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Petrological evidence for secular cooling in mantle
plumes
Claude Herzberg1 & Esteban Gazel1

Geological mapping and geochronological studies have shown much
lower eruption rates for ocean island basalts (OIBs) in comparison
with those of lavas from large igneous provinces (LIPs) such as
oceanic plateaux and continental flood provinces1. However, a
quantitative petrological comparison has never been made between
mantle source temperature and the extent of melting for OIB and LIP
sources. Here we show that the MgO and FeO contents of Galapagos-
related lavas and their primary magmas have decreased since the
Cretaceous period. From petrological modelling2, we infer that these
changes reflect a cooling of the Galapagos mantle plume from a
potential temperature of 1,560–1,620 6C in the Cretaceous to
1,500 6C at present. Iceland also exhibits secular cooling, in agree-
ment with previous studies3,4. Our work provides quantitative
petrological evidence that, in general, mantle plumes for LIPs with
Palaeocene–Permian ages were hotter and melted more extensively
than plumes of more modern ocean islands. We interpret this to
reflect episodic flow from lower-mantle domains that are lithologi-
cally and geochemically heterogeneous.

Extensive outcrops of basalt, picrite, and sometimes komatiite
,65–95 Myr old occupy portions of the Caribbean LIP (CLIP). It
has been suggested5 that they were produced by melting in the
Galapagos mantle plume, and this is consistent with isotopic and
geochemical similarities with lavas from the present-day Galapagos
hotspot6. A Galapagos link for rocks in South American oceanic
complexes is more controversial. Basalts, picrites, and komatiites
from Gorgona Island, Columbia, were originally considered part of
the CLIP7,8. However, other studies9 suggest Gorgona and other
South American complexes were once part of a separate oceanic
plateau related to Salas y Gomez Island, Chile, or some other hotspot
(Supplementary Information).

The lowest FeO contents are mostly found in lavas 0–13 Myr old
from the present-day Galapagos archipelago and the Carnegie ridge
and Cocos ridge hotspot tracks (Fig. 1a). FeO contents are highest for
Gorgona komatiites and intermediate for all other lavas. When olivine
is the sole crystallizing phase, lavas with higher FeO contents can be
differentiated from peridotite-source primary magmas with higher
FeO and MgO contents2,3,10–12 (Fig. 1a). A primary magma is a partial
melt of the mantle formed, in most cases, by the mixing of small
melt droplets that are separated from the remainder of the solid
residue2,3,10,11. Addition or subtraction of olivine from a primary
magma will produce lavas having higher or lower MgO contents,
respectively, with minor change in FeO content. We simulated this
and reconstructed the primary magma compositions using the
PRIMELT2 model of ref. 2 (Methods Summary). Our results are given
in Supplementary Information and Fig. 1a.

The MgO content of a volatile-deficient primary magma is positively
correlated with the temperature of the mantle2,3,10–12. It provides a
petrological record of mantle potential temperature, TP, which is the
temperature that the solid adiabatically convecting mantle would

attain if it could reach the surface without melting13. Using the rela-
tionship TP 5 1,463 1 12.74MgO 2 2,924/MgO (refs 2, 3; here MgO is
measured in weight per cent and TP is given in degrees Celsius), we can
now readily calculate how hot the mantle had to be to yield the primary
magma compositions given in Fig. 1a. Our results are shown in Figs 1b
and 2. For the present-day Galapagos plume, TP ranges from 1,400 to
1,500 uC (ref. 2), similar to the TP range of 1,440–1,500 uC recorded for
lavas from the Cocos and Carnegie ridges. Older lavas were hotter.
Those from the CLIP and accreted tracks with ages of 65–95 Myr have
a TP range of 1,500 to 1,560 uC, and up to 1,620 uC if Gorgona lavas
were part of the CLIP. This is petrological evidence for secular cooling
of the Galapagos plume.

The MgO content of an accumulated fractional melt does not
change substantially as melt fraction increases during decompres-
sion2,3,11. The adiabatic temperature–pressure melting path is
approximately coincident with the olivine liquidus, which can be
calculated using TOL 5 935 1 33MgO 2 0.37(MgO)2 1 54P 2 2P2,
where TOL and MgO are measured as above and pressure, P, is measured
in gigapascals2,11. Using final melting pressures and the MgO contents of
primary magmas in this equation (Fig. 1a), a synthetic adiabatic melting
path can be obtained (Fig. 1b). The majority of lavas from the present-
day Galapagos plume formed in a column where melting ended at
.2 GPa, and this pressure is highly variable. Melting ended at much
lower pressures for lavas from the Cocos and Carnegie ridges, consistent
with the channelling of the Galapagos plume to locations of thinner
lithosphere. Low pressures of final melting are also inferred for many
older CLIP lavas, indicating the possible involvement of thin litho-
sphere associated with ocean ridges.

We now provide petrological evidence for secular cooling in other
areas. Results given in Supplementary Information and Fig. 2 illus-
trate that LIPs dating from the Palaeocene epoch and earlier were
formed by mantle sources that were generally hotter than present-day
ocean islands. However, there are several important exceptions. First,
Hawaii is the ocean island that is most similar to a LIP, in that it has a
maximum TP of 1,600 uC. It is only surpassed by rocks from the
North Atlantic igneous province, the Deccan Traps and the CLIP if
we include Gorgona. Second, TP for the Central Atlantic magmatic
province (CAMP) is notably different from all other LIPs in being
cool (Fig. 2). The TP excess of ,100 uC for the CAMP is consistent
with model temperatures14 that can arise from an internally heated
mantle capped by Pangaea14,15. This is evidence indicating that con-
tinental insulation is not capable of the producing LIPs with the
much higher values of TP (Fig. 2).

Noteworthy is the wide range of primary magma compositions
and inferred mantle potential temperatures for each LIP and ocean
island occurrence (Fig. 2). These ranges have been interpreted as
originating from a hotspot, a spatially localized source of heat and
magmatism restricted in time2. Primary magmas are tapped from
both the hot axis and the cool periphery of the plume as illustrated
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in Fig. 3. The TP maximum of 1,500 uC for Galapagos is characteristic
of the plume axis. The lower end of the Galapagos range approaches
1,350 6 50 uC, a TP value for ambient mantle3,10,16,17 necessary for the
production of MORB with 10–13 wt% MgO. What is particularly
relevant for our purposes is that there is a decrease in TP maxima
from 1,560–1620 uC for rocks 65–95 Myr old to 1,500 uC at present
(Fig. 2). The exact form of the secular cooling curve depends on
whether the Gorgona komatiites were produced by the Galapagos
plume or another (Supplementary Information).

Melt fractions computed from PRIMELT2 are generally higher for
LIPs than for ocean islands (Fig. 4), consistent with suggestions of

higher eruption rates1. The high melt fractions, high mantle potential
temperatures and vast areas of magmatism associated with the largest
LIPs are all consistent with formation in mantle plume heads1 (but
note the possible CAMP exception). By contrast with LIPs, many
ocean islands display melt fractions that must be lower than ,0.05
(Fig. 4b). These are often readily characterized by very low SiO2, high
CaO and high lithophile trace-element abundances in OIBs owing to
low-degree melting of carbonated peridotite2,18. Low-melt-fraction,
CO2-rich OIBs are abundant in the Azores, the Canary Islands, Cape
Verde, the Cook–Austral chain, the Marquesas Islands, the Pitcairn–
Gambier chain, St Helena, Samoa and the Society Islands, and many
other ocean islands (see, for example, the Geochemistry of Rocks of
the Oceans and Continents database (http://georoc.mpch-mainz.
gwdg.de/georoc/) and Supplementary Information). Even more of
this OIB-type melt is likely to metasomatize the mantle rather than
erupt. The melt-fraction frequency spectrum for OIB in Fig. 4b is
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Figure 1 | Compositions and inferred temperature–pressure conditions of
melting for Galapagos-related magmatism. a, FeO and MgO contents of
lavas and calculated primary magmas from the present-day Galapagos
hotspot, the Cocos and Carnegie ridges, old accreted Galapagos tracks and
the CLIP. Lavas from Gorgona are plotted separately because is not clear
whether they were part of the CLIP7,8 or some other oceanic complex9. Lines
of filled circles identify liquid compositions that result from olivine addition
to (1) and subtraction from (2) specific lava compositions. Primary magma
compositions were computed using PRIMELT22. Primary magmas of fertile
peridotite KR-4003 are plotted within the grey-coloured area2. The
intersection of a red line (initial melting pressure) and a blue line (final
melting pressure) identifies the composition of an accumulated fractional
melt at the pressure of initial and final melting. Individual lavas and their
sources from which primary magmas are calculated are identified in
Supplementary Table 1. Pressure is indicated in gigapascals by the circled
crosses, as shown. L, liquid; Ol, olivine. b, Inferred temperatures and
pressures at which fractional melting terminated (Methods). Red lines,
adiabatic melting paths11. Gorgona komatiites probably formed from a more
depleted peridotite source3, and solutions are not provided.
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Figure 2 | Mantle potential temperatures inferred for lavas from some LIPs
and ocean islands. TP has been computed from primary magma MgO
content using PRIMELT22. Data sources and calculated TP values for ocean
islands and LIPS are given in Supplementary Information. CLIP results are
for rocks with ages $65 Myr, and include old accreted Galapagos tracks.
Gorgona data is shown separately using grey crosses. Galapagos results are
from lavas within the archipelago. OJP, primary magmas for lavas from the
Ontong Java plateau; NA, primary magmas for Palaeocene lavas from the
North Atlantic igneous province found in East and West Greenland; CAMP,
primary magmas for the Central Atlantic magmatic province; MORB, mid-
ocean-ridge basalt; EPR, East Pacific Rise.
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Figure 3 | A generic model for interpreting the spatial localization of
petrological variability. The model provides an interpretation of primary
magmas with highly variable compositions, inferred mantle potential
temperatures and melt fractions. This is the mantle plume model in which
hot primary magmas originate from the axis and cooler primary magmas
originate from the periphery. The colour bar indicates mantle potential
temperature.
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therefore likely to be exponential in form. Results for these OIB
occurrences are interpreted as the transport of low-melt-fraction
magmas from the cool plume peripheries and high-melt-fraction
magmas from the hotter plume axes (Fig. 3). However, it has been
proposed that low-melt-fraction OIB can also form without a plume
by volatile-induced melting of ambient mantle and transport
through lithospheric fractures19. This suggestion is fully consistent
with experiments18 and PRIMELT22 modelling. Both plume and
non-plume origins are indicated for ocean islands.

A very high cooling rate is inferred for the Icelandic plume. Most
Palaeocene lavas with ,60-Myr pre-breakup ages20 from East and
West Greenland have TP maxima of ,1,550–1,570 uC, similar to the
CLIP, and crystallized from primary magmas with 18–20 wt% MgO.
Our model primary magmas are in excellent agreement with many
previous estimates3,4,11,21, although we obtained TP values as high as
1,650 uC (Fig. 2). A spread of ,200 uC in TP and melt fractions in the
range 0.0520.37 have been recorded in East Greenland lavas
(Supplementary Information) from a restricted area close to the
Tertiary Icelandic hotspot track22. These ranges are an expected con-
sequence of the tapping of primary magmas from a mantle plume
(Fig. 3). A TP value as low as 1,460 uC has been obtained from lavas
with ,55-Myr syn-breakup ages from the seaward-dipping reflector

sequence, similar to present-day Iceland2,3,23 (Fig. 2). Our work
indicates that TP decreased from the range 1,550–1,650 uC to
1,460 uC in about 5 Myr, in agreement with estimates in ref. 4. The
TP value for the Icelandic plume appears unchanged at about 1,460 uC
from 55 Myr ago to the present, and is now in a comparatively steady
state. The early rapid secular cooling of the Icelandic plume is much
greater than that seen for the Galapagos, although more work is
needed to fill the gap in the Galapagos data (Supplementary
Information). We also acknowledge that an Icelandic plume cooling
curve is compromised by an absence of data from the Greenland–
Iceland and Iceland–Faeroes ridges with ,15–50-Myr ages.

Our work provides petrological evidence that mantle plumes for
LIPs with Palaeocene–Permian ages were hotter and melted more
extensively than plumes of more modern ocean islands. One inter-
pretation is that LIPs melted from large plume heads and OIBs melted
from thin plume conduits1, and cooling is more effective in the latter.
Indeed, there is now an important literature on lithosphere and asthe-
nosphere cooling of mantle plumes24,25. However, this explanation fails
to explain why hot LIPs such as those in Fig. 2 are not erupting today.

Numerical and laboratory simulations show that mantle flow can
be episodic where there are thermal and compositional components
to buoyancy25–27. Mantle plumes with these characteristics might
originate in lower-mantle domains where shear-wave velocities
are low and bulk density is intrinsically high28,29. Subduction can
contribute to high silica content30, and iron content that is both high30

and low in these domains (Methods), and mixing may yield hetero-
geneities on a range of length scales. Plumes may randomly sample this
complexity, or lighter components may preferentially separate from
more dense lithologies that stay behind. Although progress is being
made on identifying peridotite and subducted crustal source litholo-
gies from the compositions of lavas, inferring iron content is a much
more difficult problem (Methods). Nevertheless, we are optimistic
that integrated petrological and deep-mantle studies can provide a
better picture of the birth–life–death cycle of mantle plumes.

METHODS SUMMARY

Primary magma compositions, mantle potential temperatures and source melt frac-

tions were calculated from primitive whole-rock compositions using PRIMELT2

spreadsheet software2. A detailed discussion of the method is given elsewhere2,3,11.

The algorithm calculates the primary magma composition for a primitive lava by

determining the variable amounts of olivine that were added or subtracted.

PRIMELT2 was calibrated on the basis of experiments on fertile peridotite

with 8 wt% FeO, and all calculated primary magma compositions were assumed

to have been derived by fractional melting. For each primary magma, it provided

the olivine liquidus temperature, TOL, at 1 atm and the mantle potential tem-

perature, TP. As both TOL and TP depend on the MgO content of the primary

magma3, the accuracy of the former is a guide to the precision of the latter. For

any specific peridotite composition, the uncertainty in TOL is 631 uC at the 2s
confidence level3. Uncertainties in the FeO content of peridotite can propagate to

an uncertainty of 650–70 uC in TP (Methods). Uncertainties in all other major

elements for fertile peridotite do not propagate to significant variations in melt

fraction and mantle potential temperature2,11. Melting of depleted peridotite

propagates to calculated melt fractions that are too high, but with a negligible

error in mantle potential temperature2,3,11.

We used PRIMELT2 to identify magmas generated from pyroxenite sources,

and excluded them. Magmas that have been degassed from CO2-rich sources

were identified and similarly excluded. Fe2O3 content was calculated using

Fe2O3/TiO2 5 0.5, a reduced mode, on the basis of MORB-like FeO enrichment

for most LIPs2. Lavas that had experienced plagioclase and/or clinopyroxene

fractionation were excluded from this analysis.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
We assumed that all OIB and LIP lavas melted from peridotite with 8.0 wt% FeO,

which is the average for natural fertile and depleted peridotite occurrences11. We

acknowledge, however, that mantle plume sources might differ if they originated

in chemically unusual lower-mantle domains where shear-wave velocities are

low and density is intrinsically high28. These domains may contain subducted

oceanic crustal rocks of Archaean and Proterozoic ages, which are iron-rich

picrites31 and which might have reacted with host peridotite to produce a variety

of iron-rich peridotite and pyroxenite lithologies as inferred from seismic and

geodynamic data30,32. Iron-rich crust would have left behind complementary

iron-poor peridotite residues with FeO contents ,8.0% (ref. 31); that which

did not construct cratonic lithospheric mantle31 could have been subducted to

yield lower-mantle domains that are low in FeO. There is likely to be substantial

heterogeneity in iron on a scale that is too fine to be resolved using seismic data.

Progress has been made on identifying peridotite and pyroxenite source lithol-

ogies from the compositions of lavas33,34, and this is encoded in PRIMELT22.
However, inferring the iron content of a source from a lava composition is a

much more difficult problem. If some OIB and LIPs melted from iron-rich

peridotite with 9 wt% FeO, for example, model primary magmas will be too

high in MgO2,11, and the mantle potential temperatures summarized in Fig. 2

will be 50–70 uC too high. This is strictly an artefact of the computational method

for primary magma calculation, and is not to be confused with higher mantle

potential temperatures that are needed to make iron-rich mantle buoyant.

Greater iron enrichment is not likely, as it would propagate to lava SiO2 contents

that are lower than observed, on the basis of experimental results of Kushiro35.

For iron-poor peridotite with 7 wt% FeO, potential temperatures will be too low

by about 70 uC. There is little else we can do at present other than acknowledge

the potential importance of iron variability in lower-mantle plume sources30,32.

We have assumed that primary magmas are formed by accumulated fractional

melting2,3,10,11. The initial melting pressure, Pi, and final melting pressure, Pf, are

indicated in Fig. 1a by the red and blue lines, respectively. These have been

calculated by forward simulations of fractional melting of fertile peridotite11,31.

The final melting pressure is useful because it permits the construction of a

synthetic temperature–pressure adiabatic melting path (Fig. 1b). The final melt-

ing pressure can be inferred by simply plotting FeO content and MgO content for
a PRIMELT2 primary magma in Fig. 1a and interpolating using the blue lines.

Alternatively, the final melting pressure can be calculated using the following

equations. For primary magmas with ,15 wt% MgO

P1f ~azbFeOzc(FeO)2

Here FeO is the weight per cent of iron in the primary magma and a, b, and c are

variables that depend on the MgO content of the primary magma:

a~{196:4z2:942MgOz430=MgO

b~17:7{0:444MgOz228=MgO

c~2:2{0:047MgO{42:78=MgO

For primary magmas with 15% . MgO , 20%, the appropriate pressure to use is

P2f ~P1f {10:96z0:67MgO

The difference between calculated Pf values and those indicated in Fig. 1a by the

blue lines is 60.28 GPa (2s). Complex changes in phase equilibria will probably

restrict pressure inferences for other OIB and LIP primary magmas to

MgO , 20% and Pf , 3.5 GPa, similar to those for Galapagos and CLIP primary

magmas.

Initial melting for garnet peridotite in the 2.7 GPa, Pi , 7 GPa range can be

inferred by simply plotting FeO content and MgO content for a PRIMELT2

primary magma in Fig. 1a and interpolation using the red lines. Alternatively,

they can be calculated from PRIMELT2 solutions for primary magma MgO

contents using the equation

Pi~11:248MgO{13,700(1=MgO)3{8:13(ln MgO)3

where the difference between calculated Pi values and those indicated in Fig. 1a

by the red lines is 60.20 GPa (2s).
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