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The transition from mafic to felsic upper continental crust (UCC) is crucial to
habitability of Earth, and may be related to the onset of plate tectonics. Thus, defining
when this crustal transition occurred has great significance for the evolution of Earth
and its inhabitants. We demonstrate that V isotope ratios (reported as 8°'V) provide
insights into this transition because they correlate positively with SiO, and negatively
with MgO contents during igneous differentiation in both subduction zones and
intraplate settings. Because 8°'V is not affected by chemical weathering and fluid—
rock interactions, 8°'V of the fine-grained matrix of Archean to Paleozoic (3 to 0.3
Ga) glacial diamictite composites, which sample the UCC at the time of glaciation,
reflect the chemical composition of the UCC through time. The §°'V values of glacial
diamictites systematically increase with time, indicating a dominantly mafic UCC
at ~3 Ga; the UCC was dominated by felsic rocks only after 3 Ga, coinciding with
widespread continental emergence and many independent estimates for the onset
of plate tectonics.

continental crust | glacial diamictite | vanadium isotopes | crustal evolution

Earth has a bimodal topography, reflecting two types of crust with distinct lithologies.
Basaltic crust, covering ~60% surface of the Earth, mostly lies below sea level and forms
the young (<200 Ma) ocean floor. By contrast, continental crust is more felsic, forming the
buoyant, high-standing, and more ancient continents. Within our solar system, this crustal
duality is unique to Earth and is a direct manifestation of the operation of plate tectonics,
which is widely considered to generate felsic continental crust (1-3). The dominance of
felsic continental crust is crucial to planetary habitability, as the transition from mafic to
felsic crust may have impacted atmospheric composition, climate stabilization, and nutrient
supplies to the oceans (4-6). Thus, determining when the emerged crust transitioned from
mafic to felsic is critical in understanding the evolution of our planet (2, 3).

While early initiation of plate tectonics (~3.5 to 3.25 Ga) has been inferred by some
studies (2, 7, 8), others suggest its initiation, and hence the generation of dominantly
felsic continental crust, only commencing in the late Archean (3.0 to 2.5 Ga) (3, 9-12).
Reconstructing the composition of ancient upper continental crust (UCC) has relied
heavily on the use of trace element proxies in terrigenous sedimentary rocks such as shales,
which provide averages of large areas of the continental surface. However, such proxies
have been interpreted in diametrically opposite ways (change in crust composition, vs. no
change) depending on the trace element(s) and ratios under consideration (3, 7, 8, 10,
12, 13). It is thus important to establish a reliable tracer to discriminate mafic and felsic
crustal components and apply this tracer to reconstruct the composition of the UCC
throughout Earth’s history. Vanadium (V) stable isotopes provide such an opportunity.

Here we show that V isotope data in terrigenous sedimentary rocks are an unambiguous
proxy for the major element composition of the upper continental crust. Under the redox
conditions of Earth, V is mainly present as V>*, V** or V**, in oxides or silicate melts with
negligible amount of V**. Theoretical and experimental studies show that crystallographic
sites with higher coordination number, or which contain elements with lower valence
states, preferentially incorporate the lighter isotope of V (14-17). For example, V* and
V>* enter into fourfold and fivefold coordination with oxygen in silicate melts, whereas
V" and V* tend to enter octahedral (sixfold) coordination sites within pyroxene and
Fe-Ti oxides (18-20). During magmatic differentiation, V isotopic compositions become
progressively heavier with increasing crystallization, as is the case with Ti isotopes (1417,
21-24). However, stable Ti isotope compositions of igneous rocks show two distinct trends
with magmatic differentiation: Intraplate ocean island lavas have significantly higher
“Ti/*Ti than subduction-related lavas at the same MgO or SiO, contents (21-23). This
probably relates to the much higher TiO, contents and more Fe-Ti oxide crystallization
in the ocean island lavas than subduction zone lavas. By contrast, because the variations
of V contents in the two suites of igneous rocks are similar (S/ Appendix, Fig. S1), their
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Significance

Earth's earliest crust may have
been basaltic by analogy with the
ancient crusts of Mercury, Venus,
and Mars. On Earth, the timing of
the transition from mafic crust to
felsic continental crust may have
influenced continental
emergence, the rise of
atmospheric oxygen, the start of
plate tectonics, and habitability.
However, this timing is currently
debated. New V isotope data for
the fine-grained matrix of lithified
glacial tills, deposited between
3000 to 350 Mya, indicate that
the exposed crust was
dominantly mafic early on and
became more felsic in the
post-Archean. These
observations are free of the
ambiguity seen in previous
isotopic proxy studies and
provide a reliable assessment of
the compositional evolution of
the upper continental crust.
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V isotope fractionation patterns are indistinguishable (S/ Appendix,
Supplementary Text-SOM.3).

To document V isotopic behavior during magma differentia-
tion, we analyzed forty-six subduction-related igneous rocks from
the Kamchatka, Southern Lesser Antilles, and Aleutian intraoce-
anic island arcs. These rocks have chemical compositions encom-
passing the entire range of global calc-alkaline rocks from
subduction zones (SI Appendix, Figs. S1-S3 and Table S1). We
also analyzed 24 composites of the fine-grained matrices of glacial
diamictites from multiple continents with depositional ages of
~2.9,2.4102.2,0.75 t0 0.58, and ~0.3 Ga (SI Appendix, Fig. S4
and Table S2). These composites were generated by combining
multiple (~120) diamictite samples from the same formations and
have been used to constrain the compositional evolution of the
UCC through time (12, 25-36) because glacial diamictites are
unsorted sedimentary rocks and experienced much weaker syn-
depositional and postdepositional chemical weathering compared
with other terrigenous sedimentary rocks such as shales and loess
(25, 27, 37). Finally, to conduct an interlaboratory comparison,
two Hekla lavas whose V isotopic composition has been reported
in ref. 14 were also analyzed in this study.

Results

All vanadium isotope values are reported in standard delta nota-
tion §51V, \ (%0) = 51/50y; o/ 51/50VAA —1, where AA (Alfa

Samp
Aesar) is the recognized V standard solution; for brevity we use

&'V in the text and figures). The &'V values of igneous rocks
having Fe# (i.e., the molar ratio of 100*FeO/(MgO+FeOy),
where the subscript “T” indicates all Fe is shown as FeO) similar
to mafic rocks in Archean greenstone belts (S7 Appendix, Fig. S2
and explanation in Discussion) show linear increases with differ-
entiation, as tracked by increasing SiO, or decreasing MgO (Fig. 1
and SI Appendix, Table S1). By contrast, the 8°'V values of high
Fe# tholeiites from Hekla and the Anatahan arc also increase lin-
early with differentiation, but record much steeper trends. Of the
two reanalyzed Hekla samples, the 8°'V value of the lower SiO,
lava is reproduced within uncertainty (Fig, 1), whereas 8°'V for
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Fig. 1. Correlations between Visotopes in igneous rocks with SiO, and MgO
(Wt.%). 5°'V defines two correlations with SiO, and MgO: &'V = Si0,%(0.016 +
0.002) +(-1.611 + 0.125) and &°'V = (-0.037 + 0.004) * MgO + (-0.552 + 0.024).
Gray lines represent 95% Cl of the linear regressions through the data. Kilauea
Iki data are from ref. 17. Gray symbols are previously published data. Larger
colored symbols are from this study. Hekla and Mariana data are from ref.
14; two Hekla samples were reproduced here (blue squares). Major element
data for Kamchatka, S. Lesser Antilles, and Aleutian samples come from refs.
(38-40).
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the higher SiO, sample is lower than the original published value
(14), but the sample still lies significantly above the trend defined
by the arc and Kilauea Iki data (Fig. 1), indicating that these
Fe-rich lavas have anomalously high 5V

The glacial diamictites show a clear secular evolution in their
V isotopic composition, with Mesoarchean samples (~3 Ga) hav-
ing similar &'V values (average value = -0.84%o0 + 0.12%o, two
SD, n = 4) to modern mid-ocean ridge basalts (MORBs, average
0f -0.84%o + 0.10%eo, two SD, n = 22) (16) and primitive oceanic
island basalts (OIBs, average of -0.81%o + 0.17%o, two SD, n =
8) (17), whereas the Neogroterozoic and Paleozoic glacial diam-
ictites exhibit elevated 8V values from -0.73%o to —0.54%o;
Paleoproterozoic samples fall in between these two groups (Fig. 2
and S/ Appendix, Table S2).

The range in &'V of the magmatic rocks and glacial diamictites
in this study (0.38%o and 0.36%o, respectively) is similar to that
observed in differentiated lavas from mid-ocean ridges (~0.3%o)
(16), oceanic islands (Kilauea Iki, Hawaii, ~0.4%o) (17), and calc-al-
kaline lavas from the Central Island Province of the Mariana Arc
(14), but significantly smaller than those reported for the Fe-rich
lavas from Anatahan, Mariana island arc, and the Hekla volcano in

Iceland (14) (ST Appendix, Supplementary Text-SOM.4).

Discussion
The combined data for OIB, MORB, and arc lavas show that §°'V

of the fractionating melt increases linearly with crystallization of
silicate minerals and magnetite (14, 16, 17). However, tholeiitic
lavas from Anatahan Island (Northern Mariana Arc) and Hekla
Volcano (Iceland) (S7 Appendix, Fig. S3), which have significantly
higher Fe# than nearly all igneous rocks from Archean greenstone
belts (SI Appendix, Fig. S2) as well as the tholeiitic Kilauea Iki
samples, evolve to much higher &'V (Fets of the primary magma
of Kilauea Iki, Hekla and Anatahan are 51.3, 74.3, and 68.0,
respectively, see ST Appendix, Dataset S2). The difference is also
reflected in the calculated V isotope fractionation factors, with a
AV eatome value of ~ =0.4 to ~0.5%o for Hekla and Anatahan
lavas compared with -0.1 to -0.15%o for Kilauea Iki lavas
(14, 17). These differences are likely due to the amount of mag-
netite, and timing of magnetite saturation, which is greatly influ-
enced by the parental magma composition, as discussed in ref. 17.
Parental magmas that are unusually enriched in FeO and thus have
high Fe# fractionate a large amount of magnetite (41-44)
(81 Appendix, Supplementary Text-SOM.4), leading to significant
V isotope fractionation. Moreover, Hekla and Anatahan tholeiitic
lavas are characterized by extreme Fe enrichment in their parental
magmas (Fe# of 74.3 for Hekla and 68.0 for Anatahan, data in
SI Appendix, Dataset S2) and maintain high Fe# throughout dif-
ferentiation and, thus, through the variation in SiO, (57 Appendix,
Fig. S2). By contrast, Archean greenstone belt lavas, along with
tholeiitic Kilauea Iki samples and modern subduction zone magmas
other than Anatahan, start with much lower Fe# and show contin-
uously rising trends in Fe# during differentiation (S Appendix,
Fig. §2). Although Francis et al. (45) and Gibson (46) document
the existence of Fe-rich melts in the Archean (45, 46), such melts
also have high MgO contents and their average Fe# is not elevated
(SI Appendix, Fig. S2). Thus, magmatic differentiates whose paren-
tal magmas have comparable Fe# to Archean greenstone belt lavas
should provide a better analog for V isotope behavior during
Archean igneous differentiation and continental crust formation.
Because both subduction zone and intraplate lavas can generate
intermediate and felsic igneous rocks, and both may have contrib-
uted to growth of continental crust (2, 3, 47, 48), we use the samples
that do not show evidence for excessive magnetite crystallization to

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2220563120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220563120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220563120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220563120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220563120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220563120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220563120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220563120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220563120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220563120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220563120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220563120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220563120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220563120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220563120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220563120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220563120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220563120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220563120#supplementary-materials

-0.4 :
@ Paleozoic

0.5 @ Neoproterozoic

- - ] @ Paleoproterozoic
__ -0.6+ + @ Mesoarchean
o
Lo .
> -0.7-
u‘;,o o

087 MORB

-0.9-

-1.0 T 1 T T T T T T T T T I T

0 500 1000 1500 2000 2500 3000 3500
Age (Ma)

Fig. 2. The &'V in diamictite composites as a function of depositional age.
Smaller solid circles are individual composites with error bars representing
two SD, and larger symbols are the average values of the composites from the
same time period. The depositional ages are from ref. 26. The gray band and
solid horizontal line denote the 8°'V range and average of mid-ocean ridge
basalts (MORBs), respectively; MORB data are from ref. 16.

define the V isotope fractionation trajectory operative during the
formation of continental crust. This includes calc-alkaline arc lavas
from Kamchatka, Southern Lesser Antilles, the Aleutians, and
tholeiitic intraplate samples with normal Fe# from Kilauea Iki,
Hawai’i. Moreover, V isotope fractionation is not affected by a
change in the degree of mantle melting that would result from
secular mantle cooling (S7 Appendix, Supplementary Text-SOM.7).
Therefore, V isotopic fractionation during magmatic differentiation
based on modern igneous samples can be applied to Archean rocks.

Although the provenance of the ancient glacial diamictites
includes chemically weathered regolith (25-27), the secular evo-
lution of 8°'V in the diamictites is not influenced by alteration or
chemical weathering processes. This is because V isotopes are
immune to alteration and chemical weathering influences
(SI Appendix, Supplementary Text-SOM.8), as shown by the sim-
ilarity of v among laterites, highly altered basalts, peridotites,
picrites, or komatiites and their pristine equivalents (16, 49-51).
Moreover, diamictites are, by definition, unsorted sedimentary
rocks; so mineral sorting will not influence their composition.
Finally, although Fe-oxides (magnetite or hematite) are present as
detrital phases in some of the diamictites based on X-ray diffrac-
tion data (52), the 8°'V in these samples is not different from
other samples of the same age (e.g., compare Mozaan with 7%
magnetite to other Mesoarchean samples with no detectable
Fe-oxides). Thus, glacial diamictites represent the composites of
detrital materials physically eroded from exposed crust, and our
results suggest that the emergent UCC evolved to heavier V iso-
topic compositions after the Mesoarchean (~3 Ga onward).

Integrating the §°'V-SiO,-MgO systematics of magmatic rocks
with the results for the glacial diamictite composites, the progres-
sive enrichment of heavy V isotope in ancient glacial diamictites
through time reflects enhanced contribution of felsic rocks in the
UCC starting at ~2.4 Ga (Fig. 3 and S]A()pendix, Fig. S5). Using
the tight positive correlations between 8°'V values and SiO, con-
tents [8°'V = SiO,*(0.016 + 0.002) + (-1.611 + 0.125)] and neg-
ative correlations with MgO contents [8°'V = (-0.037 + 0.004) *
MgO + (<0.552 + 0.024)], the range of &'V values between
-0.73%o0 and -0.54%o for the <~2.4 Ga glacial diamictites requires
significant proportions of felsic rocks in their provenances.

We estimate the relative proportions of felsic (granite), mafic
(basalt), and ultramafic (komatiite) end members in the UCC over
time (S/ Appendix, Fig. S5 and Supplementary Text-SOM.6) using

PNAS 2023 Vol.120 No.11 2220563120

the inferred SiO, contents of the UCC at different periods and a
ternary (granite-basalt-komatiite) or binary (granite-basalt) mixing
model (8] Appendix, Fig. S5). In the ternary model, Ni/Co is used
as an additional constraint to determine the proportion of komati-
ite because OIB, MORB, subduction zone basalts, and komatiite
have similar §'V values within analytical error, while komatiites
are characterized by high Ni/Co compared with mafic and felsic
rocks (SI Appendix, Table S3). According to our calculations, the
proportion of basalt decreased from 87 + 2 wt.% at ~2.9 Ga,
through 84 + 11 wt.% at ~2.3 Ga to ~55 + 12 wt.% at ~0.6 Ga
and ~0.3 Ga, while the proportion of granites (sensu lato) increased
from 0 + 17 wt.% at ~2.9 Ga, through 16 + 11 wt.% at ~2.3 Ga
to 45 + 12 wt.% at ~0.6 Ga and ~0.3 Ga, offsetting the contribu-
tion from komatiite, which significantly decreased following the
Archean (ie., 13 + 2.0 wt.% at ~2.9 Ga, to negligible after ~2.3
Ga) (S Appendix, Table S4). This decreasing komatiite fraction is
consistent with the fact that ultramafic lavas are mostly found in
the Archean and almost disappear after 3 Ga (53).

The reconstructed UCC composition through time shows
that the transition from mafic to more felsic crust occurred after
~2.9 Ga. The debate regarding the temporal evolution of the
composition of UCC rests on two divergent conclusions on the
nature of Archean UCC. Trace element ratio or concentration
systematics (e.g., Ni/Co, Cr/Zn in terrigenous sediments, nor-
malized Cu concentrations for UCC in glacial diamitites, and
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Fig.3. Temporalvariation in SiO, and MgO contents of the upper continental
crust, calculated from the V isotope ratios of the diamictites (Fig. 2) and the
change in 8°'V as a function of differentiation (Fig. 1). The smaller and larger
circles represent individual and average values, respectively. The blue and
gray areas denote the uncertainty of one and two SDs, respectively. The yellow
stars represent a present-day UCC estimate from ref. 1.
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Cr/U in shales) indicate that the Archean UCC was dominated
by mafic rocks and that the UCC evolved toward a more felsic
bulk composition around 2.7 to 2.2 Ga. A Rb/Sr model, which
was applied to reconstruct juvenile continental crust, supports
this conclusion (9). However, the evidence from other element
ratios, such as AL,O;/TiO,, Ni/TiO,, Sc/Zr, has been inter-
preted to indicate that that the Archean UCC was more felsic
(~56 wt.% SiO,), and evolved toward a more differentiated
composition until reaching the composition of present-day
UCC (7, 8), which was supported by Ti isotopic and Sm-Nd
isotopic studies (2, 13). The V isotope data presented here for
the glacial diamitites clearly show that mafic lithologies were a
major component of the Mesoarchean UCC, consistent with
the view that a profound compositional transformation occurred
globally after 3 Ga.

Secular evolution of the composition of the UCC has impli-
cations for the feedback between the onset of plate tectonics,
accumulation of O, in the atmosphere and ocean, and nutrient
supply to the oceans. Estimates for the timing of initiation of
plate tectonics range from early Hadean to ~0.85 Ga based on
many different lines of evidence (54, 55). Difliculties in deter-
mining this timing mainly arise from the fragmentary rock
record for the early Earth and debate on the tectonic setting
(subduction or non-subduction) of Archean tonalite—trondh-
jemite—granodiorite (TTG) suites (56-59). Regardless of the
TTG formation mechanism, the globally synchronous occur-
rence of intermediate-felsic crust must be catalyzed by subduc-
tion of water into the mantle, which is greatly facilitated by
subduction (60-62). Therefore, the compositional change in
UCC from a dominantly mafic to a more intermediate or felsic
composition may mark the onset of global plate tectonics, indi-
cating global plate tectonics initiated either since the early
Archean, or, at the end of Archean (~2.9 to 2.2 Ga) (2, 3, 7,
12). Our findings support the view that global plate tectonics
probably had not started earlier than 2.9 Ga. Furthermore,
recycling of surface materials into the mantle is a direct conse-
quence of subduction. Inert noble gas systematics serve as a
tracer of atmospheric input to the mantle. Recent Xe isotopic
studies indicate that effective recycling of Xe and likely other
volatile components could not have occurred before 2.8 Ga,
which supports a late Archean start of global plate tectonics
(63, 64). Other lines of evidence, such as geological records that
indicate the strength of the crust, the thermal conditions
recorded in metamorphic rocks, the changing rates of crustal
growth due to recycling (55), temporal thermal evolution of
the mantle (65, 66), and the §'%0 of igneous zircon from the
well-preserved Pilbara Craton (67) also agree with the con-
straints inferred from the V isotopic data.

Mafic lithologies naturally suppress the accumulation of O,
because they are enriched in the reductants Fe** and S™.
Serpentinization of mafic to ultramafic rocks also scavenges O,
(5, 10). The Great Oxidation Event, manifested as an increase
in atmospheric partial pressure of free oxygen from <2 ppm to
a few percent 2.4 to 2.2 Ga ago, may have been a response, in
part, to the transition from mafic to felsic continental crust at
the end of Archean (5). In addition, the decline in the propor-
tion of mafic rocks in the UCC, accumulation of organic matter
and O, in the oceans, and rapid expansion of subaerial crust
have approximately coincided at 3.0 to 2.5 Ga ago (68-70).
The UCC composition and emerged land area control the influx
of important limiting nutrients into oceans such as nickel and
phosphorus, which show a decrease and an increase, respectively,
at the Archean-Proterozoic boundary (~2.5 Ga). A high Ni flux

https://doi.org/10.1073/pnas.2220563120

leads to a high biogenic CH, production, whereas enhanced
phosphorus flux should accelerate rates of oxygen production
(6, 30). Thus, the change in the weathering flux of nickel and
phosphorus from continents to oceans in the late Archean may
have initiated a positive feedback leading to a persistent oxy-
genation of atmosphere and oceans (6, 30). Collectively, our V
isotopic data and model for reconstruction of the secular evo-
lution of Earth’s upper continental crust composition, and by
inference, timing of onset of global plate tectonics, provide
important insights into the changing habitability of Earth.

Methods summary

Sample powders containing 6 to 10-pg V were dissolved in a 3:1
(v/v) mixture of concentrated hydrofluoric acid and nitric acid.
The samples were purified using the ion-exchange chromatography
method (71). The total procedural V blank was 1 to 2 ng, which
is negligible compared with the total amount of V processed. The
recovery rates of the purification procedures were higher than
99%.

Vanadium isotopic ratios were measured on a Thermo-Fisher
Scientific MC-ICP-MS (Neptune Plus) at USTC. The effects of
mass fractionation were corrected using a sample-standard brack-
eting method. OTi and *Cr were simultaneously measured to
correct for isobaric interferences from *Ti and *’Cr, respectively.
The long-term reproducibility of 8"V was better than 0.08%o
(two SD) based on repeat analyses of standards (BDH, USTC-V,
and NIST-3165). The 8"V for USGS rock standards determined
in the course of this study were BCR-2 (-0.83 + 0.08%so, two SD,
n=3), BHVO-2 (-0.87 + 0.09%o, two SD, n = 3), AGV-2 (-0.71
+ 0.04%o, two SD, n = 3), and SGR-1 (-0.15 + 0.06%o0, two SD,
n = 3). Replicates of samples (KOM-06, RB030382, KE]J100,
Bolivia, Makganyene, Coronation) show excellent reproducibility
within the analytical errors.

Mixing models were employed to calculate the contribution of
three end members with felsic, mafic, and komatiitic components
to the temporal variations of the continental crust. The contents
of SiO, wt.% and the ratio of Ni/Co were used to solve the mixing
equations. A full description of the methods employed are avail-
able in the ST Appendix, Supplementary Text-SOM of the online

version of this manuscript.

Data, Materials, and Software Availability. All study dataareincludedinthe
article and/or supporting information.
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