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ABSTRACT

A review of Earth’s most significant intraplate Cenozoic hotspots with regard to variations in magmatic productivity through time indicates
periodicities with a dominant period of ~10 m.y. and a secondary period of ~5 m.y. It is unlikely that the observed global variations in mag-
matic productivity can be explained by differences in lithospheric thickness, intraplate stresses, and/or interaction with oceanic spreading
ridges. The majority of hotspots are located near the edges of the lower-mantle low-velocity anomalies under Africa and the central Pacific,
suggesting that hotspots are the surface expressions of mantle plumes originating from the deepest mantle. It is postulated that the appar-
ent co-pulsations in magmatism result from global fluctuations in core-mantle interaction, involving periodic heating of Earth’s core and
subsequent increases in global plume activity from the edges of the lower-mantle anomalies.
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INTRODUCTION

Hotspot chains result from the drift of a litho-
spheric plate over a (more) stationary area of
mantle upwelling (e.g., Wilson, 1963). It is well
known that the magmatic production related to
many of the long-lived hotspots on Earth varies
with time, e.g., Hawaii (Van Ark and Lin, 2004).
For individual hotspots, such fluctuations may
be associated with lithospheric thickness varia-
tions (White, 1993), variable decompression
melting during rifting (van Wijk et al., 2001),
plate tectonic reorganizations (Knesel et al.,
2008), interaction with spreading ridges (Vogt,
1976), solitary waves in plume conduits (Ito,
2001), and plume separation effects at mantle
discontinuities (Bercovici and Mahoney, 1994).

In a recent paper, Mjelde and Faleide (2009)
presented evidence indicating that the Hawaiian
and Icelandic hotspots co-pulsate with a fre-
quency of ~15 m.y. If confirmed, this hypoth-
esis might provide new insight into the interplay
between mantle dynamics and plate tectonics,
and possibly also in core-mantle interactions.

The present paper represents a review of
Earth’s most significant intraplate Cenozoic
hotspots (omitting the Holocene) with regard
to variations in magmatic productivity through
time. The study includes all major hotspots
that, according to Courtillot et al. (2003), were
related to mantle plumes originating from the
core-mantle boundary (Hawaii, Louisville,
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Easter, Iceland, Afar, La Réunion, Tristan), in
addition to other Pacific hotspots (Galdpagos,
Samoa, Ontong Java, Tasmantid, Society),
Atlantic hotspots (Azores, Madeira, Canary
Islands, Cape Verde, St. Helena), Kerguelen
from the Indian Ocean, as well as Afar-Kenya,
Yellowstone, and European magmatism
(Fig. 1; Table 1). We did not include magma-
tism related to normal seafloor accretion or
subduction. The various mechanisms for hot-
spot pulsations listed here will be considered in
light of our review of observations.

METHOD
Wide-Angle Seismic Data

White (1993) argued that the analysis of
crustal thickness estimates obtained from the
modeling of wide-angle seismic data repre-
sents the most reliable method for calculating
magmatic production rates. When applying this
method to oceanic crust, the hotspot production
rate is obtained by subtracting the (estimated)
thickness of the crust formed under normal oce-
anic accretion from the (observed) total thick-
ness. This method has been extensively used in
the North Atlantic with regard to the produc-
tion from the Icelandic hotspot (e.g., Holbrook
et al., 2001).

The method is also applicable on land, but
must there be applied with caution. Magmatism
in continental lithosphere is a function of factors
like craton age, rheology, strain rates, and rifting
history, and age estimates of continental, lower-

crustal underplates are uncertain (e.g., Mjelde et
al., 2009).

Bathymetry and Gravity Data

On oceanic crust, the surface manifestation
of a hotspot is associated with (1) a volcanic
chain expressing an age progression as the tec-
tonic plate drifts across the mantle anomaly, and
(2) a large positive depth anomaly hundreds of
kilometers across, called a swell (e.g., Crough,
1983). The swell is considered to be a conse-
quence of the upwelling mantle, and is therefore
commonly used as a parameter in studies of hot-
spot strength (e.g., Courtillot et al., 2003). How-
ever, this parameter is inadequate to study the
history of hotspot chains because the amplitude
of the swell decays due to lithospheric cooling
and the growing distance between the mantle
plume and older portions of a volcanic hotspot
chain. The volcanic material along the hotspot
chain is not influenced by this cooling, and thus
can be used as a direct record of the volcanic
activity. Vidal and Bonneville (2004) and Adam
et al. (2005, 2007) used a combination of the
production rate of volcanic material (Qv) and
the swell flux (Qs) to estimate the evolution of
the Hawaiian and Tristan hotspots, respectively.
Such studies use available bathymetry, sediment
thicknesses, and seafloor ages in order to correct
for thermal subsidence and sediment loading. It
is generally assumed that the volcanic loading
is supported by an elastic lithosphere for which
elastic thickness is deduced from the age of the
crust at the time of loading (Watts et al., 1975).
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Figure 1. Ocean gravity map with present-day localization of studied hotspots indicated by red dots. The Eifel hotspot is shown
as example of the widespread European magmatism (Lustrino and Wilson, 2007). See Hillier (2007) for location of Pacific
seamounts. Shaded areas show the locations of the Pacific and African lower-mantle shear wave anomalies (2850 km depth;
Ritsema et al., 1999). Color scale is free-air gravity in mGal.

TABLE 1. GEOGRAPHICAL COORDINATES OF
THE PRESENT-DAY LOCATION OF HOTSPOTS
INCLUDED IN THE PRESENT STUDY

Longitude Latitude

Iceland 16.5°W 64.4°N
Tristan da Cunha 12.0°W 37.0°S
Cape Verde 17.0°W 14.0°N
Canary Islands 17.0°W 28.0°N
Madeira 17.0°W 33.0°N
Azores 28.0°W 38.0°N
Eifel 7.0°E 50.0°N
Afar 42.0°E 12.0°N
Hawaii 155.0°W 20.0°N
Louisville 138.1°W 50.9°S
Galapagos 91.0°W 0.0

Samoa 169.6°W 14.2°S
Ontong Java 160.0°W 9.0°S
Easter 110.6°W 27.8°S
La Réunion 55.0°E 21.0°S
Kerguelen 63.0°E 49.0°S
Yellowstone 111.0°W 45.0°N
St. Helena 10.0°W 17.0°S
Tasmantid 156.0°E 39.0°S

Note: The location of the Eifel hotspot is shown
as an example of the widespread European
magmatism (Lustrino and Wilson, 2007).

Age Estimates

Some hotspots express long histories of
direct interaction with oceanic spreading ridges.
One example is the Icelandic hotspot, which
has interacted with the North Atlantic spread-
ing ridge since continental breakup at ca. 53 Ma

(e.g., Mjelde et al., 2008). In such cases, the hot-
spot production rate can be directly linked to the
corresponding age of oceanic magnetic anoma-
lies (Cande and Kent, 1995).

However, not all of the magmatism related
to the Icelandic hotspot has interacted with the
Mid-Atlantic spreading ridge. Breivik et al.
(2008) documented a Miocene magmatic pulse
well east of the spreading ridge and dated the
pulse by use of the induced regional sedimen-
tary unconformity.

Volcanic samples are usually dated radio-
metrically by the incremental heating *°Ar/*Ar
technique. This technique is more reliable
and accurate than the K-Ar and total fusion
OAr/PAr techniques commonly used earlier,
since these methods cannot be used to discrim-
inate between fresh and altered rock samples
(Koppers et al., 2004).

Since radiometric estimates of seamounts
are sparse, their age may be inferred indirectly.
This is achieved by calibrating lithospheric
strength against the age of the dated seamounts,
and subsequently using this relationship to esti-
mate the age of other seamounts (Hillier, 2007).

Integrated Approach

As outlined here, the variation of magmatism
along a marine hotspot chain can be modeled
either by use of wide-angle seismic or bathymet-
ric/gravimetric data. Areas with thicker crust cor-

respond to excess magmatic productivity; their
ages are found by use of dated magnetic anoma-
lies or radiometric ages from nearby seamounts.
Where geophysical data are not available, the
age of magmatic pulses is constrained from dat-
ing of seamounts only. It is thus assumed that the
generation of seamounts corresponds to periods
of increased magmatic activity, an assumption
confirmed, for example, by the Hawaiian hotspot
(Van Ark and Lin, 2004). For hotspots on land,
the procedure is similar: wide-angle seismic data
are used when available, and voluminous mag-
matic events are dated radiometrically.

In our search for periods of increased
magmatic activity, we have included all rel-
evant literature concerning the hotspots stud-
ied (Table 1). The different hotspots have been
investigated using a combination of the meth-
ods described here, i.e., not every hotspot has
been studied by all available methods. The
actual methods used for each individual hot-
spot are listed in Table 2. More than half of
the hotspots have been studied by wide-angle
seismics, but only three have been analyzed by
use of bathymetry/gravimetry. Crust along all
hotspots has been dated radiometrically, and
magnetic anomalies have been used for dating
for approximately half of the hotspots.

Ideally, data for all investigated hotspot
chains should have been reanalyzed using a
standard approach. However, such a study rep-
resents a formidable undertaking, and as a first
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measure, we will here analyze the published
findings of others from these chains. We recog-
nize that differences in methodology, data qual-
ity, and data types will affect our conclusions.

We define magmatic pulses as periods with
magmatic productivity (in m?/s) at least 50%
higher than the background value for a specific
hotspot. The same magmatic peak might be
assigned a slightly different age (+ a few m.y.)
by various authors. In such cases, we refer to
the average age (Ma), and we list the studies
included in the averaging for each individual
pulse. We also use the average age when two
reported peaks are closer than 3 m.y., implying
that our study cannot resolve periods smaller
than 5 m.y. The model step size is 1 m.y.

RESULTS: MAGMATIC EVENTS FORTHE
STUDIED HOTSPOTS

We will in the following describe the varia-
tion in production for all studied hotspots
(Table 1). We have chosen to indicate the peak
of reported relatively short-lived (<5 m.y.)
pulses of increased magmatism. For longer
events (>5 m.y.) of unknown duration, we have
marked the onset of the magmatism. One excep-
tion concerns the Icelandic hotspot, where the
breakup anomaly appears to have lasted lon-
ger than 20 m.y. We have chosen to indicate
the peak magmatism at breakup (ca. 53 Ma)
for this event, since it is well dated. Further-
more, for the long Miocene event on the Walvis
Ridge, we have indicated both its marked onset
at ca. 23 Ma and its peak at ca. 10 Ma (Adam
et al., 2007). We recognize that including both
the start of events and magmatic maxima might
imply that several processes involving increase
in magmatism have been mixed. However, this
procedure is necessary in order to ensure that the
results are statistically significant. The length of
long-duration events influences the production
estimates, but not the timing.

Iceland

Based on published results from the North
Atlantic, Mjelde and Faleide (2009) estimated
the total Cenozoic volumetric production from
the Iceland hotspot (Fig. 2) at 22.1 x 10° km?.
They found that the magmatic production var-
ied significantly with time, with a clear maxi-
mum of 55.5 m%s around continental breakup
at ca. 53 Ma. The lowest production is estimated
at 4 m’/s, increasing to 7 m¥/s at ca. 23 Ma.
Two other pulses with increased activity are
found around 40 Ma and in the late Miocene
(ca. 8 Ma). The average Cenozoic magmatic
production rate is estimated at ~12 m%s, and
since 23 Ma, the rate has been ~8 m?¥/s.

TABLE 2. METHODS USED TO STUDY THE MAGMATIC VARIATIONS
THROUGH TIME FOR THE DIFFERENT HOTSPOTS

WAS

Bat/Grav Mag. anomaly

Rad.

Lith. strength

Iceland
Tristan

St. Helena
Cape Verde
Canaries
Madeira
Azores

Afar

Hawaii
Louisville
Pacific seamounts
Galapagos
Samoa
Ontong Java
Tasmantid
Easter

La Réunion
Kerguelen
Yellowstone
Europe

X
X
X

X

X

X X X X X X X X X X X X X X X X X X X

x

Note: WAS— wide-angle seismic (e.g., White, 1993); Bat/Grav—bathymetry
and gravity (e.g., Adam et al., 2007); Mag. anomaly—magnetic anomalies (e.g.,
Mijelde et al., 2008); Rad.—radiometric dating (e.g., Koppers et al., 2004); and

Lith. strength—lithospheric strength (e.g., Hillier, 2007).

Figure 2. Location map of the Iceland hotspot in the North Atlantic. ETOPO-2 shaded relief bathym-
etry and topography are based on data from Sandwell and Smith (1997). Hotspot tracks are from
Lawver and Miller (1994). Black areas onshore Greenland and the British Isles indicate early Tertiary
basalt flows or dikes. The area influenced by the Iceland hotspot since ca. 70 Ma is shaded (from
Mijelde et al., 2008). GIR—Greenland-Iceland Ridge; FIR—Faroe-Iceland Ridge; W/EJMFZ —west/
east Jan Mayen fracture zone; WBSM—Western Barents Sea margin; JMR—Jan Mayen Ridge.
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Tristan

The Tristan de Cunha hotspot generated the
Walvis Ridge (Fig. 3), which can be traced back
to continental separation off Namibia in the
Early Cretaceous (126—137 Ma; Rabinowitz and
LaBrecque, 1979; Elliott et al., 2009). The Wal-
vis Ridge forms an up to 500-km-wide zone of
seamounts and small ridges. This volcanic chain
is generally considered to have been generated
by a mantle plume interacting with the overly-
ing African plate, and that the center of present-
day activity is located near the island of Tristan
da Cunha (O’Connor and Duncan, 1990).

Adam et al. (2007) presented an estimate
of the variation of Qs and Qv along the Walvis
Ridge since 65 Ma. They found peaks in Qs at
10 Ma, 38 Ma, and 54 Ma, and start of a long-
period increase at 23 Ma. Their estimated peaks
in Qv are 10 Ma, 39 Ma, and 59 Ma. The cor-
relation between Qv and Qs suggests generation
by a single mantle plume (Adam et al., 2007).
These authors calculated the total volcanic vol-
ume for the ridge at 21.4 x 10° km? and the aver-
age volcanic flux as 1 m%/s.

St. Helena

The St. Helena chain extends from the
Josephine seamount (2.6 Ma) to a seamount
dated to 81 Ma located near Cameroon (Fig. 3;
O’Connor and Duncan, 1990). The northeast-
ward extension of the chain, the Cameroon
Line, does not express simple age progression
(Adam et al., 2007). The St. Helena chain is
characterized by a broad band of scattered
seamounts and volcanic ridges with a similar
age progression on the African plate as the
Walvis Ridge. The origin of the St. Helena
chain is associated with the emplacement of
the Brazilian seamounts on the American plate
(O’Connor and le Roex, 1992).

Adam et al. (2007) estimated the varia-
tion of Qs and Qv along the St. Helena chain
since 50 Ma. They found a broad peak in Qs
centered at 30 Ma. The width of the peak can
be explained by the presence of two adjacent
swells. Adam et al. (2007) found peaks in Qv at
10 Ma and 30 Ma. The lack of strong correlation
between variations in Qv and Qs and the pres-
ence of two swells indicate that the St. Helena

10°E 15°E

Figure 3. Seafloor topogra-
phy along the St. Helena and
Walvis chains (from Google
Earth, bathymetry), and pub-
lished volcanic ages (in Ma;
from O’Connor and Duncan,
1990; O’Connor and le Roex,
1992). Black lines indicate the
traces used to study the tem-
poral evolution of hotspot
fluxes (Adam et al., 2007). The
white and black stars indicate
the present-day location of the
Walvis plume inferred by Cour-
tillot et al. (2003) and Stein-
berger (2000), respectively.

trail is formed by two mantle plumes. Adam et
al. (2007) estimated the total volcanic volume
for the ridge at 11.1 x 10° km?® and the average
volcanic flux as 0.8 m?/s.

Cape Verde

The Cape Verde Islands consist of nine
islands located 500-800 km west of Africa
(Fig. 4). The islands are situated in the south-
western part of the Cape Verde Rise, which is
elevated 2—4 km above the underlying Jurassic-
Cretaceous seafloor. The rise is considered to
represent a hotspot swell (Crough, 1978).

The onset of the magmatism is estimated
at ca. 21 Ma (Plesner et al., 2003; Lodge and
Helffrich, 2006; Holm et al., 2008). A mag-
matic peak occurred at ca. 15 Ma (Holm et
al., 2008), another at ca. 11 Ma (Plesner et al.,
2003; Holm et al., 2008), and a later peak is
centered at ca. 5 Ma (Holm et al., 2008). The
total volume of magmatic rocks emplaced in
the crust is estimated at 57 x 10* km* (Holm et
al., 2008). This represents an average emplace-
ment rate of 0.9 m¥/s.

Canaries

The Canary Province forms a 700-km-long
and 400-km-wide distribution of volcanoes
(Fig. 4). Volcanism on single islands can span
over more than 20 m.y., generally consisting
of a voluminous shield stage lasting 5-10 m.y.
followed by a low-volume rejuvenation stage
(Geldmacher et al., 2005). The spatial distri-
bution and age variation of the volcanism are
complex, but a crude age progression has been
recognized (e.g., McDougall and Schmincke,
1976).

The Canary hotspot track appears to have
started at ca. 68 Ma, an age obtained from a
sample dredged from Lars Seamount (Geldm-
acher et al., 2001). These authors also report
apparent magmatic pulses at ca. 55 Ma and
47 Ma. Another peak has been estimated at
ca. 30 Ma (Stillman et al., 1975; Feraud et al.,
1985; Geldmacher et al., 2005; Gutiérrez et al.,
2006), and a long period of increased magma-
tism started around 23 Ma (Feraud et al., 1985;
Schirnick et al., 1999; Geldmacher et al., 2001;
Ancochea et al., 2006; Gutiérrez et al., 2006;
Patriat and Labails, 2006; Carracedo et al.,
2007; Meco et al., 2007; Camacho et al., 2009).
A magmatic increase is reported at 15 Ma
(Feraud et al., 1985; Hoernle and Schmincke,
1993; Ancochea et al., 2006; Gutiérrez et al.,
2006; Meco et al., 2007; Menéndez et al., 2008),
and a peak is centered at 10 Ma (Feraud et al.,
1985; Schirnick et al., 1999; Geldmacher et al.,
2005; Paris et al., 2005; Ancochea et al., 2006;
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Figure 4. Location of the Cape Verde, Canary, Madeira, and Azores hotspots (seafloor topography
from Google Earth, bathymetry). Hotspot tracks (in red) and ages for the Canary and Madeira hot-

spots are from Geldmacher et al. (2005, 2006).

Gutiérrez et al., 2006; Meco et al., 2007). A final
magmatic peak is found around 5 Ma (Hoernle
and Schmincke, 1993; Feraud et al., 1985;
Paris et al., 2005; Ancochea et al., 2006; Long-
pré et al., 2008; Meco et al., 2007; Menéndez
et al., 2008; Camacho et al., 2009; Patriat and
Labails, 2006). A magmatic production rate of
0.7 m%/s was estimated for the Canary Islands by
Schmincke and Sumita (1998).

Madeira

The Madeira Province consists of the
Madeira hotspot track and the Madeira-Tore
Rise (Fig. 4). The Madeira hotspot track forms
aroughly 700-km-long and 200-km-wide chain
of volcanoes with a rough southwest to north-

east progression of increasing ages (Fig. 4;
Geldmacher et al., 2005). It can possibly be
linked to the Serra de Monchique (70-72 Ma)
igneous complex in southern Portugal (Geld-
macher et al., 2005). The Madeira-Tore Rise
is an ~1000-km-long submarine ridge located
north of the Madeira hotspot track. The north-
ern termination of the ridge is related to the
active Azores Gibraltar fracture zone system
(Africa-Eurasia plate boundary; e.g., Jiménez-
Munt et al., 2001).

Pulses of increased magmatic activity form-
ing seamounts have been dated to: ca. 66 Ma,
31 Ma, 27 Ma, and 22 Ma along the Madeira
hotspot track (Geldmacher et al., 2006). Along
the Madeira hotspot track and the Madeira-
Tore Rise, additional pulses are centered at

roughly 12 Ma and 4 Ma (Geldmacher et al.,
2001, 2006). The average emplacement rate
of crustally emplaced magmatic rocks since
10 Ma was estimated by Geldmacher et al.
(2001) to be 0.2 m¥/s.

Azores

The Azores area is considered to reflect a
typical ridge-hotspot interaction because of an
anomalously elevated spreading ridge (e.g.,
Vogt, 1976), characteristic basalt geochemistry
(e.g., Schilling, 1975), and gravity anomalies
(e.g., Detrick et al., 1995; Fig. 4). The pres-
ence of a large region of elevated seafloor,
associated with a thick crust between the Great
Meteor Seamounts and the Azores platform,
indicates that these hotspot-derived structures
are genetically linked (Gente et al., 2003). We
thus view them as part of the same magmatic
system, dating back to ca. 85 Ma.

Dating of seamounts from the Cruiser Group
suggests a pulse with increased magmatism at
ca. 65 Ma, and several Great Meteor seamounts
are clustered around roughly 42 Ma (Gente et
al., 2003). Renewed melt supply around 20 Ma
started the formation of the Azores Plateau
(Gente et al., 2003). A later magmatic pulse
appears to be centered around 9 Ma (Cannat et
al., 1999). From the estimates of excess crustal
thickness presented by Cannat et al. (1999), we
calculate the average emplacement rate since
10 Ma as 0.7 m?/s.

Afar

The East African, Red Sea, and Gulf of
Aden rifts are strongly associated with mag-
matism related to the Afar plume (Fig. 5; e.g.,
Courtillot et al., 1999; Chorowicz, 2005). The
onset of the magmatism occurred in the Lake
Turkana region, Kenya, around 45 Ma (Hof-
mann et al., 1997; George et al., 1998; Rog-
ers et al., 2000; Furman et al., 2006; Bastow
et al., 2008; Corti, 2009), and a magmatic
pulse is reported at 40 Ma (Courtillot et al.,
1999; Coulié et al., 2003; Chorowicz, 2005;
Bastow et al., 2008; Beccaluva et al., 2009;
Corti, 2009). Increased magmatism related to
the main Afar plume is reported to have started
at 30 Ma (White, 1993; Hofmann et al., 1997,
Orihashi et al., 1998; Courtillot et al., 1999;
Coulié et al., 2003; Kieffer et al., 2004; Choro-
wicz, 2005; Park et al., 2007; Meshesha and
Shinjo, 2008; Bastow et al., 2008; Beccaluva
et al., 2009; Corti, 2009; Krienitz et al., 2009).
Another important increase in magmatism is
reported to have started at ca. 23 Ma (White,
1993; Courtillot et al., 1999; Renne et al.,
1999; Coulié et al., 2003; Kieffer et al., 2004,
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10°N

10°S

40°E

Figure 5. Location of the Afar-East African tectono-magmatic province. Geographi-
cal map is based on National Aeronautics and Space Administration (NASA) radar
topography image, and main geological features are from Chorowicz (2005). Black

lines —faults.

Chorowicz, 2005; Park et al., 2007; Meshesha
and Shinjo, 2008; Bastow et al., 2008;
Beccaluva et al., 2009; Corti, 2009; Krienitz et
al., 2009). In this pulse, we have incorporated
a magmatic event starting at 19 Ma cited by
several authors (e.g., George et al., 1998). A
later magmatic pulse is centered around 10 Ma
(Courtillot et al., 1999; Coulié et al., 2003;
Kieffer et al., 2004; Chorowicz, 2005; Park et
al., 2007; Meshesha and Shinjo, 2008; Bas-
tow et al., 2008; Beccaluva et al., 2009; Corti,
2009; Krienitz et al., 2009), and a final one is
reported at ca. 4 Ma (White, 1993; Chorowicz,
2005; Meshesha and Shinjo, 2008; Corti, 2009;
Krienitz et al., 2009). George et al. (1998) esti-
mated the magmatic emplacement rate during
the arrival of the main plume pulse (30-28 Ma)
at 4.8 m¥/s, and they calculated an average rate
of 1.6 m¥/s for the past 30 m.y.

Hawaii

The Hawaii-Emperor hotspot has the longest
and clearest hotspot track on Earth (0-80 Ma)
and is generally associated with a mantle plume
originating from the core-mantle boundary
(Fig. 6; e.g., Courtillot et al., 2003; Van Ark and
Lin, 2004). Magmatic pulses along the track
have been estimated at around 64 Ma (Van
Ark and Lin, 2004), ca. 50 Ma (White, 1993;
Vidal and Bonneville, 2004; Van Ark and Lin,
2004), ca. 42 Ma (Vidal and Bonneville, 2004;
Van Ark and Lin, 2004), and at ca. 28 Ma (Van
Ark and Lin, 2004). A general increase in mag-
matism occurred around 22 Ma (White, 1993;
Vidal and Bonneville, 2004; Van Ark and Lin,
2004), and later pulses were centered at 14 Ma
(White, 1993; Vidal and Bonneville, 2004) and
3 Ma (White, 1993; Vidal and Bonneville, 2004;

Van Ark and Lin, 2004). The average Cenozoic
magmatic emplacement rate has been estimated
at 2.5 m¥/s prior to 22 Ma, increasing to 6 m%/s
thereafter (Vidal and Bonneville, 2004; Van Ark
and Lin, 2004).

Louisville

The Louisville seamount track is a 4300-km-
long chain of submarine volcanoes located in
the South Pacific, which is inferred to have been
generated by a mantle plume since around 80 Ma
(Fig. 6; Lonsdale, 1988). The Hollister Ridge
is a 450 km linear chain of seamounts to some
extent genetically related to the Louisville hot-
spot (Wessel and Kroenke, 1997; Vlastélic and
Dosso, 2005). Pulses with increased magmatic
activity appear at ca. 67 Ma (Lonsdale, 1988),
60 Ma (Lonsdale, 1988; Koppers et al., 2004),
56 Ma, 48 Ma, 41 Ma, 25 Ma, 20 Ma (Lonsdale,
1988), 12 Ma (Lonsdale, 1988; Koppers et al.,
2004), and 3 Ma (Hollister Ridge; Vlastélic et
al., 1998). The average magmatic production for
the Louisville plume was estimated by Lonsdale
(1988) as 0.1 m%s prior to ca. 15 Ma, decreasing
by an order of magnitude to 0.01 m%/s thereafter.

Pacific Seamounts

Hillier (2007) estimated the eruption ages of
2700 Pacific volcanoes. The study included sea-
mounts related to the following chains: Hawaii,
Louisville, Society, Easter Island, Cook/Austral,
Foundation, Puka-Puka, Pitcairn, Marquesas,
Guadalupe, Cobb, and Bowie (Figs. 6 and 7).
The Early Cenozoic eruption rate was estimated
at 1.6 m¥/s, increasing to 2.9 m?/s at ca. 50 Ma,
and 3.9 m?/s at ca. 30 Ma. The average Cenozoic
eruption rate is measured at 2.2 m%/s.

Galapagos

The Galdpagos hotspot has formed volcanic
tracks on the Cocos and Nazca plates, extend-
ing from the Galdpagos Islands to the Central
American and Ecuadorian trenches (Fig. 7). The
hotspot track off the coast of Costa Rica consists
of the Cocos Ridge (e.g., Werner et al., 1999).
On the Nazca plate, the Coiba Ridge, Malpelo
Ridge, Carnegie Ridge, and Galdpagos Plateau
are associated with the hotspot (e.g., Lonsdale
and Klitgord, 1978). Hoernle et al. (2002) argued
that up to 71-m.y.-old igneous complexes along
the Pacific margin of Costa Rica and Panama
represent the accreted history of the Galdpa-
gos hotspot, linking the hotspot to the Carib-
bean large igneous province (ca. 72-95 Ma).
These authors related larger accretion rates
to higher magma production rates, and identi-
fied the start of a magmatic pulse at ca. 65 Ma.
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150°E 170°E 180° 170°W 150°W

Figure 6. Location of the Hawaiian, Samoan, Louisville, and Tasmantid hotspots, as well as
the Ontong Java Plateau and other Pacific seamounts (seafloor topography from Google
Earth, bathymetry). Ages in Ma for the Hawaiian and Emperor chains are from Vidal and
Bonneville (2004).
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Figure 7. Location of the Galapagos and Easter hotspots, as well as other Pacific seamounts
(seafloor topography from Google Earth, bathymetry).

The same event has been noted by Geldmacher
et al. (2003). Hoernle et al. (2002) estimated
magmatic pulses centered at ca. 39 Ma and
33 Ma, and longer pulses starting around 21 Ma
and 9 Ma. Geldmacher et al. (2003) discussed
a Miocene pulse centered at 14 Ma. Based on
measurements of crustal thickness of the ridges
associated with the Galdpagos hotspot (Detrick
et al., 2002; Sallares et al., 2003; Marcaillou et
al., 2006), we estimate the magmatic production
rate since 20 Ma at 5 m%/s.

Samoa and Society

The Samoan Islands and seamounts form a
westward age-progressing hotspot track from
the present-day hotspot location of Vailulu’u
(Fig. 6; Hart et al., 2004; Koppers et al., 2008).
Seismic tomography indicates that the Samoan
plume stem extends into the lower mantle
(Montelli et al., 2004), and it presently inter-
acts dynamically with the Tonga slab (e.g.,
Hawkins and Natland, 1975). Hart et al. (2004)
dated the start of the Samoan magmatism at
ca. 23 Ma, and these authors described another
peak in magmatism at ca. 11 Ma. A final peak
is centered around 3 Ma (Hart et al., 2004;
Koppers et al., 2008). Based on mantle upwell-
ing rates described by Sims et al. (2008), we
estimate the Samoan magmatic production rate
at 2 m%s. The islands and atolls of the Soci-
ety archipelago form an 800-km-long volcanic
lineament appearing at roughly 4 Ma (Fig. 6;
Duncan and McDougall, 1976; Clouard and
Bonneville, 2001; Guillou et al., 2005; Uto et
al., 2007).

Ontong Java and Tasmantid

The Ontong Java Plateau is Earth’s most
voluminous large igneous province, domi-
nantly emplaced in Early Cretaceous at 122 Ma
(Fig. 6; Coffin and Eldholm, 1994). The plateau
has experienced a complex history and includes
terrains associated with a mantle plume, normal
oceanic crust, and arc magmatism (Petterson et
al., 1999; Fitton et al., 2004). Petterson et al.
(1999) reported Cenozoic episodes of increased
magmatism centered at roughly 63 Ma, 34 Ma,
and longer episodes starting around 44 Ma,
24 Ma, and 8 Ma. Based on the Cenozoic mag-
matic production rate of 3 m?/s estimated for the
Kerguelen Plateau (Coffin et al., 2002), and the
calculations indicating that the production rate
for Ontong Java was three times higher during
Cretaceous (Coffin and Eldholm,1994), we infer
a Cenozoic production rate for Ontong Java of
9 m¥s. The collision between the Ontong Java
Plateau and the Australian plate is documented
in a bend in the Tasmantid hotspot at 26-23 Ma
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(Fig. 6). For this hotspot, magmatic peaks are
centered at around 24 Ma, 21 Ma, 16 Ma, and
7 Ma (Knesel et al., 2008).

Easter

The Easter Seamount Chain is an ~3000-km-
long zone of islands, seamounts, and anoma-
lously high topography extending from near
the East Pacific Rise in the west to the southern
tip of the Nazca Ridge (Fig. 7). Although other
models have been proposed, the ridge is gener-
ally considered to represent a hotspot track (e.g.,
Morgan, 1971; Cheng et al., 1999). The first mag-
matism along the chain is reported at roughly
30 Ma (Cheng et al., 1999), and later magmatic
peaks appear around 26 Ma (Haase et al., 2000),
ca. 22 Ma (O’Connor et al., 1995; Cheng et al.,
1999; Haase et al., 2000), 15 Ma (O’Connor et al.,
1995), 8 Ma (O’Connor et al., 1995; Cheng et al.,
1999), and 3 Ma (O’Connor et al., 1995; Cheng et
al., 1999). To our knowledge, available estimates
of volumetric production are insufficient to calcu-
late the production rate through time.

La Réunion

The Chagos and Mascarene Plateaus, as well
as the Mauritius and La Réunion islands in the
Indian Ocean (Fig. 8), are regarded as volcanic
constructions of a hotspot that can be traced
back to the emplacement of the Deccan Traps
at ca. 65 Ma (Duncan et al., 1989; White, 1993;
Bonneville et al., 1997; Todal and Edholm,
1998; Luais, 2004). Later magmatic peaks
appear around 57 Ma (Todal and Edholm, 1998;
Paul et al., 2005), 48 Ma (Paul et al., 2005),
35 Ma (Duncan et al., 1989; Bonneville et al.,
1997, Paul et al., 2005), 8 Ma (Bonneville et al.,
1997; Charvis et al., 1999; Paul et al., 2005), and
2 Ma (Bonneville et al., 1997; Luais, 2004; Paul
et al., 2005; Michon et al., 2007). The magmatic
production rate was calculated by White (1993)
at 160 m/s during the emplacement of the Dec-
can Traps, decreasing to an average value of 1.3
m?/s since 20 Ma.

Kerguelen

The Kerguelen hotspot has caused magma-
tism in the eastern Indian Ocean region since
around 130 Ma (Fig. 8; e.g., Duncan, 1978).
The igneous rock complexes have been widely
dispersed due to changing motions of the Indian,
Australian, and Antarctic plates (Miiller et al.,
1993). The Kerguelen large igneous province
includes, in decreasing age order, Bunbury (Aus-
tralia), Rajmahal (India), dikes on the conjugate
Indian/Antarctica margins, Southern Kerguelen
Plateau, Elan Bank, Central Kerguelen Plateau,

’

|
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3
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o

Figure 8. Location of the Kerguelen and Réunion hotspots (seafloor topography from Google Earth,
bathymetry). Ages for the Kerguelen hotspot are from Coffin et al. (2002), and the Réunion hotspot

track is from Duncan and Storey (1992).

Broken Ridge, Ninetyeast Ridge, Skiff Bank,
Northern Kerguelen Plateau, and Kerguelen
Archipelago, as well as Heard and McDon-
ald Islands (Coffin et al., 2002). The start of a
long period of increased magmatism along the
Ninetyeast Ridge at roughly 60 Ma was reported
by Verzhbitsky (2003), and the start of another
period has been dated at ca. 40 Ma (Nicolaysen
et al., 2000; Coffin et al., 2002; Doucet et al.,
2005). A magmatic pulse appears to be centered
at 34 Ma (Weis et al., 2002; Ingle et al., 2003;
Doucet et al., 2005), and 30 Ma marked the start
of a long period with increased activity (Nico-
laysen et al., 2000; Coffin et al., 2002; Wallace

et al., 2002; Weis et al., 2002; Ingle et al., 2003;
Doucet et al., 2005; Xu et al., 2007). Later pulses
are centered around 20 Ma (Coffin et al., 2002;
Weis et al., 2002), 9 Ma (Weis et al., 2002; Ingle
et al., 2003), and 2 Ma (Weis et al., 2002). The
average Cenozoic magmatic production rate has
been estimated to be 3 m*/s (Coffin et al., 2002).

Yellowstone

The Yellowstone hotspot track extends
800 km across the northern Basin and Range
Province, United States (Fig. 9). The young-
est manifestation of the hotspot is associated
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Figure 9. Location of the Yellowstone hotspot. Geographical map is based on National Aeronautics
and Space Administration (NASA) Aqua satellite data. Approximate ages of silicic volcanic centers
are noted in Ma (from Waite et al., 2006). The white lines outline the locations of the eruptive
centers. State boundaries in the western United States are plotted for reference. The direction of
absolute plate motion (APM) from Gripp and Gordon (2002) is shown with a white arrow.

with extensive geysers and hot springs in Yel-
lowstone National Park. Yellowstone’s mantle
source has often been attributed to a mantle
plume (e.g., Morgan, 1972), and an upper-
mantle low-velocity anomaly has been mapped
by teleseismic tomography (Waite et al., 2006).
The start of the magmatism has been estimated
to be around 18 Ma (Schutt et al., 2008), and
magmatic peaks appear around 11 Ma and 5 Ma
(Waite et al., 2006; Stachnik et al., 2008). Based
on the value of mantle buoyancy flux given by
Schutt et al. (2008), we estimate the magmatic
production rate at 0.2 m?/s.

Europe

Widespread anorogenic magmatism, unre-
lated to subduction-zone modification of the
mantle source, developed within the Mediter-
ranean and surrounding regions during the
Cenozoic (Fig. 10). The magmatism is gener-
ally referred to as the Circum-Mediterranean
anorogenic Cenozoic igneous province. Lus-
trino and Wilson (2007) presented a thorough
review of the spatial evolution of the magma-
tism through the Cenozoic. Their observations
for different European regions are outlined in
Table 3, and a summary of the entire province
is included in Table 4. We have treated the
Canary and Madeira hotspot as separate prov-
inces. Magmatic peaks may be found around
60 Ma (Italy, Germany, Carpathians, Libya),
45 Ma (Morocco, Germany), 41 Ma (Germany,

Libya, Mashrek), 21 Ma (Spain, Germany,
Bohemian Massif), 15 Ma (Germany, Carpath-
ians), 10 Ma (entire region except Germany
and Bohemian Massif), and 3 Ma (Spain, Italy,
Carpathians, Macedonia). Global tomography

has revealed a range of upper-mantle anoma-
lies (e.g., Ritter et al., 2001), but the magma-
tism is not consistent with a time-regressive
hotspot track. To our knowledge, available esti-
mates of the magmatic production of the region
are insufficient to calculate the production rate
through time.

Cenozoic Magmatic Peaks

Table 4 indicates that the pattern of inves-
tigated magmatism is not randomly distributed
with time. Primary peaks may be identified
at 10 Ma, 22 Ma, 30 Ma, 40 Ma, 49 Ma, and
60 Ma, and secondary peaks at 4 Ma, 15 Ma,
34 Ma, 45 Ma, and 65 Ma. Spectral analysis
using Burg’s method (well suited for short time
series) seems to confirm a dominant period of
~10 m.y. (10 Ma, 20 Ma, etc.), and a secondary
period of ~5 m.y. (5 Ma, 15 Ma, etc.; Fig. 11),
but we cannot be sure because the limited data
set at our disposal prevents us from obtaining
meaningful confidence levels. The observations
may be filtered by assuming that one measure-
ment has been erroneously located in time for
each million years. By removing one measure-
ment from each million-year period in Table 4
(unfiltered), the inferred pattern becomes clearer
(Table 4, filtered). The spectrum also hints at a
possible ~15 m.y. period, as has been reported
for Hawaii and Iceland (Van Ark and Lin, 2004
Mjelde and Faleide, 2009).

10°W 10°E

20°E

Figure 10.Topography of the circum-Mediterranean area showing the locations of Cenozoic igneous
provinces (modified from Lustrino and Wilson, 2007). The circled areas refer to anorogenic prov-

inces discussed in this paper.
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Magmatic Production Rates

Table 5 shows the magmatic production rate

in m%s since ca. 20 Ma for the studied hotspots,
TABLE 3. VARIATION OF ANOROGENIC MAGMATISM WITHIN THE MEDITERRANEAN AND

SURROUNDING REGIONS DURING THE CENOZOIC sorted by hotspot rate. Nine hotspots have pro-
= duction >1 m%s, and eight have production <1
C
g 2 | 2 8. 5 X Cumulative m?/s. The production varies strongly within the
ﬁ’; = g | 8 _E |8 s 5& B | § £ | countperyear group with high production, from 1.3 m¥s (La
g | 2|2 s 8|8 2 EE € 5 Sli2saslelr Réunion), increasing by an average of 1.1 m/s
70 T per hotspot to 9 m*/s (Ontong Java). The varia-
gg L [] tion is smaller within the group with low pro-
67 D i duction, from 0.2 m?/s (Yellowstone), increas-
66 [ ing by an average of 0.1 m%/s per hotspot to 1
65 ° i g by g p P
64 |: m?/s (Tristan). The exception is Louisville, the
gg ® production rate of which is one order of mag-
61 - [) —|_:| nitude smaller than that of Yellowstone. The
gg ° J_ total production rate for all studied hotspots is
2573 L estimated at 42.6 m?/s, which is one order of
56 I: magnitude smaller than the global production
gi ° i rate at oceanic spreading ridges (e.g., Cogné and
53 |: Humler, 2006).
52
51
50 D 1 DISCUSSION: POSSIBLE CAUSES
13 FORTHE INFERRED VARIATIONS IN
jg MAGMATISM
45 ° ° 11
ig I: Oceanic Spreading and Plate-Tectonic
42 X _I:] Reorganizations
41 L]
40 ° o | | T ) )
39 Estimates of the rate of generation of oce-
23 anic crust at spreading ridges show large vari-
36 LJ 1 ability; Cogné and Humler (2006) calculated an
35 O . . .
Y ) ~50% increase in the production rate through
gg . LJ the Cenozoic, whereas Becker et al. (2009) and
31 D Seton et al. (2009) found a similar decrease in
gg ° ® the same period. Regardless, these trends do not
28 D seem to have the variability needed to explain
32 s o J—:I the periodicities we have documented here.
gi oo [_:I Plate reorganizations are believed to impact
23 ° iy the horizontal stresses in plates, and these
gf see O | stresses have been shown to modulate the per-
20 |_ meability of the lithosphere to volcanism (e.g.,
]g ® ® ] Hieronymus and Bercovici, 2001). However, we
17 (I are unaware of a global study of such effects,
]2 ... e :I and, furthermore, it seems likely that these
1 . (I effects would be strongest near the primary
12| e ® D) i cause of the reorganization (e.g., a collision or
n ° (L) ° I anew subduction zone). A global plate-tectonic
10|ee| @ | @ X0 D | o
9 | @ [ reorganization occurred around 50 Ma, docu-
3 L LJ (L L L | mented, for instance, by the Hawaiian-Emperor
6 |_ bend (e.g., Wessel and Kroenke, 2008). Another
i ® ... ® L I major plate-tectonic reorganization occurring at
g ° o ) L__I 26 Ma was most likely triggered by the collision
1 I of the Ontong Java Plateau with the Melanesian

Note: Table is based on Lustrino and Wilson (2007). Pulses of magmatism are indicated with blue circles, and arc (Knesel et al., 2008). This event is recorded
the cumulative count per m.y. for the entire area is shown in the right column. in the motion of the Australian plate, and it cor-

relates well with offsets in hotspot seamount
tracks on the Pacific plate, e.g., the Hawaiian
chain (Kroenke et al., 2004). To our knowledge,
no other global Cenozoic plate reorganizations
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TABLE 4. VARIATION OF CENOZOIC MAGMATISM RELATED TO THE HOTSPOTS STUDIED

Unfiltered Filtered

Age cumulative cumulative

(Ma)

count per year | count per year

Walvis

St. Helena
Cape Verde
Canaries
Madeira
Azores
Afar-Kenya
Hawaii
Louisville
Pacific Smts.
Galdpagos
Samoa
Ontong Java
Easter
Society

La Réunion
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Yellowstone
Europe
Tasmantid
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Note: Pulses of magmatism are indicated with blue circles. The European magmatism (Table 3) has been
averaged to one column. The red column shows the (unfiltered) cumulative count per m.y. for all hotspots,
whereas the green column shows the filtered version, where one count has been subtracted for each m.y.

have been reported. It should be noted that the
only major plate-tectonic change occurring
in the North Atlantic, at around 33 Ma (e.g.,
Eldholm et al., 1989), apparently did not modify
the Icelandic hotspot production. It thus appears
that the global variations in magmatism inferred
in our study cannot be explained only by varia-
tions in oceanic accretion or plate-tectonic reor-
ganizations. However, a stronger link between
hotspot activity and global plate reorganiza-
tions has been inferred for the Cretaceous (e.g.,
Anderson, 1994), and we thus recognize that
this issue merits further research.

Lithosphere Thickness

Magmatism resulting from mantle plumes
is strongly controlled by the thickness of the
overlying lithosphere (White, 1993). Thick
lithosphere will hamper decompression melt-
ing, whereas thin lithosphere will lead to large
quantities of melt produced by mantle decom-
pression. Enhanced magmatism is hence found
beneath young oceanic lithosphere, or beneath
rifting lithosphere. It is possible that these factors
may explain the inferred variations in magma
production for the various hotspots studied. For
example, the anomalous magmatism around
breakup (ca. 53 Ma) for the Icelandic hotspot
may be explained by increased decompres-
sion melting along the axis of rifting, and the
magmatic pulse around 40 Ma may be related
to increased decompression melting and small-
scale convection when the plume was located
near the Greenland shelf edge (e.g., Torsvik and
Cocks, 2005). Another example concerns the
Hawaiian ridge, where the variations in volcanic
production appear to correlate with the various
Pacific fracture zones (Van Ark and Lin, 2004).
The Ninetyeast Ridge, constructed by the Ker-
guelen hotspot, represents a third oceanic exam-
ple. The ridge forms a hotspot track from Late
Cretaceous to around 35 Ma, and Coffin et al.
(2002) related its cessation to emplacement on
progressively older oceanic crust.

Although magmatism occurred earlier than
the start of rifting in East Africa, the rifting pro-
cess did to some extent control the variations in
magmatism there (Chorowicz, 2005). Differ-
ences in lithospheric thickness have also played
an important role during the emplacement of the
products of widespread European magmatism
(Lustrino and Wilson, 2007).

Plume-Ridge Interaction

Direct mantle plume—oceanic spreading
ridge interaction may be invoked to explain
the increased Iceland plume magmatism at
ca. 23 Ma (Torsvik and Cocks 2005). In order
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Figure 11. Power spectrum for the global magmatic flux since 70 Ma
(based on Table 4, filtered cumulative count per year). The power
density spectrum was estimated using the Burg parametric spec-
tral estimation algorithm from the Matlab Signal Processing Tool-
box.The Burg algorithm estimates the spectral content by fitting an
autoregressive (AR) linear prediction filter model of a given order
to the signal. The highest order used in our case was 20. Any lin-
ear trend (including the average) was removed from the data before
spectral estimation. We also show results for two lower-order mod-
els, noting that the ~5 m.y. and ~10 m.y. trends appear to be robust
features in all three estimates, whereas the ~15 m.y. peak only
appears when we push the order toward the higher end.

TABLE 5. THE MAGMATIC PRODUCTION RATE SINCE CA. 20 Ma FOR THE STUDIED
HOTSPOTS, SORTED BY PRODUCTION RATE
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to explain the late Miocene pulse, Breivik et
al. (2008) suggested a plume—spreading ridge
interaction model related to asthenospheric
flow away from Iceland. Strong interaction
with spreading ridges has also occurred for the
Azores, Galdpagos, and Easter hotspots (e.g.,
Vogt, 1976; O’Connor et al., 1995; Geldmacher
et al.,, 2003), and weaker interaction may be
inferred for parts of the remaining oceanic hot-
spots studied.

Lower Mantle and Core

From these discussions, we can conclude
that the observed variations in magmatic pro-
ductivity can be explained by differences in
lithospheric thickness and/or interaction with
spreading ridges, when the hotspots are studied
individually. It is, however, unlikely that such
lithospheric—upper mantle processes can cause
the inferred 5 and 10 m.y. global co-pulsations.

The 5-10 m.y. period of magmatic variations
is within the range of estimates of the age con-
trasts between adjacent V-shaped ridges related
to the Icelandic hotspot (Vogt, 1971; White et
al., 1995). The ridges may be due to rift propa-
gation (Hey et al., 2010), but they have also been
modeled as resulting from pulsations in a mantle
plume conduit (Ito, 2001). Such stable solitary
waves may form in response to disturbances
introduced into fully developed conduits (Olson
and Christensen, 1986). Similar periodicities
may be induced by plume separation effects
at the 670 km discontinuity (Bercovici and
Mahoney, 1994). Although such effects modu-
lating the rising plume may successfully explain
the pulsations observed for individual plumes,
they fail to explain the observed co-pulsations.

The same applies to models involving
plumes originating from a presumed thermo-
chemical boundary layer at the base of the
mantle (Lin and Keken, 2006). Certain densities
and thicknesses of the boundary layer have been
modeled to cause strongly variable plumes pul-
sating with periods from a few million years. to
more than 100 m.y. (Lin and Keken, 2006).

Global seismological tomography has
revealed two large anomalously slow areas cen-
tered on roughly antipodal equatorial regions
under Africa and the central Pacific (e.g., Gu
et al.,, 2001). These anomalies are sometimes
referred to as “superplumes,” but this may be a
misnomer if upwellings of this size and magni-
tude are not caused by Rayleigh-Taylor insta-
bilities. In other words, in that case, they are not
plumes sensu stricto. Many investigators have
associated them with hotter than normal mate-
rial rising from the thermal boundary layer near
the core-mantle boundary (e.g., Courtillot et al.,
2003; Torsvik et al., 2006). Most hotspots are

372

www.gsapubs.org | Volume 2 | Number5 | LITHOSPHERE



Global pulsations of intraplate magmatism through the Cenozoic | RESEARCH

located near the edges of these lower-mantle
anomalies, and edge-driven convection has
been inferred as one mechanism to enhance the
formation of plumes along their edges (Tors-
vik et al., 2006). All our studied hotspots, with
the exception of Iceland and Yellowstone, are
located within this zone, indicating that their
origins are predominantly associated with the
deepest mantle.

The “superplume” concept was first chal-
lenged by Anderson (1994), who noted the anti-
correlation between the “superplumes” and sub-
duction zones. He suggested that the regions in
the African and Pacific mantle are hot because
they have not been cooled or displaced by cold
oceanic lithosphere for more than 200 m.y. This
view later gained support, e.g., from Finn et al.
(2005), who argued that the diffuse alkaline
magmatic province encompassing the eastern-
most part of the Indo-Australian plate, West
Antarctica, and the southwest portion of the
Pacific plate was caused by slabs subducting in
the Late Cretaceous, triggering lateral and verti-
cal flow of warm Pacific mantle.

The African and Pacific mantle anomalies
fail to meet several criteria inherent in stan-
dard plume theory, e.g., they are not related to
a large plume head followed by narrow tail (for
a review on the plume theory, see Campbell
and Davies, 2006). We thus argue that the large
mantle upwellings are an expression of return
flow in Earth’s mantle in response to subduc-
tion, spanning the whole mantle.

We recognize that the two mantle upwell-
ings most likely extend downward to the core-
mantle boundary, and it is unlikely that the two
mantle upwellings co-pulsate without some
kind of interaction with the core. We thus postu-
late that the apparent co-pulsations result from
global fluctuations in such core-mantle interac-
tions. This hypothesis implies periodic heating
of Earth’s core and subsequent heat release to
the mantle and increased global plume activity
from the edges of the lower-mantle anomalies. It
should be noted that the co-pulsation of the two
upwellings is evident also on longer time scales;
they both expressed limited magmatism from
ca. 100 to 50 Ma, but strong activity thereafter
(Finn et al., 2005).

Nakagawa and Tackley (2005) modeled the
thermal evolution of the core through geologi-
cal time. Their most successful model, includ-
ing 100 ppm radioactive potassium in the core,
indicates fluctuations in the heat flow at the core-
mantle boundary on the order of + 10 TW. Hern-
don (2007), following a different approach, may
have demonstrated the feasibility of a nuclear-
fission chain reactor at the center of Earth’s core.
Herndon (2007) proposed a georeactor consist-
ing of an inner subcore of actinide elements, sur-

rounded by a subshell with decay products. The
energetic heat production would be expected
to cause actinide subcore disassembly, mixing
actinide elements with neutron absorbers of the
subshell, and thus quenching the nuclear fission
chain reaction. However, as actinide elements
settled out of the mix, the chain reaction would
restart (Herndon, 2009). The system might
stabilize, or it might lead to fluctuating heat
production. The frequency of fluctuations we
observe (10 m.y. time scale) is not yet resolv-
able in the unconfirmed models of Nakagawa
and Tackley (2005) and Herndon (2009), but we
speculate that they may be present.

Significant lateral flow has been proposed
for many hotspots, e.g., lateral sublithospheric
flow of more than 1500 km has been inferred
from the Canary hotspot eastward into North
Africa (Duggen et al., 2009). Our hypothesis
relates core pulsations to surface pulses in mag-
matism. If correct, this hypothesis implies dom-
inantly near-vertical ascent of plume material,
and relatively uniform rheology along the edges
of the lower-mantle anomalies.

We do not infer that all magmatism dis-
cussed here is directly related to mantle plumes.
For instance, the large amplitude of the North
Atlantic magmatism around continental breakup
at ca. 53 Ma was most likely related to interac-
tion between the Iceland plume and breakup
processes (Mjelde and Faleide, 2009). Another
example concerns the (nonplume) silicic volca-
nism in Afar at 10 Ma (Kieffer et al., 2004). Our
observations may suggest that the intensity of
hotspots is modulated by fluctuations in plumes
originating from the lower mantle.

CONCLUSIONS

We have reviewed studies of Earth’s most
significant intraplate Cenozoic hotspots (omit-
ting the Holocene), with regard to variations in
magmatic productivity through time. The study
includes Pacific, Atlantic, and Indian hotspots,
as well as Afar-Kenya, Yellowstone, and Euro-
pean magmatism. The results indicate that the
pattern of investigated magmatism is not ran-
domly distributed in time. Primary magmatic
peaks may be identified at 10 Ma, 22 Ma,
30 Ma, 40 Ma, 49 Ma, and 60 Ma, and second-
ary peaks at 4 Ma, 15 Ma, 34 Ma, 45 Ma, and
65 Ma. Spectral analysis seems to confirm a
dominant period of ~10 m.y. and a secondary
period around 5 m.y.

It is unlikely that the observed global varia-
tions in magmatic productivity can be explained
by differences in lithospheric thickness, fluc-
tuations in intraplate stress levels following
plate-tectonic reorganizations, and/or interac-
tion with spreading ridges. It is also unlikely

that the global co-pulsations can be related to
stable solitary waves, which may form in plume
conduits, or to plume separation effects at the
670 km discontinuity.

Global seismological tomography has
revealed two large anomalously slow areas under
Africa and the central Pacific, which we interpret
as upwellings spanning the entire mantle. Most
of the studied hotspots are located near the edges
of these lower-mantle anomalies, indicating ori-
gins predominantly in the deepest mantle.

Models of the thermal evolution of Earth’s
core through geological time indicate fluctua-
tions in the heat flow at the core-mantle boundary.
It is postulated that the apparent co-pulsations in
magmatism result from global fluctuations in
core-mantle interaction, involving periodic heat-
ing of the core and subsequent heat release to the
mantle and increased global plume activity from
the edges of the lower-mantle anomalies.

While the data selection for this study is
limited to published results, we note that the
analysis of our expanded and truly global data
set largely confirms the trends noted by Mjelde
and Faleide (2009), which were derived solely
from Hawaii and Iceland plume fluxes.
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