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ABSTRACT

The trace element composition of zircon reveals information about the melt that they are derived from, as
such, detrital zircon trace element compositions can be used to interrogate melt compositions, and thus
the evolution of the continental crust in time and space. Here, we present a global database of detrital
zircon compositions and use it to test whether average global trends for five common petrogenetic prox-
ies truly represent secular changes in continental evolution. We demonstrate that the secular trend is
broadly comparable across continental regions for Ti-in-zircon temperatures, but for other trace element
ratios interrogated, secular trends are highly variable between continental regions. Because trace element
ratios result from multiple petrologic variables, we argue that these petrogenetic proxies can be overin-
terpreted if projected to global geologic processes. In particular, we caution against the interpretation of
crustal thickness from trace elements in zircon, and we argue that our results negate current hypotheses
concerning secular changes in crustal thickness.

© 2024 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on
behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Due to its physical and chemical resilience, zircon remains the
most popular mineral for studying the long-term evolution of
Earth’s continental crust (e.g. Castillo et al., 2022; Zhang et al.,
2023; Pereira et al., 2024). Detrital zircon datasets have broad spa-
tial and temporal coverage of the continents, and beyond the use of
sediment provenance, are commonly used to understand secular
changes in magmatic and metamorphic processes (e.g. Dhuime
et al., 2012; Roberts and Spencer, 2015). In the last few years, there
has been a significant rise in the use of zircon trace element com-
positions to track secular change in continental evolution on both
regional (Brudner et al., 2022; Dong et al., 2022, 2023; Jaramillo
et al,, 2022; Lei et al., 2022; Liu et al., 2022, 2023; Moghadam
et al.,, 2022; Wang et al., 2022; Zeng et al., 2022; Hu et al., 2023a,
b; Li et al., 2023; Wu et al., 2023; Xiong et al., 2023; Cheng et al.,
2024; Sundell et al.,, 2024) and global scales (McKenzie et al.,
2018; Balica et al., 2020; Tang et al., 2021b; Verdel et al.,, 2021;
Paulsen et al., 2022; Moreira et al., 2023). This rise is driven by
the use of trace element proxies as petrogenetic indicators, for
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example, Ti as a function of temperature (Watson et al., 2006)
and Eu/Eu* as a proxy for crustal thickness (Tang et al., 2021a).

To date, global detrital zircon trace element compilations have
arguably not been extensive, generally comprising <10,000
records, and biased towards certain regions (e.g. McKenzie et al.,
2018; Balica et al., 2020; Paulsen et al., 2021; Tang et al., 2021b;
Verdel et al., 2021; Triantafyllou et al., 2023). This begs the impor-
tant question, to what extent are these datasets representative of
global processes? For Hf isotopes, Sundell and Macdonald (2022)
conducted a study using the Puetz et al. (2021) database
(n=165,111) into regional variance and demonstrated that global
trends reflect the evolution of specific orogens, which do not nec-
essarily reflect contemporaneous secular evolution of global pro-
cesses. Furthermore, the direct use of most petrogenetic proxies
is often heavily caveated and/or shown to be problematic (e.g.
Triantafyllou et al., 2023), but these issues tend not to deter their
use (e.g. Wu et al., 2023).

Here, we present an updated literature compilation of trace ele-
ment compositions of detrital zircon, comprising ~47,000 filtered
analyses (n = ~77,000 unfiltered). The aim of this contribution is
threefold: (1) present an updated comprehensive global compila-
tion that is open access and comprises thorough metadata records;
(2) test global trends in common petrogenetic proxies to demon-
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strate the potential effects of regional bias; and (3) comment on
the robustness of the most common petrogenetic proxies in light
of our findings and incorporating known issues and caveats.

2. Methods and data

Trace element compositions of zircon were collated from 112
literature sources, comprising 562 individual samples, and
77,127 individual records. We aimed to provide a comprehensive
coverage of the current literature; in general, most omitted publi-
cations are scant in metadata or contain very few individual
records. Correlative age data were collected for a subset of data,
generally where they were provided in the same format and/or
in the same data tables. Compiled metadata include location infor-
mation: continent, country, location, and GPS coordinates in a
common UTM format. The locations are taken from the original
sources, and where not provided, estimated from published map
figures. The database is provided in full at https://figshare.com/s/
89d01010d6a7ba4c9592.

For our analysis of global trends, we have filtered the data for
discordance, inclusions, and anomalous values, and provided a
‘preferred age’ for each record. Trends of elemental concentration
or element ratio with age are shown as means, binned at 100
Myr intervals, and calculated using a weighted bootstrap resam-
pling method following Keller and Schoene (2012). This approach
helps alleviate sampling bias by assigning each sample a resam-
pling probability that is inversely correlated to spatial and tempo-
ral sample density (Keller and Schoene, 2012). Details of filtering,
choice of age, and plotting are described in the Supplementary
Data Text. Additional figures comprising alternative methods for
plotting secular trends are also included in the Supplementary
Files. Ti-in-zircon temperatures use the calibration of Ferry and
Watson (2007) and assume fixed silica and titanite activities of
1.0 and 0.5, respectively (Schiller and Finger, 2019). Eu/Eu* is cal-
culated using chondrite normalised (McDonough and Sun, 1995)
Eu/,/(Sm*Gd).

3. Results

Our filtered database comprises 47,182 records and covers all
continents; however, there is sampling bias towards certain
regions, with Africa and South America having disproportionally
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low abundance (Fig. 1a). The records span Earth’s history with
increasing density through time (Fig. 1b). In Fig. 1c it can be seen
that the data have broad global coverage, but with significant con-
tinental areas still missing any records. Any hypotheses regarding
global processes should be aware of these discrepancies in global
coverage, even if attempts are made to account for regional bias
with statistical methods (e.g. Keller and Schoene, 2012). Noting
the still existent regional bias in the database, it is still somewhat
more extensive than those used previously (e.g. Balica et al., 2020;
Tang et al., 2021b; Verdel et al., 2021; Paulsen et al., 2022).

In Figs. 2 and 3 we plot five individual proxies, modelled Ti-in-
zircon temperatures, Eu/Eu*, Yb/Gd, Th/Yb, and U/Yb. We plot both
average global trends using the weighted bootstrap approach and
compare the data with previous publications (plotted using the
same method), and we plot individual trends for the four conti-
nents with large temporal data coverage that dominate the current
database (Antarctica, Asia, North America, and Oceania). Alterna-
tive statistical methods of displaying these trends are demon-
strated in the Supplementary Information (Supplementary Data
Figs. S1 and S2).

4. Discussion
4.1. Robust trends in thermometry?

The Ti-based zircon thermometer has long been considered
robust, but it is well known that Si and Ti activities must be con-
strained to achieve accurate temperature estimates (e.g. Schiller
and Finger, 2019). The pressure dependence of this thermometer
has been considered negligible, although recent work implies a
subtle pressure effect that needs to be considered for high-
pressure zircon growth especially (Crisp et al., 2023). Temperature
estimates from single magmatic rocks often exhibit a large range,
implying zircon crystallisation over a protracted temperature
range (Ickert et al., 2011), and/or diffusion (Bloch et al., 2022). As
such, any detrital zircon estimate has to consider that a single tem-
perature datum may relate to a snapshot of a broader magmatic
and cooling history. Regarding secular trends in temperatures
derived from detrital zircon, these have to be constructed using
single choices of Si and Ti activities and pressure and thus may
average out some variation that would be exhibited by the true
temperature range.
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Fig. 1. (a) Pie chart showing the density of detrital zircon per continent (filtered dataset). (b) Histogram (100 Myr binwidth) of the U-Pb ages of the filtered detrital zircon

dataset. (c) World map showing locations of all samples.
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Fig. 2. (a) Modelled Ti-in-zircon temperatures and Eu/Eu* for our global detrital zircon database compared to previous databases (Balica et al., 2020; Tang et al., 2021b);
uncertainty envelopes ignore the calibration of the Ti thermometry and are based on fixed Si and Ti activities of 1.0 and 0.5, respectively. (b) Continental-scale comparison of
our detrital zircon database comparing trends from four continents. All plots are shown as weighted bootstrap means with error bands representing 2 standard errors of the

mean.

Based on a detrital zircon compilation with broad global cover-
age, Balica et al. (2020) noted “A distinctive increase from 700-
800 °C pre-3.2 Ga followed by a gradual decrease since then”.
Within our larger dataset, we see a similar increase up to ca.
3.0 Ga, but rather than decreasing, the global trend has a marginal
increase up to ca. 1.2 Ga. Only after ca. 1.2 Ga does the trend
decrease, and particularly rapidly after ca. 0.7 Ga. Assessing the
continent-specific trends, we can see that pre-3.2 Ga is varied, with
large uncertainties owing to sparse data coverage; however, over-
all there is a marked increase from values pre- and post- 3 Ga.
From ca. 3 Ga to 1 Ga, values for each continent vary, but overall
show a broad stability with only minor variation. All continents
exhibit lower temperatures in the Phanerozoic, with the onset of
decreasing values varying between continents. Based on these
observations, the following observations likely represent global
processes: (1) an increase in modelled temperatures through the
early Archean up to ca. 3 Ga; (2) consistent modelled temperatures
(in the range of 750-800 °C) from ca. 3 Ga to 1 Ga; and (3) lower
modelled temperatures into the Phanerozoic (ca. 750 °C). We note
that these absolute values depend on the choice of Si and Ti activ-
ities, but the scale of increasing and decreasing modelled temper-
atures is likely independent of these activities.

Balica et al. (2020) argued that the apparent change in temper-
ature at ~3.2 Ga “must mark the change from eutectic of the
albite-anorthite-quartz system towards progressively higher dehy-
dration melting of biotite and amphibole-bearing rocks”. In con-
trast, Verdel et al. (2021) simply relate higher zircon
temperatures throughout the Proterozoic to higher crustal temper-
atures. If Ti-in-zircon simply recorded the highest primary temper-
atures of a magmatic rock, then the secular changes may indeed
record changing reactions and/or geotherms. However, zircon tem-
peratures in magmatic rocks relate to multiple petrologic variables,
including the timing and temperature of zircon saturation during a

magma’s evolution, which in turn is related to magma chemistry
(e.g. Laurent et al., 2022). Thus, secular trends in zircon thermom-
etry likely result from multiple underlying variables that also exhi-
bit secular changes; these include most obviously the changing
geochemistry of igneous rocks (i.e. Keller and Schoene, 2012), but
may also include changing cooling rates; the latter may be influ-
enced by crustal thickness, but will also depend on variables such
as radiogenic heating and rate of erosion. Deconvolving the contri-
butions of different processes that led to the apparent global secu-
lar pattern is not trivial; however, we demonstrate using a global
database of intermediate-felsic igneous rock compositions (Fig. 4)
that secular changes in magmatic composition, both the Zr abun-
dance and M (relating to alkali content), likely have a controlling
factor. These variables will change the saturation and growth his-
tory of zircon in magmatic rocks, and thus, in turn, will also be
reflected in Ti-based zircon thermometry.

Regarding the cause of such secular changes in magmatic rocks,
increasing Zr contents of basalts have been linked to: (1) decreas-
ing mantle temperatures and the associated decrease in degrees of
mantle melting (Keller and Schoene, 2018), along with (2) a poten-
tial increase in enriched mantle sources after ca. 2 Ga (Condie et al.,
2022b). Granitoids, the dominant source of detrital zircon, are ulti-
mately derived from mantle-derived basalts (senso lato) via a vari-
ety of mechanisms, and broadly echo the trend of basalts (Condie
et al., 2024). A significant increase in Zr contents of granitoids dur-
ing the mid-Proterozoic, along with other ‘A-type’ traits, has been
linked to an increase in hot and dry granite formation during this
time (Roberts et al., 2023).

4.2. Eu/Eu*, a robust ‘barometer’?

There has been a substantial effort in recent years to use whole-
rock geochemical signatures of igneous rocks to estimate the depth
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Fig. 3. (a) Yb/Gd, Th/Yb, and U/YD for our global detrital zircon database compared to a previous database (Paulsen et al., 2022). (b) Continental-scale comparison of our
detrital zircon database comparing trends from four continents. All plots shown as weighted bootstrap means with error bands representing 2 standard errors of the mean.

Note that for our database, U/Yb incorporates age-corrected U concentrations (U;/Yb).

of melting and/or the thickness of the crustal column, a field that
has recently been coined ‘chemical mohometry’ (Luffi and Ducea,
2022). Many geochemical signatures rely on the contrasting beha-
viour between garnet and plagioclase which are stable at deep and
shallow crustal levels, respectively (e.g. Alonso-Perez et al., 2009).
Well-constrained trends between average arc thicknesses and
whole-rock La/Yb and Sr/Y have been demonstrated (Chapman
etal.,, 2015; Profeta et al., 2015). Tang et al. (2021a) argued that zir-
con could be used in the same manner, suggesting that if Eu
anomalies reflect plagioclase fractionation, then these could
equally be linked to crustal thickness. Their proxy for crustal depth
links Eu/Eu* to whole-rock La/Yb, and relies on previous con-
straints for thickness from La/Yb. Tang et al. (2021b) investigated
Eu anomalies of a global detrital zircon dataset, demonstrating that
the greatest negative anomalies - and thus, lower crustal thick-
nesses, occurred in a period known as Earth’s ‘Middle Age’ (1.8-
0.8 Ga). Our average global mean (Fig. 2) replicates the broad over-

all trend of decreasing then increasing values between 3 Ga and
0 Ga; however, there is a critical difference that is pertinent to
the conclusions of Tang et al. (2021b). Specifically, the minima in
that study broadly span the Mesoproterozoic eon (1.6-1.0 Ga),
whereas, in our dataset, the minima are offset to younger ages
(~1.0 Ga to 0.7 Ga). Examining the continent-based trends in
Fig. 2, we argue there is even more cause for concern. Although
all continents seem to exhibit low values between ca. 1.2 Ga and
0.5 Ga, data before ca. 1.5 Ga are highly varied, with significant
variation between the continents throughout the Archean. As such,
we question the validity of the averaged global trend as represent-
ing global secular change. A direct correlation between low Eu
anomalies and Earth’s Middle Age is negated (c.f., Tang et al,
2021b).

Building on other previous studies, we highlight several poten-
tial problems with this proxy: (1) the statistical treatment is not
robust, relying on an indirect correlation through a whole-rock
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proxy (see Supplementary Data Text for further discussion); (2) Eu
anomalies are partially controlled by temperature and redox (Trail
et al,, 2012; Yakymchuk et al., 2023); (3) plagioclase and garnet
stability in the crust varies with composition, conditions (i.e. water
content) and geothermal gradient (Tamblyn et al., 2022;
Triantafyllou et al., 2023); and, (4) Eu/Eu* will be imparted from
the magma source, with contamination of magmas altering the pri-
mary Eu signature (Bell and Kirkpatrick, 2021). Both Triantafyllou
et al. (2023) and Yakymchuk et al. (2023) cautioned against the
use of this proxy for understanding crustal thickness in deep time,
and we reiterate those concerns, suggesting that a correlation
between Eu/Eu* and crustal thickness is not valid. Furthermore,
based on these issues and those outlined with the global trends
above, we argue the jury is still out as far as estimates of mid-
Proterozoic crustal thickness are concerned.

4.3. HREE-dependant proxies

Several petrogenetic zircon-based proxies use contrasting beha-
viour of REEs, such as light to heavy or middle to heavy REE, or
involve other elements that are mobile/immobile under certain
conditions. Commonly used ratios include Th/Yb, U/Yb, La/Yb,
and Yb/Gd. Paulsen et al. (2021, 2022) argue that because Th is
enriched relative to other elements as the continental crust
matures, increasing Th/Yb ratios in zircon can be used as a proxy
for evolved magmatism that involves the recycling of older radio-
genic crust. U/Yb has variably been used as both a proxy for sub-
duction input and to discriminate continental from oceanic-crust
derived zircon (Grimes et al., 2007; Paulsen et al., 2021, 2022;
Verdel et al., 2021), owing to the U enrichment from slab-derived
fluids during subduction. Yb/Gd is used as a proxy for HREE to
MREE enrichment. Since HREE is more compatible with garnet in
comparison to most other major igneous minerals, the presence
of garnet during zircon crystallisation strongly controls the result-
ing Yb/Gd ratios. Given the pressure dependence on garnet stabil-
ity, Yb/Gd has been used as a broad proxy for crustal thickness
(Paulsen et al., 2021, 2022). Similarly, Verdel et al. (2021) used
Lu/Nd as a proxy for HREE/LREE, with their overall premise of
low ratios equalling the involvement of thick continental crust
being comparable. La/Yb is used as a proxy for LREE to HREE
enrichment and equally is related to crustal thickness due to the

effect of garnet + amphibole on Yb abundance in zircon
(Chapman et al., 2015; Balica et al., 2020).

The use of the above-mentioned ratios as proxies is hindered by
a variety of factors. Specific to U, is the fact that U incorporation in
zircon likely has a redox control, even if minor (Loucks et al., 2018).
Four important factors are more generally relevant to all of these
proxies and in fact most elemental ratios in zircon: (1) Co-
crystallisation of other mineral phases is not always considered.
For example, sequestration of HREE in garnet is argued as a factor
strongly influencing all of the aforementioned ratios, yet Th incor-
poration in monazite or allanite is not considered for Th/Yb. (2) The
stability of phases that sequester the elements of interest depends
on multiple variables beyond pressure, such as temperature and
water content (e.g. Tamblyn et al., 2022; Triantafyllou et al.,
2023; Roberts et al., 2024). (3) An important but typically ignored
problem, particularly relevant for ratios involving a HREE (i.e. Yb),
is that zircon itself has a markedly high partition coefficient for Yb
(Claiborne et al., 2018) - orders of magnitude higher than that of
most other igneous minerals. Therefore, as soon as zircon starts
to crystallise, HREE in the melt will become depleted, and thus
the ratio involving REEs will change through the magmatic history
whilst zircon is crystallising/dissolving (Reimink et al., 2020;
Zhong et al., 2021). As such, a detrital zircon ratio will be just a
snapshot of this complex evolution. (4) Finally, as mentioned above
for Eu/Eu*, contamination and assimilation of magmas during their
evolution will influence the melt trace element budget. In sum-
mary, any single apparent secular trend may reflect multiple pro-
cesses, and assuming a control by pressure-dependant mineral
phases is likely a significant misinterpretation of the data.

4.4. HREE-dependant trends

Paulsen et al. (2022) described three peaks in Th/Yb in their glo-
bal dataset, at 3.2 Ga, 2.5-1.9 Ga, and 0.5 Ga, and a period of lower
values throughout Earth’s Middle Age. Excluding the ca. 3.2 Ga
peak, the averaged global trend of our dataset also records these
peaks and troughs. Examining the trends in the continent-
specific data, it can be seen that all continents exhibit higher values
in the broad period ca. 2.7-1.7 Ga, and again at ca. 0.7-0.5 Ga. Min-
ima vary between the continents but overlap in the broad region of
1.5-0.8 Ga. As noted by Paulsen et al. (2022), these periods of
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elevated Th/Yb ratios broadly match increases in recycling of older
crust as determined by Sr and Hf isotope data. However, we high-
light that higher ratios in the late Archean to early Paleoprotero-
zoic do not overlap with Columbia supercontinent formation at
ca. 2.0-1.6 Ga, but do overlap with the period ca. 2.4-2.2 Ga that
comprises lower records of tectonic and magmatic activity
(Condie et al,, 2022a). This observation questions a direct link
between Th/Yb ratios and orogenesis, beyond the general issues
we highlight above with these petrogenetic proxies.

Paulsen et al. (2022) highlighted that peaks in U/Yb correlated
with their peaks in Th/Yb, and we see comparable overlap between
Th/Yb and U/Yb in our averaged global mean trends. Using the
continent-specific data to examine the importance of these trends,
we note that U/Yb is somewhat more variable between continents
than Th/Yb. Overall, peaks fall between ca. 2.7 Ga to 1.7 Ga, and
ca. 0.7-0.5 Ga (with data > 3 Ga being highly variable); however,
North America does not match the global average, exhibiting a dif-
ferent periodicity of peaks and troughs. The reason for the mismatch
between continents may be a result of different tectonic settings
dominating different regions, i.e. the Grenville orogens being exten-
sive in North America, and the Pan-African orogens extending
through Africa into Asia (India), Australia, and Antarctica; however,
this still infers a link between tectonic setting, orogenesis and these
trace element proxies, which remains to be robustly tested.

Paulsen et al. (2022) demonstrated a broad inverse relationship
between Yb/Gd and their other proxies for crustal thickness/matu-
rity (Th/Yb and U/Yb). In our expanded database, this inverse rela-
tionship can be seen on a broad level, but there is some offset
between the peaks and troughs. Examining the continent-specific
data, we see correlative behaviour between three of the four con-
tinents shown, with Antarctica clearly having high variability dur-
ing the Mesoproterozoic. Trends pre-3 Ga are highly variable. If Yb/
Gd truly represents the presence or absence of garnet during zircon
crystallisation, then at face value, the trends imply minimal garnet
presence at ca. 1.5 Ga and ca. 0.5-0 Ga, and maximum garnet pres-
ence at ca. 2.5-2.0 Ga, and ca. 1.0-0.6 Ga. However, an important
observation is that these trends are uncorrelated to those defined
by Eu anomalies, which Tang et al. (2021a) argue are also dictated
by the role of plagioclase versus garnet during crystallisation.

5. Implications for secular change

As identified by Sundell and Macdonald (2022) for Hf isotope
data of large detrital zircon datasets, the results will be dominated
by the influence of large orogens and crust-forming events. Not all
orogens are characterized by the same geodynamic configuration or
resultant isotopic signatures (Spencer et al., 2013), with accre-
tionary versus collisional orogens having different architectures in
terms of crustal recycling, crustal thickness, and geothermal gradi-
ents; all these variables will influence zircon trace elements compo-
sitions in some way. As such, averaged global trends reflect the
average of the active orogenesis through time, and specific orogens
may record secular changes in continental evolution at different
times in different ways. An example of this is the zircon Eu anomaly,
which is clearly highly divergent during the Paleoproterozoic, even
though this time period is dominated by the formation of the
Columbia supercontinent across all continents examined.

We have only addressed a subset of the numerous trace ele-
ment proxies used hitherto. As discussed above, each proxy is con-
trolled by multiple competing variables such as redox, co-
crystallising mineral assemblage, initial melt composition, and
extent of crystal fractionation. None of which are a single function
of the pressure of melting or crystallisation. As such, the use of zir-
con trace element proxies for determining trends in crustal compo-
sition or thickness should be used with great caution, or, should at
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least only be applied to igneous populations (i.e. Moreira et al.,
2023). Given the multiple variables behind these trace element
ratios, it is perhaps no surprise that correlations between some
of the proxies are poor (see Supplementary Data Fig. S3).

6. Conclusions

We present a literature database of ~72,000 detrital zircon trace
element compositions, which allows comparison between conti-
nents, and evaluation of the robustness of average global trends.
Whereas some trace elements/ratios are consistent across conti-
nents, i.e. Ti-in-zircon temperatures, others are highly variable. In
particular, Eu/Eu* is highly variable between different continents,
implying that the average global trend does not simply represent
secular change in crustal thickness. Most importantly, we argue that
because zircon trace element ratios result from the interplay of mul-
tiple competing petrologic variables, trace element proxies for crus-
tal composition and thickness are fraught with uncertainties and
should be heavily caveated or avoided completely.
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