma
chambers, therefore the remaining liquid is 70 wt%
of the mantle melts reaching the Moho. In such case
the ‘layer of erupted basalts’ should be much thicker
than the underlying crustal layers. The seismic struc-
ture beneath the Ontong Java plateau indicates ex-
actly the opposite, since the deep crustal layers
(V, = 6.8-7.7 km/s) are much thicker than the up-

permost ‘basaltic’ layer (V, =4.5-5.8 km/s). In
order to approximate the observed relative thickness
we need to hypothesize that the crust is thickened
also by ‘intrusions’, either in the form of intruded
mafic bodies, or as frozen sills and dykes. If we
assume 5 wt% intrusion at the base of the crust and
25 wt% intrusion in the upper crust, then the residual
liquid is only 40 wt% of the magma reaching the
Moho. In this case the relative thickness (Fig. 5b)
compare reasonably well with the observations. Note
that (1) we neglected the contribution of the young
oceanic crust present at the time of the plateau
formation, (2) the high-velocity layers may be re-
stricted to the central part of the plateau, therefore
their extent may not coincide with the area covered
by lava flows. Although this model is only qualita-
tive it suggests that extruded basalts are accompa-
nied by even greater volumes of underplated and
intruded igneous rocks.

4.3. Are the high-velocity layers garner granulites?

The discovery of mafic garnet granulite xenoliths
at Kerguelen Island has lead to the alternative sug-
gestion that high seismic velocities at the base of the
crust are due to the presence of garnet granulite [42].
In this case the isochemical transformation of crustal
gabbros into garnet granulites (i.e., cpx + opx + pla
+ garnet) induces high seismic velocities. Although
solid phase transitions proceed at different pressures
and to differing degrees depending on the bulk com-
position, on the geothermal gradient and on the
availability of fluids, we would expect the plagio-
clase—garnet transformation to occur at a fairly con-
stant depth range.

For the Ontong Java plateau the available seismic
profiles indicate that at a constant depth the com-
pressional velocities can differ significantly. For ex-
ample, at 35 km depth the velocities are 6.9 ki /s
(lines P and W) and 7.6-7.7 km/s (lines R and Q
[15]). Moreover, the depth of the high-velocity layers
varies considerably among provinces: it is ~ 30 km
beneath the Ontong Java plateau, but is only ~ 12—
16 km beneath hotspots. It seems rather unlikely that
these significant depth variations are due solely to
solid phase transformations.

We do not rule out the occurrence of phase
transformations in the deep crust, mainly beneath the
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deep Ontong Java plateau, but we suggest that the
plagioclase—garnet transformation is not a sufficient
mechanism to consistently explain the origin of the
high-velocity layers beneath oceanic plateaus and
hotspot tracks. We also note that according to our
model the high-velocity layers are more mafic and
less aluminous than the overlying gabbros, so that
the plagioclase—garnet transformation may not have
such a profound effect.

5. Conclusions

We used the petrological code MELTS to model
the compositional evolution of deep mantle plume
melts, assuming that crystal fractionation is the dom-
inant mechanism through which picritic liquids
evolve toward a basaltic composition. We focused on
the effect that crystal fractionation may have on the
crust and uppermost mantle structure, and we com-
pared model predictions with crustal structures seis-
mically imaged beneath some oceanic plateaus and
hotspot tracks.

We assumed that mantle melts pond, cool and
fractionate at the base of the crust. Our initial liquid
compositions span a range of primary melts repre-
sentative of deep melting (30--20 kbar pressure), and
shallow melting (10 kbar). For the three initial lig-
uids, the cumulates fractionated at the Moho have
significantly different bulk compositions and com-
pressional wave velocities. For example, at 25 wt%
fractionation, the cumulates formed from deep pri-
mary melts (IC-30 and IC-20) are ultramafic rocks
(V,=8.0-7.8 km/s) and melagabbros (7.7-7.4
km /s), respectively, while for shallow primary melts
the cumulates are gabbros (7.1-6.8 km/s). These
results suggest that high-velocity layers (7.9-7.4
km/s) detected at the base of the crust beneath
oceanic plateaus and hotspot tracks are associated
with plume volcanism and may represent fraction-
ated cumulates from picritic mantle melts formed in
the uppermost mantle.

In our models upper crustal intrusions are gener-
ally olivine gabbros (7.1-6.85 km/s), while addi-
tional crystal fractionation at P = 1 kbar, generates
troctolites (7.0-6.75 km/s). At surface conditions
(T = 1200°C) the final liquid compositions are in the
range of what is observed for flood basalt lavas, and

the ratio SiO,/MgO is 46.7/9.0, 49.2/8.4 and
52.1/7.9, respectively, for 1C-30, IC-20 and IC-10.

We have also attempted to explain the crustal
structure of the Ontong Java plateau. In this case we
allowed some crystal fractionation in the uppermost
mantle. As the picritic melt is en route to the Moho,
the fractionated phases are olivine and spinel, which
have high compressional velocities. Further fraction-
ation at the base of crust generates cumulates of
melagabbro, with calculated compressional velocities
of 7.7-7.4 km/s, similar to the observed velocities
beneath the plateau. Upper crustal intrusions are
olivine gabbro, with relatively high seismic veloci-
ties (~ 7.0 km/s).

We suggest that the high-velocity layers detected
at the base of the crust beneath oceanic plateaus and
hotspot tracks are an integral part of plume volcan-
ism, since they represent fractionated cumulates from
picritic mantle melts. Therefore, we also predict the
existence of high-velocity bodies and crustal thicken-
ing beneath continental flood basalt provinces. Inter-
estingly, beneath the central area of the Columbia
River Flood basalt, Catchings and Mooney [16] iden-
tified a high-velocity body (7.5 km/s) overlying a
fast upper mantle (8.4 km/s). This layer, ~ 15 km
thick, was interpreted as a ‘rift pillow’, but we
suggest that it may represent a cumulate body of
fractionated olivine and clinopyroxene related to the
Columbia River basalts. We are not aware of any
detailed seismic studies of deep crustal structure
beneath other continental flood basalt provinces or
where volcanism did not occur by decompressional
melting at rifted margins. Our results show that
further studies of the deep crustal seismic structure
beneath large igneous provinces may be diagnostic
of the processes through which primary mantle melts
evolve prior to eruption.
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