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Figure 1: Cartoon showing 
dynamic topography caused 
by mantle upwelling and 
downwelling. Courtesy of J. 
Braun.
Figure 2: Cartoons illustrat-
ŝŶŐ�ƚǁŽ�ǁĂǇƐ�ďǇ�ǁŚŝĐŚ�ƉĂƌƟĂů�
ŵĞůƟŶŐ� ŽĨ� ĚƌǇ� ŵĂŶƚůĞ� ƉĞƌŝ-
ĚŽƟƚĞ�ŽĐĐƵƌƐ͘�dŚĞƌŵĂů�ƐƚƌƵĐ-
ture of: (a), (b) normal litho-
sphere and asthenosphere; 
(c), (d) abnormally hot asthe-
nosphere; and (e), (f) abnor-
mally thin lithosphere.

Figure 3

Figure 3: Observed dynamic 
topography (spherical har-
monic degree 40; Holdt et al., 
2022). Yellow circles are in-
ƚƌĂƉůĂƚĞ� ŵĂŐŵĂƟĐ� ƐĂŵƉůĞƐ�
with age < 10 Ma from Ball et 
al. (2021). Gray triangles are 
ridge segments from Gale et 
al. (2013).

ඵ �ǇŶĂŵŝĐ�ƚŽƉŽŐƌĂƉŚǇ�ĂŶĚ�ďĂƐĂůƟĐ�ŵĂŐŵĂƟƐŵ�ĂƌĞ�ĐŽŶƐĞƋƵĞŶĐĞƐ�ŽĨ�ŵĂŶƚůĞ�ĚǇŶĂŵŝĐƐ͘
ඵ Basalt geochemistry is used to constraint thermal structure of shallowest mantle.
ඵ �ŽƌƌĞůĂƟŽŶƐ�ďĞƚǁĞĞŶ�EĞŽŐĞŶĞ�ŵĂŐŵĂƟƐŵ͕�ƌĞƐŝĚƵĂů�ĚĞƉƚŚ�ĂŶŽŵĂůŝĞƐ͕�ĂŶĚ�ƚŽŵŽŐƌĂƉŚŝĐ�ŵŽĚĞůƐ͘

Figure 4: Shear-wave velocity anomalies averaged between 125 
and 175 km from SL2013sv model ;^ĐŚĂĞīĞƌ�Θ�>ĞďĞĚĞǀ͕ �ϮϬϭϯͿ. 
Circles are published Neogene-Quaternary igneous samples 
from GEOROC and EarthChem databases. Coloured diamonds 
ĂƌĞ�ďĂƐĂůƟĐ�ƌŽĐŬƐ͕� ŝŶĐůƵĚŝŶŐ�ϱϬ�ĐŽůůĞĐƚĞĚ�ƐĂŵƉůĞƐ͕�ǁŚŝĐŚ�ƉĂƐƐ�
our screening procedure (Carracedo-Sánchez et al., 2017; 
Cebrià et al., 2009; Dautria et al., 2010; Duggen et al. 2015; Lio-
tard et al. 1995; Oeser et al. 2015). Red = SE Spain (Pliocene to 
Pleistocene); orange = N Morocco (Pliocene to Pleistocene); 
yellow = NE Spain (Pleistocene); green = S France (Pleistocene); 
blue = S France (Late Miocene to Early Pliocene); purple = Cen-
tral Spain (Pliocene to Pleistocene).

ඵ volcanic rocks
ඵ ϱϬ�ч��DŐι�ч�ϴϬ
ඵ KЖO/NaЖK�ч�ϭ

ඵ ϰϬ�ч��^ŝKЖ�ч�ϱϲ�ǁƚ͘й
ඵ ϳ͘ϱ�ч��DŐK�ч�Ϯϱ�ǁƚ͘й
ඵ (Nb/La)nc�ш�ϭ

ඵ WŽƐŝƟǀĞ�ĐŽƌƌĞůĂƟŽŶ�ďĞƚǁĞĞŶ�EĞŽŐĞŶĞͲ�
YƵĂƚĞƌŶĂƌǇ�ŵĂŐŵĂƟƐŵ�ĂŶĚ�ƐůŽǁ�
ƐŚĞĂƌͲǁĂǀĞ�ǀĞůŽĐŝƟĞƐ͘

ඵ ϱϬ�ďĂƐĂůƟĐ�ƐĂŵƉůĞƐ�ůŽĐĂƚĞĚ�ĂǁĂǇ�ĨƌŽŵ�
plate boundaries were collected, anal-
ysed and modelled.

ඵ ^ĂŵƉůĞƐ�ĮůƚĞƌĞĚ�ƚŽ�ŝĚĞŶƟĨǇ�ƉƌŝŵĂƌǇ�ŵĞůƚƐ�
from asthenospheric mantle.
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Figure 5:��ĚŝĂďĂƟĐ�ŝŶǀĞƌƐĞ�ŵŽĚĞůůŝŶŐ�ŽĨ�Z���ĐŽŶĐĞŶƚƌĂƟŽŶƐ͘�(a)�Z���ĐŽŶĐĞŶƚƌĂƟŽŶƐ�ŶŽƌŵĂůŝƐĞĚ�ƚŽ�ƐŽƵƌĐĞ�ĐŽŵƉŽƐŝƟŽŶ͘��Ž-
ůŽƵƌĞĚ�ĚŝĂŵŽŶĚƐ�ĂŶĚ�ĞƌƌŽƌ�ďĂƌƐ�с�ĂǀĞƌĂŐĞ�ŽďƐĞƌǀĞĚ�Z���ĐŽŶĐĞŶƚƌĂƟŽŶƐ�цʍ͖�ĐŽůŽƵƌĞĚ�ůŝŶĞƐ�с�Z���ĐŽŶĐĞŶƚƌĂƟŽŶƐ�ĐĂůĐƵůĂƚĞĚ�ďǇ�
inverse modelling where rms values at global minima. (b)�DĞůƚ�ĨƌĂĐƟŽŶ�ƉůŽƩĞĚ�ĂƐ�ĨƵŶĐƟŽŶ�ŽĨ�ĚĞƉƚŚ͘��ƵƌǀĞĚ�ĐŽůŽƵƌĞĚ�ůŝŶĞƐ�с�
ďĞƐƚͲĮƫŶŐ�ŵĞůƟŶŐ�ƉĂƚŚƐ͖�ǀĞƌƟĐĂů�ďůĂĐŬ�ůŝŶĞƐ�с�ďĞƐƚͲĮƫŶŐ�ƚŽƉƐ�ŽĨ�ŵĞůƟŶŐ�ĐŽůƵŵŶƐ͖�ĐƵƌǀĞĚ�ďůĂĐŬͬŐƌĂǇ�ůŝŶĞƐ�с�ĂĚŝĂďĂƟĐ�ŵĞůƚ-
ing paths calculated using formulae and parameters from Katz et al. (2003) and ^ŚŽƌƩůĞ�Ğƚ�Ăů͘�;ϮϬϭϰͿ͖�ǀĞƌƟĐĂů�ĚĂƐŚ�ůŝŶĞƐ�с�ƐƉŝ-
ŶĞůͲŐĂƌŶĞƚ�ƚƌĂŶƐŝƟŽŶ�ǌŽŶĞ͘�(c)�DŝƐĮƚ�ďĞƚǁĞĞŶ�ŽďƐĞƌǀĞĚ�ĂŶĚ�ĐĂůĐƵůĂƚĞĚ�Z���ĐŽŶĐĞŶƚƌĂƟŽŶƐ�ƉůŽƩĞĚ�ĂƐ�ĨƵŶĐƟŽŶ�ŽĨ�ĂƐƚŚĞŶŽ-
ƐƉŚĞƌŝĐ�ƉŽƚĞŶƟĂů�ƚĞŵƉĞƌĂƚƵƌĞ�;dp) and lithospheric thickness (Dtop) for SE Spain. Blue: rms > 1; white: rms = 1; red: rms < 1; co-
loured diamond = global minimum. (d) Same as (c) but for Central Spain. (e)�ZĞůĂƟŽŶƐŚŝƉ�ďĞƚǁĞĞŶ�dp determined by REE in-
version of basalt geochemistry and that determined by temperature conversion of seismic tomographic model ;DĐ<ĞŶǌŝĞ�Θ�
K͛EŝŽŶƐ͕�ϭϵϵϭ͖�ZŝĐŚĂƌĚƐ�Ğƚ�Ăů͕͘�ϮϬϮϬ͖�^ĐŚĂĞīĞƌ�Θ�>ĞďĞĚĞǀ͕ �ϮϬϭϯͿ͘��ůĂĐŬ�ůŝŶĞ�с�ϭ͗ϭ�ƌĞůĂƟŽŶƐŚŝƉ͖�ĚĂƐŚĞĚ�ůŝŶĞƐ�с�цϮϱΣ��ƌĞůĂƟŽŶ-
ships. (f) Same as (e) but for DdŽƉ. (a-f)�̂ ŽƵƌĐĞ�ŝƐ�ĮǆĞĚ�ǁŝƚŚ�ĞEĚ�с�ϱ͖��ƚƌŝĂŶŐƵůĂƌ�ŵĞůƟŶŐ�ƌĞŐŝŵĞ͖�ƐƉŝŶĞůͲŐĂƌŶĞƚ�ƚƌĂŶƐŝƟŽŶ�с�ϲϯͲϳϮ�
km from :ĞŶŶŝŶŐƐ�Θ�,ŽůůĂŶĚ�;ϮϬϭϱͿ. (g-l)�^ƉŝŶĞůͲŐĂƌŶĞƚ�ƚƌĂŶƐŝƟŽŶ�с�ϲϵͲϳϴ�Ŭŵ�ĨƌŽŵ�dŽŵůŝŶƐŽŶ�Θ�,ŽůůĂŶĚ�;ϮϬϮϭͿ. Gray triangles 
= ridge segments from Gale et al. (2013). (m-r)��ŽůƵŵŶĂƌ�ŵĞůƟŶŐ�ƌĞŐŝŵĞ͘

ඵ REEs have D < 1; F ;d͕�WͿ�ŝƐ�ŵĞůƚ�ĨƌĂĐƟŽŶ͖�� (garnet in, spinel out).
ඵ F (T, P) is inferred from observed Cmelt, predetermined Csource, and D.
ඵ DŽĚĞůůŝŶŐ�ǇŝĞůĚƐ�ƉŽƚĞŶƟĂů�ƚĞŵƉĞƌĂƚƵƌĞ�ŽĨ�ϭϮϳϱ�Σ��Θ�ůŝƚŚŽƐƉŚĞƌĞ�ŽĨ�ϳϬ�Ŭŵ͘ Figure 6: Sedimentary, crust-

Ăů�ĂŶĚ�ĂŐĞͲĚĞƉƚŚ�ĐŽƌƌĞĐƟŽŶƐ�
for oceanic lithosphere. SL = 
sea level; Zsb = depth of 
seabed; Cs = equivalent 
water load converted from 
sediment; Cc = equivalent 
water load converted from 
oceanic crust; Zw�с�ĞǆƉĞĐƚĞĚ�
depth to oceanic basement 
of known age; Zo = observed 
depth to basement; Zr = re-
sidual depth measurement. 
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&ŝŐƵƌĞ�ϳ͗ Residual depth anomalies. (a) Water-loaded depths to oceanic base-
ŵĞŶƚ�ƉůŽƩĞĚ�ĂƐ�ĨƵŶĐƟŽŶ�ŽĨ�ƉůĂƚĞ�ĂŐĞ͘��ŝƌĐůĞƐ�с�ŵĞĂƐƵƌĞŵĞŶƚƐ�ĂǀĞƌĂŐĞĚ�ǁŝƚŚŝŶ�
Ϭ͘ϭΣ�ďŝŶƐ͖�ďůĂĐŬ�ĚŽƚƐ��с�ŐůŽďĂů�ŵĞĂƐƵƌĞŵĞŶƚƐ�ĂǀĞƌĂŐĞĚ�ǁŝƚŚŝŶ�ϭΣ�ďŝŶƐ͖�ƌĞĚ�ůŝŶĞ�с�
plate model from Holdt et al. (2022). (b) Map of residual depth anomalies.

ඵ Residual depth anomalies match shear-wave velocity 
anomalies with maximum value of +1 km.

Figure 8: Lithospheric 
thickness calculated us- 
ŝŶŐ�ϭϭϳϱ�Σ��ŝƐŽƚŚĞƌŵ�ĐŽͲ�
nverted from SL2013sv 
model using velocity 
ƚĞŵƉĞƌĂƚƵƌĞ� ĐĂůŝďƌĂƟŽŶ�
scheme of Richards et al. 
(2020).

Figure 9: Lithospheric thickness inferred 
from Rayleigh wave phase velocity disper-
sion (Palomeras et al., 2017). Gray area = 
high velocity body at 90 km depth; black 
area = region where no LAB is detected; 
ƚƌŝĂŶŐůĞƐ�с�ůŽĐĂƟŽŶƐ�ŽĨ�ǀŽůĐĂŶŝĐ�ƌŽĐŬƐ͘

Figure 10:�dŚĞŽƌĞƟĐĂů�ƵƉůŝŌ�ĐĂƵƐĞĚ�ďǇ�ƚŚŝŶŶŝŶŐ�ŽĨ�ůŝƚŚŽ-
ƐƉŚĞƌĞ͘�>ŝŶĞƐ�ĂƌĞ�ĐŽůŽƵƌĞĚ�ďǇ�ƉŽƚĞŶƟĂů�ƚĞŵƉĞƌĂƚƵƌĞƐ�ŽĨ�
asthenosphere and labeled with values of thinned litho-
ƐƉŚĞƌĞ͘�ZĞĚ�с�ϭϱϬϬ�Σ�͖�ďůĂĐŬ�с�ϭϯϱϬ�Σ�͖�ďůƵĞ�с��ϭϮϬϬ�Σ�͘

ඵ Asthenospheric temperature is near ambient. Lithosphere is thin.
ඵ ZĂǇůĞŝŐŚ�ǁĂǀĞ�ǀĞůŽĐŝƚǇ�ŵŽĚĞů�ŝŵƉůŝĞƐ�ΕϳϬ�Ŭŵ�ƚŚŝĐŬ�ůŝƚŚŽƐƉŚĞƌĞ͘

h�с�ĂŵŽƵŶƚ�ŽĨ�ƵƉůŝŌ
ɲ�с�ƚŚĞƌŵĂů�ĞǆƉĂŶƐŝǀŝƚǇ
aЕ�с�ŝŶŝƟĂů�ƚŚŝĐŬŶĞƐƐ
aД�с�ĮŶĂů�ƚŚŝĐŬŶĞƐƐ
dЕ = temperature
ȴd�с�ƚŚĞƌŵĂů�ĂŶŽŵĂůǇ
h = thickness of anomaly

ඵ dŚŝŶŶŝŶŐ�ŽĨ�ϭϮϱ�Ŭŵ�ůŝƚŚŽƐƉŚĞƌĞ�ƚŽ�ϳϱ�Ŭŵ�ŐĞŶĞƌĂƚĞƐ�Ϭ͘ϱ�Ŭŵ�ŽĨ�ƵƉůŝŌ͘
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Figure 11:� /ďĞƌŝĂŶ� ĚƌĂŝŶĂŐĞ� ƉĂƩĞƌŶƐ� ĞǆƚƌĂĐƚĞĚ�
ĨƌŽŵ��^d�Z�'��D�ŵŽĚĞů�ďǇ�Conway-Jones et al. 
(2019)͘���с��ƵĞƌŽ͖�d�с�dĂũŽ͖�'ŝ�с�'ƵĂĚŝĂŶĂ͖�'Ă�с�
Guadalquivir; S = Segura; E = Ebro.
Figure 12:� /ďĞƌŝĂŶ� ďŝŽƐƚƌĂƟŐƌĂƉŚŝĐ� ĐŽŶƐƚƌĂŝŶƚƐ�
compiled by Conway-Jones et al. (2019) (a) 
DĂƌŝŶĞ�ĂŶĚ�ĐŽĂƐƚĂů�ƐƚƌĂƟŐƌĂƉŚǇ�ĐŽůŽƵƌĞĚ�ďǇ�ĂŐĞ͘�
Circles = Cenozoic marine fossils recorded in Pa-
ůĞŽ��� ĚĂƚĂďĂƐĞ͘� dƌŝĂŶŐůĞƐ� с� ƌĂĚŝŽŵĞƚƌŝĐ� ĂŐĞƐ� ŽĨ�
marine terraces. (b)� �ĂůĐƵůĂƚĞĚ� ĂǀĞƌĂŐĞ� ƵƉůŝŌ�
rates.
Figure 13:��ĂůĐƵůĂƚĞĚ�ĐƵŵƵůĂƟǀĞ�ƵƉůŝŌ͘

ඵ &ůƵǀŝĂů�ĚƌĂŝŶĂŐĞ�ŇŽǁƐ�ĂǁĂǇ�ĨƌŽŵ�ƐůŽǁ�ƐŚĞĂƌͲǁĂǀĞ�ǀĞůŽĐŝƚǇ�ĂŶŽŵĂůǇ͘
ඵ EĞŽŐĞŶĞ�ŵĂƌŝŶĞ�ĚĞƉŽƐŝƚƐ�ĨƌŽŵ�^��^ƉĂŝŶ�ŝŵƉůǇ�ƵƉůŝŌ�ƌĂƚĞƐ�ŽĨ�ΕϬ͘Ϭϱ�ŵŵͬǇƌ͘
ඵ �ƵŵƵůĂƟǀĞ�ƵƉůŝŌ�ŝŶĨĞƌƌĞĚ�ĨƌŽŵ�ĐĂůŝďƌĂƚĞĚ�ĚƌĂŝŶĂŐĞ�ŵŽĚĞůůŝŶŐ�ŝƐ�Εϭ�Ŭŵ͘


