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G E O LO G Y

Global mantle perturbations following the onset of 
modern plate tectonics
Qian Chen1,2,3, He Liu1,2*, Andrea Giuliani 4,5, Luc S. Doucet3, Tim E. Johnson3,  
Lipeng Zhang1,6, Weidong Sun1,2,6

Plate tectonics drives the compositional diversity of Earth’s convecting mantle through subduction of lithosphere. 
In this context, the role of evolving global geodynamics and plate (re)organization on the spatial and temporal 
distribution of compositional heterogeneities in the convecting mantle is poorly understood. Here, using the 
geochemical compositions of intracontinental basalts formed over the past billion years, we show that intraconti-
nental basalts with subchondritic initial neodymium-144/neodymium-143 values become common only after 
300�million years, broadly coeval with the global appearance of kimberlites with geochemically enriched isotopic 
signatures. These step changes in the sources of intraplate magmatism stem from a rapid increase in the supply of 
deeply subducted lithosphere during the protracted formation of Pangea following the widespread onset of 
“modern” (cold and deep) subduction in the late Neoproterozoic. We argue that the delay (~300 million years) in 
the appearance of enriched intraplate magmas re�ects the time required for the sinking and (re)incorporation of 
slabs into the sources of mantle-derived magmas.

INTRODUCTION
Recycling of lithosphere through subduction modi�es the chemis-
try of the convecting mantle, introducing compositional heteroge-
neities at every scale, as recorded by the trace element and isotopic 
characteristics of mid-ocean ridge, oceanic island, and arc-related 
basalts (1–3). Kimberlites younger than 250�million years (Ma) add 
to the global picture that recycled (subducted) material is wide-
spread in the convecting mantle beneath continents (4–7). However, 
the relationship between subduction style and plate (re)organiza-
tion to the development of geochemically enriched domains in the 
convecting mantle is poorly understood.

�e modern style of plate tectonics, characterized by widespread 
continental subduction and deeper slab breako�, is generally con-
sidered to have emerged during the late Neoproterozoic (8–12). �e 
implied increase in the volume of subducted materials, including 
continental crust (13–15), into the convecting mantle would have 
modi�ed the composition of magmas sourced therefrom. To test 
this hypothesis, we use a �ltered dataset of the whole-rock composi-
tion of (near) primitive intracontinental volcanic rocks globally 
with 37 to 50�wt % SiO2 (herea�er intracontinental basalts) as a di-
rect proxy for the composition of their convecting mantle sources 
(10,�16–18). A�er carefully �ltering those samples with evidence for 
crustal contamination (see Materials and Methods), the dataset of 
intracontinental basalts shows secular changes in the composition 
of the convecting mantle over the past 1000 Myr. Our results dem-
onstrate a profound link between changes in subduction style and 
the composition of Earth’s mantle.

RESULTS
To interrogate the role of subducted lithosphere in the composition 
of the convecting mantle beneath continents, we �rst examine the 
record of young (<50 Ma) intraplate basalts from Africa, proximal 
to which there has been no active subduction zone for the past 
300 Ma (19), and eastern Asia beneath which subduction of the 
West Paci�c has been ongoing since the Mesozoic (20). Compared 
to intracontinental basalts from Africa, those from eastern Asia are 
more compositionally variable and include samples with relatively 
unradiogenic 143Nd/144Ndi, radiogenic 87Sr/86Sri, higher Ba/La, and 
lower Zr/Pb ratios (Fig. 1 and �g. S1), all of which are consistent 
with a greater contribution from slab-derived components to the 
convecting mantle beneath eastern Asia (21–23).

Next, we assess the role of subducted material in intraplate 
continental magmatism over time using variations of the geochemical 
composition of intracontinental basalts globally. Taking volcanic 
rocks with 37 to 50� wt % SiO2 from the EarthChem repository 
(http://portal.earthchem.org/), we �rst �ltered the data to elimi-
nate samples with evidence for crustal contamination (24) and 
then excluded arc basalts and continental flood basalts (CFBs) 
(10)  (see Materials and Methods). Our �ltered dataset of global 
intracontinental basalts (fig. S2; N =  2695) is provided in data 
S1. To examine temporal variations in age-corrected Nd isotopes 
{� Ndi�=�[(143Nd/144Ndi)sample/(

143Nd/144Ndi)CHUR�� �1] × 104; CHUR 
(chondritic uniform reservoir) values from (25)}, we bin the data 
into 10-Myr intervals. Because of uncertainty in the age (t) of 
samples, for each, we calculate the relative age range [RAR (%) = 
(tmax – tmin)/t × 100] and retain only samples with RAR < 5% (N = 390) 
in the time series analysis (26).

Before 300 Ma, intracontinental basalts consistently exhibit posi-
tive �Nd i values (N�=�45) broadly intermediate between CHUR (25) 
and depleted MORB mantle (DMM; MORB refers to mid-ocean 
ridge basalts) (2) (Fig. 2). Although more than half of intracontinen-
tal basalts younger than 300 Ma have Nd isotope compositions be-
tween CHUR and DMM, samples with subchondritic 143Nd/144Ndi 
values (�Ndi�<�0) become common (Fig. 2). Intracontinental basalts 
with RAR�<�15% (N�=�501) and RAR�<�25% (N�=�684) show similar 
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temporal distributions of Nd isotopes (�gs. S3 and S4), although 
their age is less certain. �e locally weighted scatterplot smoothing 
(LOWESS) curve of �Ndi in intracontinental basalts (see Mate-
rials and Methods) shows a continuous decrease since the late 
Neoproterozoic and reaches a minimum in the Mesozoic (~175 Ma; 
Fig. 3A). Considering both the spatial and temporal distributions of 
intracontinental basalts (see grid approach in Materials and Methods), 
samples with geochemically enriched signatures (�Ndi�< �0) are 
limited to the past 300 Ma, comprising ~55% of grid cells at ~150 Ma 
(Fig. 3A).

DISCUSSION
Compositional change in the convecting mantle
�e appearance of geochemically enriched (�Ndi�<�0) intraconti-
nental basalts since the end of the Permian (Figs. 2 and 3A) suggests 
a fundamental change in the composition of their sources in the 
convecting mantle. As we have endeavored to remove samples af-
fected by crustal contamination (see Materials and Methods) and 
low �Nd i values show no correlation with SiO2 content (�gs. S5 and 
S6), this shi� at ~300 Ma is unlikely to result from any substantial 
increase in contamination of younger samples. Although there is a 

10-

-5

0

5

10

0 10 20 30

Ba/La

10-

-5

0

5

10

0 10 20 30

Ba/La

10-

-5

0

5

10

0.5 1.0 1.5 2.0 2.5 3.0
Log  (Zr/Pb)10

10-

-5

0

5

10

0.5 1.0 1.5 2.0 2.5 3.0

Log  (Zr/Pb)10

0.702 0.704 0.706
10-

-5

0

5

10

87 86Sr/ Sri

0.702 0.704 0.706
10-

-5

0

5

10

87 86Sr/ Sri

�N
d

i
�N

d
i CHUR

P
M

P
M

C
H

U
R

A B C

D E F

Youn g b asalt s (<50 Ma)

Easter n Asia

Afric a

Fig. 1. Comparisons of young (<50 Ma) intraplate basalts from eastern Asia and Africa. Sr-Nd isotope and trace element data for young intraplate basalts from east-
ern Asia (A to C) and Africa (D to F) are shown. The contours are color-coded on the basis of data density; small dots represent individual analyses. Consistent parameters 
for contours were applied for both groups: the grid sizes for the �Ndi, 

87Sr/86Sri, Ba/La, and log10(Zr/Pb) were set at 0.5, 0.0001, 1, and 0.05, respectively. The coordinate axes 
were adjusted to emphasize the overall distributions, resulting in some outliers extending beyond the plot boundaries. For full coordinate axes, refer to �g. S1. Dashed 
lines indicate that the composition of primitive mantle (PM) (46) is shown that, for Sr and Nd isotopes, corresponds to chondritic uniform reservoir (CHUR) (25,�47).

Fig. 2. Variations of �Nd i in intracontinental basalts (RAR�<�5%) and kimber-
lites over the past billion years. The faint data points are individual analyses, 
whereas larger darker symbols are the mean of data points binned in 10-Myr inter-
vals (see Materials and Methods) with error bars at one SD. Relative age ranges 
(RAR, %)�=�(tmax – tmin)/t × 100. The kimberlite data, based on the compilation of (6), 
are presented as the means�±�SE for each kimberlite province. The evolutionary 
trends for DMM (2) and the CHUR (25) are shown for comparison.
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strong temporal (preservation) bias to the data (�g. S7), various ap-
proaches (see Materials and Methods) indicate that the ~300-Ma 
transition we identify is robust.

Secular cooling of the mantle favors lower-degree partial melting 
and elevated concentrations of Na2O (and other incompatible ele-
ments) in the basaltic products (10,�27). To address whether the 
�Nd i of intracontinental basalts can be explained by variable degrees 
of mantle melting, we calculate the mean �Ndi for each 1�wt % inter-
val (i.e., 0 to 1�wt %, 1 to 2�wt %, etc.) of bulk-rock Na2O content and 
�nd no correlation (�g. S9). Hence, the inferred decrease in melt 
fraction expected to result from mantle cooling over the past billion 
years (Fig. 3C) (10) cannot explain the occurrence of geochemically 
enriched intracontinental basalts a�er ~300 Ma. Instead, the dis-
tinct �Nd i values of intracontinental basalts younger than 300 Ma 
require an (increasingly) compositionally heterogeneous convect-
ing mantle.

We hypothesize that the change in the composition of intraplate 
continental basalts is a source feature linked to an increase in the 
volume of crustal material that was introduced into the convecting 
mantle and is consistent with changes in the composition of other 
mantle-derived magmas. For example, the Sr, Nd, Hf, and C isotope 
systematics of kimberlites younger than ~250 Ma indicate that their 

mantle sources were substantially contaminated by subducted crust 
(Figs. 2 and 3B) (4–7). Further, the B and S isotopes of Mesozoic and 
Cenozoic carbonatites (28) and alkaline ma�c magmas (29), respec-
tively, indicate incorporation of greater quantities of crustal compo-
nents in their sources. �e widespread emergence of geochemically 
enriched intraplate magmatism since ~300 Ma (Fig. 3A) is also co-
incident with the frequency distributions of kimberlites (Fig. 3B) 
(30) and carbonatites (31) and silica-undersaturated ma�c magmas 
more broadly (32). With the exception of carbonatites, these mag-
mas are generally considered to derive from the convecting mantle 
(6,�16,�33), indicating that its compositional modi�cation by deeply 
subducted material was widespread.

The role of subducting continental crust
To address whether the inferred step changes in the composition of 
convecting mantle could be attributed to proximal subduction, we 
use the plate reconstructions of Merdith et�al. (34) to compare the 
paleogeographic position of geochemically enriched intracontinen-
tal basalts and kimberlites (6) with trenches (subduction zones) over 
time. Considering a time lag between proximal subduction and par-
tial melting in the upper convecting mantle of <50 Myr (21), we 
assess the relative distance from subduction zones of samples within 
a 50-Myr temporal window using the appropriate plate con�gura-
tion for that temporal snapshot (�g. S10). For instance, in the 300-Ma 
snapshot, we map samples with ages ranging from 300 to 250 Ma. 
We observe no obvious relationship between subduction proximity 
and the position of geochemically enriched intraplate magmas, 
which are located both proximal and far (up to 5000 km) from sub-
duction zones. Using the model of Müller et�al. (35) gives similar 
results (�g. S11). We highlight the lack of correlation between Nd 
isotopic composition and distance from subduction zone in Fig. 4.

�e alternative to proximal subduction is that the sources of geo-
chemically enriched intraplate basalts and kimberlites were modi-
�ed by subducted material that was introduced in the convecting 
mantle considerably earlier and that may have descended to depths 

C

A

B

Fig. 3. Temporal variations in the composition of convecting mantle. (A) L OW-
ESS curve of �Ndi in intracontinental basalts (RAR�<�5%) with 95% con�dence un-
certainty and histograms of the ratios of grids containing geochemically enriched 
(�Ndi�<�0) intracontinental basalts at each time interval (see grid approach in Mate-
rials and Methods). Relative age ranges (RAR, %)�=�(tmax – tmin)/t × 100. (B) Carbon 
isotopes (5) and frequency distribution curve (30) for kimberlites over the past 
1000 Ma. Neodymium isotopes of kimberlites and intracontinental basalts (gray 
dots) are also shown for comparison. (C) Evolution of mantle potential temperature 
(purple) (10) and sea�oor consumptions (green) (34) since 1000 Ma. The vertical 
columns denote the time frames of supercontinents (40). The horizontal black bar 
shows the time of convecting mantle enrichment, considering the required recy-
cling time (presented as dashed lines, >250 to 300 Myr) (36,�37).

Fig. 4. Plot of �Nd i in intracontinental magmas versus their distances to the 
nearest subduction zones. Plate reconstructions were generated on the basis of 
the model of Merdith et�al. (34). Then, we measured the distance from each sample 
to its nearest subduction zone (trench) (45) using the Python library pyGplates. The 
small dots represent individual analyses. Mean �Nd i values (larger symbols) were 
calculated for every 250-km increment, with SDs represented as error bars.
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below the mantle transition zone. �e minimum time taken from 
subduction and sinking of a slab into the deep mantle to its subse-
quent incorporation in eruptive (basaltic) products is estimated to 
be 250 to 300 Myr based on combination of downwelling of sub-
ducted slab and ascent of subducted material in mantle upwellings 
(36,�37). For melts derived from upwellings rooted in the mantle 
transition zone, the return of subducted material to the surface via 
magmatism has been suggested to take at least 60 to 100 Myr (21).

Considering these protracted timescales and potential stalling 
and/or lateral translation of subducted slabs in the lower mantle and 
mantle transition zone, we suggest that the clear subduction sig-
nature observed in intraplate mantle-derived magmatism globally 
since ~300 Ma is a response to the onset of long-lived, deep subduc-
tion since the dawn of the Phanerozoic or earlier. Earth is argued to 
have transitioned to modern-style plate tectonics in the late Neopro-
terozoic (8,�9,�12,�38). A marked fall in mantle potential temperature 
(Fig. 3C) (10) may have facilitated continuous subduction of both 
oceanic and continental lithospheres into the convecting mantle 
(39), perhaps driven by a rapid increase in the supply of sediments 
to trenches following thawing of the Neoproterozoic Snowball Earth 
(11). It is likely that the total volume of subducted oceanic lithosphere 
increased steeply a�er ~600 Ma and remained elevated throughout 
most of the amalgamation of Pangea (via Gondwana, ~630 to 
320 Ma) (40, 41) based on the estimated rate of sea�oor consumption 
(Fig. 3C) (34).

�e enriched signature of the African large low shear-wave-
velocity province suggest that prolonged subduction during the 
assembly of Pangea (via Gondwana) extensively modi�ed the com-
position of the deep mantle, whereas subduction during Rodinia 
breakup seemingly had no pronounced in�uence (14). �is is con-
sistent with the results of our study, which shows that geochemically 
enriched basalts and kimberlites occur only a�er 300 to 250 Ma, 
when su�cient time had elapsed for the sinking and entrainment of 
subducted material in the source of intraplate mantle-derived mag-
mas within the context of a cooler Phanerozoic Earth.

Our results paint a global picture of convecting mantle modi�ca-
tion during the assembly of Pangea (via Gondwana) (14,�34) due to 
the transition to modern plate tectonics in the late Neoproterozoic 
(8–10). �e combination of the increased consumption of oceanic 
lithosphere and long-lived, cold, deep subduction, including deep 
cycling of subducted (13) and variably oxidized (42) continental 
crust, fundamentally changed the composition of the convecting 
mantle. �ese relationships further constrain a scenario where cy-
cling of volatiles between surface and deep Earth became more vig-
orous during the Phanerozoic, as indicated by the limited temporal 
interval between subduction and return of surface material via in-
traplate magmatism. In summary, the onset of modern plate tecton-
ics combined with favorable geodynamic conditions of elevated 
subduction �ux in the �rst half of the Phanerozoic has le� an indel-
ible imprint on the composition of both shallow and deep Earth 
reservoirs.

MATERIALS AND METHODS
Data preparation
From the EarthChem database (http://portal.earthchem.org/), we 
extracted the bulk-rock Sr-Nd isotopic and elemental compositions 
of volcanic rocks globally (�g. S12). From these, we use only primi-
tive (ultrama�c to ma�c) volcanic rocks with 37 to 50�wt % SiO2 as 

they likely represent direct products of mantle melting. Oceanic 
samples were not considered as their ages are limited to <200 to 
150 Ma. We exclude samples with total major element oxide contents, 
including loss on ignition (LOI),�of <98 or�>102�wt % and rocks 
with an LOI�of >4 wt % to minimize the e�ects of hydrous altera-
tion. Most samples with low MgO contents (<4�wt % MgO) exhibit 
subchondritic 143Nd/144Ndi suggesting crustal contamination (�g. 
S13) and were not considered further. To further mitigate the in�u-
ence of crustal and enriched lithospheric mantle contribution (�g. 
S14), we excluded samples with Nb/U�<�20, Nb/�� <�5, Ce/Pb�<�10, 
Ba/Nb�>�15, and Rb/��<�8 (24). Samples that lacked MgO or trace 
elements concentrations are not included.

Next, we compared the high �eld strength element and large ion 
lithophile element contents of modern arc basalts and intraconti-
nental basalts to exclude arc-related rocks from the database by only 
retaining samples with log10 (Nb/U)�>�1.5, log10 (Ce/Pb)�>�1, or 
log10 (Nb/�)� >�0.8 (�g. S15). Owing to the relatively high tempera-
ture of plume-related magmatism, CFBs generally contain substan-
tial contribution from assimilated lithospheric mantle (43,�44). To 
screen out CFBs, we compared modern intraplate basaltic rocks 
from Eastern China with those from the Deccan and Parana large 
igneous provinces and then eliminated analyses with La/Yb�<�14, 
Sm/Yb�<�2.2, and Dy/Yb�<�2.5 based on possible CFB a�nity (�g. 
S16). �e �nal �ltered dataset (see data S1) contains 2695 analyses of 
intracontinental basalts with Nd isotope data. Although this rather 
stringent �ltering approach potentially screens out magmas derived 
from geochemically enriched convecting mantle sources, we argue 
that our more conservative approach maximizes the robustness of 
our conclusions. As the data before 1000 Ma are scarce, here, we 
only discuss the compositional evolution of the convecting mantle 
over the past billion years.

Statistical analysis
Given potential uncertainties in the geochronological information 
provided in the EarthChem database, which includes crystallization 
age (t) and a minimum (tmin) and maximum (tmax) ages, we calcu-
lated the relative age range [RAR (%)�=�(tmax – tmin)/t × 100] of each 
sample (26). We included only samples with RAR�<�5% for time 
series analysis. To examine the temporal variations of initial epsilon 
Nd values {�Ndi�=�[( 143Nd/144Ndi)sample/(

143Nd/144Ndi)CHUR���1] × 
104, with CHUR values from (25)} recorded by intracontinental ba-
salts, we binned the data into 10-Myr intervals. Since the distribu-
tion of samples over time is skewed toward younger samples, we 
apply bootstrap resampling (N�=� 5000) for each 10-Myr interval 
containing more than three valid data points, from which we de-
rived a mean and SD for that interval. �e �Ndi through time of 
kimberlites, which is based on the compilation of (6), is presented as 
the means�±�SE for each kimberlite province (Fig. 2 and �gs. S3 and 
S4). We also examine the temporal variation of Nd isotopes in in-
tracontinental basalts using LOWESS based on Gaussian kernels 
with 95% con�dence intervals (Fig. 3A). �ere is insu�cient whole-
rock Sr isotope data from Precambrian samples (�gs. S17 and S18), 
and, hence, Sr isotopes are not considered in this work.

To address the geographical sampling bias, we divide Earth’s sur-
face into cells of 1° by 1° dimension and then �rst count grid cells 
containing basalts and �ltered intracontinental basalts, respectively. 
�e counting results are binned into 50-Myr intervals and histo-
grams generated to illustrate the number of grid cells containing 
samples within each interval (�g. S7). �en, we count the grid cells 
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containing geochemically enriched (with �Ndi�<�0) intracontinental 
basalts and calculate the ratio of cells containing geochemically en-
riched relative to cells containing intracontinental basalts for each 
time interval (Fig. 3A and �g. S8A), to depict the age distribution of 
geochemically enriched intracontinental basalts over the past bil-
lion years, hence mitigating potential biases arising from oversam-
pling and temporal disparities. �e ratios of grid cells containing 
geochemically depleted (with �Ndi�>�0) are presented in �g. S8B, 
which mirrors the results of geochemically enriched samples. As 
each grid cell may contain both enriched and depleted components 
and enriched components may contribute proportionately more to 
the melt at lower degrees of melting, the ratios of cells containing 
enriched samples (Fig. 3A and �g. S8A) may exceed the actual pro-
portion of enriched mantle relative to the whole mantle.

Figure S7 shows a substantially larger number of basalts and �l-
tered intracontinental basalts younger than 50 Ma compared to the 
550- to 50-Ma interval, as well as lesser samples in the Precambrian. 
Preservation bias is a common concern for any statistical analysis of 
the geological record, particularly for Precambrian rocks. �us, we 
applied multiple approaches to minimizing the impact of data tem-
poral disparities back in time, and the �ltered intracontinental ba-
salts (and kimberlites) older than 1000 Ma (�g. S4) consistently 
con�rm the absence of geochemically enriched signatures, in line 
with the observation for intracontinental basalts erupted 1000 to 
300 Ma (Fig. 2). We conclude that the relative increase in geochemi-
cally enriched intracontinental basalts a�er ~300 Ma is unlikely to 
be due to a (Phanerozoic) preservation bias.

Paleogeographic reconstruction
�e paleogeographic locations of intracontinental basalts and kim-
berlites over geological time are reconstructed based on the model 
of Merdith et�al. (34). �en, we measured the distance from each 
sample to its nearest subduction zone (trench) (45) using the Py-
thon library pyGplates. Mean �Ndi values were calculated for every 
250-km increment, with SDs represented as error bars (Fig. 4). 
�e paleogeographic distributions for enriched magmas based on 
Müller et�al. (35) are also plotted (�g. S11), which show similar 
results with those of �g. S10.

Supplementary Materials
The PDF �le includes:
Figs. S1 to S18
Legends for data S1 to S3

Other Supplementary Material for this manuscript includes the following:
Data S1 to S3
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