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Abstract
Zircon occasionally crystallizes in evolved melt pockets in mafic large igneous province (LIP) magmas, and in these cases, 
it is used to provide high-precision age constraints on LIP events. The precision and accuracy of high-precision ages from 
LIPs are crucially important, because they may be implicated in mass extinctions. However, why zircon crystallizes in these 
magmas is not clearly understood, since their mafic compositions should limit zircon saturation. Here, we investigate the 
occurrence of zircon (and baddeleyite) in intrusive and extrusive mafic rocks from Central Atlantic Magmatic Province 
(CAMP) using petrography, trace-element analysis, Ti temperatures, Hf and oxygen isotopes, and high-precision U–Pb geo-
chronology, along with petrological and thermal modeling. We provide new ages for CAMP sills that intruded into Paleozoic 
sediments in Brazil, indicating that the high and low Ti magmatism in this area occurred synchronously over 264 ± 57 ka. We 
show that upper crustal assimilation, especially of shales, during the emplacement of the CAMP likely led to zircon satura-
tion. Assimilation of upper crustal sediments is also supported by high δ18O values and some rare negative εHf values in the 
zircon crystals. The only extrusive sample analyzed was the North Mountain basalt in Nova Scotia, Canada. This sample 
contains a large age variation in its zircon crystals (up to 4 Ma), and the older crystals have slightly more negative εHf values 
suggesting the presence of small (micron scale) xenocrystic cores associated with very late-stage sediment assimilation. 
However, the CAMP dataset as a whole suggests that the presence of xenocrystic cores is rare. Assuming no xenocrystic 
cores, and considering the zircon undersaturated nature of LIP mafic melts, the oldest zircon age clusters in a population 
should record the magma emplacement (or time when assimilation occurred), and the younger ages in a population are more 
likely to reflect Pb loss, especially given the high U concentrations of LIP zircon. Our identification of heterogeneous isotopic 
and elemental compositions in LIP zircon indicates that zircon in these magmas saturate in isolated minute melt pockets just 
before the system cools below its solidus.
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Introduction

Zircon and other Zr-bearing phases (e.g., baddeleyite and 
zirconolite) may be found in rocks from mafic large igneous 
provinces (LIPs) and are frequently used to provide high-
precision age control of these events (Svensen et al. 2009; 
Schoene et al. 2010a; Svensen et al. 2012; 2017; Blackburn 
et al. 2013; Burgess et al. 2015; Davies et al. 2017; Greber 
et al. 2020). Precise U–Pb geochronology from mafic LIPs 
in the Phanerozoic has led to new insights into how these 
eruptions influence the Earth’s atmosphere, hydrosphere, 

Communicated by Timothy L. Grove.

Supplementary Information The online version contains 
supplementary material available at https ://doi.org/10.1007/s0041 
0-020-01765 -2.

 * J. H. F. L. Davies 
 davies.joshua@uqam.ca

Extended author information available on the last page of the article

http://orcid.org/0000-0001-8668-6012
http://crossmark.crossref.org/dialog/?doi=10.1007/s00410-020-01765-2&domain=pdf
https://doi.org/10.1007/s00410-020-01765-2
https://doi.org/10.1007/s00410-020-01765-2


 Contributions to Mineralogy and Petrology           (2021) 176:9 

1 3

    9  Page 2 of 24

and biosphere. For example, there is growing evidence that 
the intrusion of LIP sills into sedimentary basins that con-
tain abundant organic-rich or evaporitic sediments induce 
degassing of volatiles, a process that can then lead to mass 
extinctions (Svensen et al. 2007, 2009, 2010, 2017; Ganino 
and Arndt 2009; Davies et al. 2017; Burgess et al. 2017; 
Heimdal et al. 2018, 2019, 2020). This model is the pre-
ferred explanation for some of the Phanerozoic mass extinc-
tion events, in part due to the observation that the ages of 
sills intruding the sedimentary basins coincide with mass 
extinction events. It is, therefore, crucial to understand the 
systematics of zircon (and baddeleyite) formation in LIPs to 
correctly interpret the U–Pb age models to accurately deter-
mine causal effects of events recorded in the stratigraphic 
record (e.g., Schoene et al. 2010a).

Despite the presence of zircon (and other Zr phases) in 
these provinces, very little attention has been given to the 
geochemistry of these minerals, or to the question of why 
they even exist in LIP magmas. The low Zr concentrations, 
high crystallization temperatures, and primitive composition 
of LIP basalts mean that it is very difficult for them to reach 
zircon saturation (Boehnke et al. 2013). The presence of zir-
con (and other Zr phases) in these melts could be the result 
of crustal contamination changing the magmatic composi-
tion or due to crystallization in extremely fractionated, tiny 
residual melt pockets (e.g., Schaltegger and Davies 2017) 
or a combination of these processes. Zircon and baddeleyite 
in these types of rocks have remained poorly studied due to 
their small size (often < 80 μm along the c-axis), limited 
abundance, and the aforementioned questions regarding the 
processes governing their formation. However, advances in 
geochemical methods, for example measuring Hf isotopes 
from very low concentration solutions (D’Abzac et al. 2016; 
Bauer and Horstwood 2018), and measuring in situ oxygen 
isotopes by SIMS in zircon and baddeleyite (see Linge et al. 
2017; Davies et al. 2018), now allow for a detailed investiga-
tion of the chemistry of these minerals, helping to constrain 
their origin and LIP petrogenesis.

Determining the composition of the source and degree 
of crustal contamination of LIP magmas is crucial for 
understanding their origin and chemical evolution during 
emplacement. This is typically assessed through a combina-
tion of whole-rock elemental and radiogenic isotopic geo-
chemistry (e.g., Carlson 1984; Peng et al. 1998; Ewart 2004; 
Reichow et al. 2005; Jourdan et al. 2007; Shellnutt 2014; 
Callegaro et al. 2017; Marzoli et al. 2018). However, these 
techniques may be compromised by weathered outcrops, 
late-to-postmagmatic hydrothermal alteration, and by dif-
ficulties in distinguishing between small degrees of crystal 
contamination during emplacement and source heterogenei-
ties. Zircon is relatively robust to secondary alteration and 
therefore is a reliable recorder of the isotopic and chemi-
cal compositions of the melts from which it crystallized. In 

other magmatic settings, zircon has provided new insights 
into the processes occurring in felsic magma chambers (e.g., 
Wotzlaw et al. 2015; Samperton et al. 2015; Farina et al. 
2018; Szymanowski et al. 2020) and also in oceanic litho-
sphere gabbros (Lissenberg et al. 2009; Rioux et al. 2015a). 
Therefore, investigating the utility of zircon chemistry com-
bined with high-precision U–Pb geochronology from LIP 
magmas may provide new clues into the petrogenesis of LIP 
magmas, especially with respect to processes occurring dur-
ing the later stages of the magmatic evolution and the con-
tribution of upper crustal contamination to these systems. 
Also, combining chemical information and high-precision 
ages will allow for a better understanding of why and under 
what conditions zircon crystallizes in LIP magmas, which 
will offer more robust interpretations of the ages and more 
precise correlations between LIPs and events recorded in the 
stratigraphic record.

Currently, zircon Hf isotope measurements are not com-
monly used in studying LIPs especially from mafic rocks 
(baddeleyite Hf isotopes have been used in a few studies). 
These data are available for the Emeishan LIP, although 
mostly from the felsic portion of the province (see review 
by Shellnutt 2014), Central Atlantic magmatic province 
(CAMP Davies et al. 2017; Callegaro et al. 2017), the Tarim 
LIP (Zhang et al. 2016), the Paranà-Etendeka (Hartmann 
et al. 2019; Rocha et al. 2020), Karoo LIP (Greber et al. 
2020), and also some mafic dyke swarms, which may have 
been associated with flood basalt eruptions; e.g., the dykes 
in the Qiangtang terrane (Zhai et al. 2013). Other LIP zir-
con geochemical information, e.g., trace elements, have been 
measured from some CAMP basalts (Schoene et al. 2010b; 
Davies et al. 2017), and oxygen isotopes have been investi-
gated from mafic zircon in the Tarim LIP (Zhang et al. 2016) 
and the Scourie dyke swarm (Davies et al. 2015).

For this study, we measured trace elements, hafnium, 
and oxygen isotopes from zircons extracted from CAMP 
magmas that have been dated at high precision across the 
whole province and also provide new U–Pb ages for CAMP 
sills in the Brazilian Amazonas basin. We also present some 
oxygen isotope data from CAMP baddeleyite crystals. We 
show that the geochemical information from zircon can be 
combined with geochemical models to understand why zir-
con is present within these melts and under what conditions 
it crystallizes. The combination of different datasets also 
enables us to explain the age variations present in some LIP 
samples, and to determine the correct emplacement age for 
these complex samples.

CAMP magmatic province overview

Here, we give a very brief overview of the pertinent CAMP 
geochemistry and of its relationship to the end Triassic mass 
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extinction. Readers interested in the details should refer to 
the recent reviews (e.g., Marzoli et al. 2018, 2019).

The CAMP is one of the world’s largest LIPs, with an 
aerial extent of ~ 107 km2. The province was emplaced domi-
nantly as a series of tholeiitic dykes and sills at ~ 201 Ma 
just before the opening of the Central Atlantic Ocean. The 
province also contains basalt flows which erupted into rift 
basins in Morocco, Algeria, Portugal, Brazil, Bolivia, and 
NE North America and two large layered mafic intrusions 
in Guinea and Sierra Leone. In terms of timing, the prov-
ince was emplaced in ~ 1 Ma (Marzoli et al. 1999; Blackburn 
et al. 2013; Davies et al. 2017; Heimdal et al. 2018) which 
is similar to other well-known Phanerozoic LIPs (Siberian 
Traps, Karoo-Farrar, Deccan, Columbia river flood basalts 
Svensen et al. 2012; Burgess et al. 2015; Burgess and Bow-
ring 2015; Greber et al. 2020; Kasbohm and Schoene 2018; 
Schoene et al. 2019). The CAMP is, however, distinct from 
these other LIPs, since it has very few preserved flood basalt 
lava flows and contains gabbroic intrusions that cover an 
extremely large area over ~ 8000 km from northern France to 
southern Bolivia (Jourdan et al. 2003; Bertrand et al. 2014) 
with a volume of at least 3 million  km3. The geochemistry 
of the CAMP rocks suggests that the province is comprised 
almost entirely of basalt and basaltic andesite compositions 
 (SiO2 in the range 48–55 wt.%), with no associated alka-
line samples found so far, which is also quite distinct from 
other LIPs. More evolved CAMP samples are very rare and 
mostly associated with internal differentiation of large mafic 
sills, dykes, or flows (Shirley 1987; Puffer et al. 2009; Block 
et al. 2015) rather than felsic intrusive or extrusive magmas. 
These rare, evolved magma pockets are the target for this 
study, since in many cases, they contain zircon.

In general, most CAMP samples are moderately evolved 
mantle melts with MgO ~ 4–10 wt.% (Marzoli et al. 2018), 
and with only ~ 1% of the analyzed samples having a primi-
tive composition. with MgO > 10 wt.%. The CAMP also 
contains some high Ti occurrences  (TiO2 > 2 wt.%), which 
are restricted to a relatively small area in NE South America, 
Liberia, and Sierra Leone, but the vast majority of CAMP 
samples are low Ti basalts (Bertrand et al. 1982; Dupuy 
et al. 1988; Chalokwu 2001; Nomade et al. 2002; De Min 
et al. 2003; Deckart et al. 2005; Merle et al. 2011; Callegaro 
et al. 2017). In terms of radiogenic isotopes (Sr, Nd, Pb, 
Hf, and Os), CAMP magmas with similar compositions are 
observed across all four of the continents that host these 
magmas, but basaltic groups with particular compositions 
have been recognized in some areas (Marzoli et al. 2018). 
There is minimal overlap between the isotopic compositions 
of the low and high Ti occurrences, with the low Ti samples 
mostly having compositions that suggest the involvement of 
recycled upper and lower crustal material with data trend-
ing toward the EMII mantle end-member (Pegram 1990; 
Puffer 2001; Dorais and Tubrett 2008; Merle et al. 2011, 

2014; Callegaro et  al. 2013, 2014, 2017; Whalen et  al. 
2015; Elkins et al. 2020). The high Ti samples, however, 
are more similar to depleted mantle but with an additional 
enriched component often interpreted as old subcontinental 
lithospheric mantle, possibly present in the form of lam-
proite veins (Deckart et al. 2005; Merle et al. 2011; Calle-
garo et al. 2017). Most CAMP samples are also considered 
to have experienced some assimilation of continental crust 
(up to ~ 10% based on Os isotope data), the composition of 
which is likely to be specific to each location (Marzoli et al. 
2018). However, disentangling mantle source heterogeneity 
from crustal contamination using radiogenic isotopes can 
be complicated, especially if the amount of contamination 
is small. Hafnium isotopes have also been measured from 
dated zircon and baddeleyite mineral separates from across 
the CAMP (Davies et al. 2017; Callegaro et al. 2017 and data 
presented here) which produced Hf isotope values close to 
chondritic (εHf ~ − 3 to + 4) for the low Ti CAMP samples 
and εHf values around + 5 to + 8 for the high Ti samples. 
These data are in agreement with the available whole-rock 
Hf isotope measurements (Callegaro et al. 2017; Elkins et al. 
2020), and therefore reinforce the CAMP source character-
istics described above.

The CAMP magmatism is temporally correlated with 
the End Triassic mass extinction (Marzoli et al. 2004; Sch-
oene et al. 2010a; Blackburn et al. 2013; Davies et al. 2017; 
Capriolo et al. 2020). This extinction is one of the largest 
mass extinction events of the Phanerozoic, characterized in 
the sedimentary record by a loss of Triassic ammonites and 
severe destruction of scleractinian corals, early Mesozoic 
vertebrates, and terrestrial megaflora (Benton 1995; McEl-
wain et al. 1999, 2009; Guex et al. 2004; van de Schoot-
brugge et al. 2009; Alroy 2010; Mander et al. 2010). There is 
also evidence for large carbon cycle disturbances associated 
with the paleontological turnovers; these are preserved by 
multiple negative carbon isotope excursions (Whiteside et al. 
2010; Corso et al. 2014). Also, oceanic photic zone eux-
inia, increased ocean stratification, and mercury anomalies 
occurred at the same time (Hesselbo et al. 2002; Guex et al. 
2004; Ruhl et al. 2009; Deenen et al. 2010; Whiteside et al. 
2010; Bartolini et al. 2012; Kasprak et al. 2015; Lindström 
et al. 2016, 2019; Percival et al. 2017). One of the currently 
preferred hypotheses for the cause of the mass extinction 
is climate change caused by metamorphism of volatile-rich 
sediments and subsequent huge gas release from the Ama-
zonas basin in Brazil in response to the injection of CAMP 
sills into the sediments (Davies et al. 2017; Heimdal et al. 
2018, 2019, 2020). Recently, it has been suggested that the 
magmas themselves may have also contributed significantly 
to the volatile budget (Capriolo et al. 2020).

In this study, we focus on samples from across the entire 
CAMP province, all of which have been dated, either previ-
ously (Davies et al. 2017; Callegaro et al. 2017; Marzoli 
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et al. 2018) or during this study and most of which have 
been previously studied, by whole-rock geochemical tech-
niques, and for trace element and isotope geochemistry. All 
of the samples apart from the North Mountain basalt are 
from mafic intrusions, mostly from sills or dykes, although 
the Kakoulima sample from Guinea and the Freetown lay-
ered complex from Sierra Leone are from large mafic intru-
sions. All new samples from Brazil are from sills which 
have intruded the Amazonian basin. We use our new data 
to determine under what conditions zircon crystallized in 
these rocks.

Analytical techniques

U–Pb geochronology

U–Pb geochronology was undertaken at the University 
of Geneva using the techniques described in Davies et al. 
(2017). Extracted zircon grains were annealed in a muffle 
furnace at 900 °C for 48 h before undergoing chemical abra-
sion (Mattinson 2005) for 12 h at 210 °C in concentrated HF 
(see Widmann et al. 2019). The chemically abraded grains 
were then ultrasonically cleaned in weak  HNO3 before being 
loaded into 200 μl Savillex microcapsules with ~ 70 μl of HF 
and ~ 5 mg of EARTHTIME 202Pb–205Pb–233U–235U tracer 
solution (calibration 3.0, Condon et al. 2015; McLean et al. 
2015) and placed into a Parr digestion vessel and then put 
into an oven at 210 °C for 48 h. After digestion, the dissolved 
zircon solutions were processed through two ion-exchange 
columns, the first column chemically separated Pb and U 
fractions for dating, and the second column processed the 
trace-element fraction from the U–Pb separation to purify 
the Hf for ICP-MS analysis. The Pb and U fractions were 
loaded onto outgassed Re filaments with a Si-gel emitter 
and were measured on a Thermo TRITON thermal ioniza-
tion mass spectrometer with Pb measured in dynamic peak 
hopping mode using a MasCom discrete-dynode, second-
ary electron multiplier, and U measured as  UO2 in static 
mode using Faraday cups equipped with  1012Ω resistors. 
All common Pb was attributed to laboratory blank and was 
assigned the long-term isotopic composition of the Geneva 
procedural laboratory blank. All U–Pb data were processed 
using the Tripoli and Redux software packages following the 
algorithms of (McLean et al. 2011).

MC‑ICP‑MS Hf isotope measurements

Hafnium isotopic analysis followed the previously published 
methodology (see D’Abzac et al. 2016; Farina et al. 2018). 
Briefly, Hf was isolated from matrix elements through 
an ion-exchange chromatography (Augland and David 
2015), using the washes from U and Pb chemistry. The 
Hf cut was subsequently dried and re-dissolved in a 0.3 M 

 HNO3 + 0.005 M HF solution for analysis on a Thermo Sci-
entific Neptune Plus multiple-collector inductively coupled 
plasma-mass spectrometer (MC-ICP-MS) at the Depart-
ment of Earth Sciences of the University of Geneva. The 
cup configuration was adjusted to measure the isotopes 
172Yb, 173Yb, 175Lu, 176Hf, 177Hf, 178Hf, 179Hf, 180Hf, and 
181Ta simultaneously in low-resolution mode. During each 
session, several Plešovice, Temora, and JMC475 Hf standard 
solutions were analyzed with the samples. Data reduction to 
obtain the 176Hf/177Hf ratio included on-peak zero baseline 
correction, correction for mass bias, correction of isobaric 
interferences of 176Lu and 176Yb on 176Hf and an offset cor-
rection by adjusting the 176Hf/177Hf ratio of the sample to 
account for the difference between the measured and pre-
ferred value of the JMC475 Hf (i.e., 0.282160) (Nowell 
et al. 2004). The JMC offset correction ranged between 0 
and 1 εHf units depending on the session. Data are pre-
sented as initial εHf values using the CHUR composition of 
(Bouvier et al. 2008), the 176Lu decay constant (λ176Lu) of 
1.86711 × 10–11 years−1, and an age of 201.5 Ma. The aver-
age 176Hf/177Hf ratio of all measured Plešovice and Temora 
solutions is 0.28247 ± 2 and 0.28268 ± 2, respectively. These 
ratios translate to a Plešovice εHf337Ma of − 3.7 ± 0.7 and 
Temora εHf417Ma of + 5.5 ± 0.6 (2σ), which are identical to 
published values (Woodhead and Hergt 2005; Sláma et al. 
2008).

SIMS oxygen isotope measurements

In samples with abundant separated zircon grains, some 
crystals were annealed and mounted for oxygen isotope 
measurements on the Cameca ims 1280 ion microprobe of 
the SwissSIMS center located at the Institute of Earth Sci-
ences of the University of Lausanne (Switzerland). A ~ 2 nA 
current  Cs+ primary beam, accelerated at 10 kV, was used, 
resulting in a ~ 10 µm beam size. The electron flood gun, 
with normal incidence, compensated the charges build-up at 
the surface of the samples. 16O and 18O secondary ions, also 
accelerated at 10 kV, were analyzed at 2400 mass resolv-
ing power and collected on faraday cups in multi-collection 
mode. Faraday cups are calibrated at the beginning of the 
session, using the calibration routine. Mass calibration was 
performed every 12 h. Each analysis takes less than 4 min, 
including pre-sputtering (30 s) and automated centering 
of secondary ions. Instrumental mass fractionation (IMF) 
was determined using Plenglai zircon reference material 
with δ18O = XA‰ (Li et al. 2010). This setting allowed a 
reproducibility of 0.26‰ (2σ) on a Plenglai zircon for the 
whole session, and the internal error for an analysis was 
usually ~ 0.25‰ [2 standard error (SE)]. One other zircon 
reference was measured 18 times during the session; Temora 
(Black et al. 2004) and yielded a δ18O value of 8.06 ± 0.31 
(2SD, n = 18), within error identical to the published bulk 
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value of 8.2 ± 0.1‰ (Black et al. 2004). For the baddeleyite 
session, synthetic baddeleyite (monoclinic zirconia) crys-
tals with laser fluorination δ18O values of 6.39 ± 0.5 ‰ 2σ, 
(see supplementary information) were used to determine the 
IMF, and UNIL-Q1 (Paine quartz, Seitz et al. 2017) was 
used to check the instrument stability. Reproducibility was 
0.3‰ (2σ) for UNIL-Q1 and 0.89‰ (2σ) for the synthetic 
baddeleyite standard. The Phalaborwa baddeleyite was 
measured as a secondary reference material and gave a δ18O 
value of 3.98 ± 1.35 ‰ 2σ, which is consistent with the laser 
fluorination value of 4.6 ± 0.3‰ 2σ (Davies et al. 2018).

Trace elements

After the SIMS analyses, laser ablation-inductively coupled 
plasma-mass spectrometry (LA-ICP-MS) trace-element 
measurements were conducted at the University of Bern 
using a Lambda Physik GeoLas pro 193 nm ArF Excimer 
laser system coupled with an Perkin Elmer ELAN-DRCe 
quadrupole ICP-MS. Measurements followed the proce-
dures of (Pettke et al. 2012), employing an energy density of 
4–5 J cm2 on the sample surface with a 10 Hz laser repetition 
rate and beam diameters ranging between 20 and 40 μm, the 
maximum possible to minimize limits of detection. Meas-
urement points were placed next to ion probe spots for maxi-
mum correlation of the data. Daily optimisation of ICP-MS 
performance (using SRM612 from NIST) ensured maxi-
mum signal-to-background intensity ratios, robust plasma 
conditions with equal sensitivities for U and Th, and a ThO 
production rate below 0.4%. GSD-1G and SRM 612 were 
employed as primary standards (with concentration data 
from GeoRem) for data quantification, Temora 2 zircon was 
measured along with sample zircons and used as a secondary 
standard for quality control. Data reduction was conducted 
using SILLS (Guillong et al. 2008), with the improved limit 
of detection calculations (Pettke et al. 2012).

Ti concentrations in quartz

Quartz Ti concentrations were analyzed following the tech-
niques of (Ackerson et al. 2018) on a JEOL 8530F hyper-
probe at the Geophysical Laboratory, Washington DC, at 
15 keV and 200 nA with a 10 μm spot diameter. The Ti 
concentrations were measured using three PET crystals, 
with peak counting times of 320 s, which yielded detection 
limits of ~ 6–8 µg/g. A synthetic quartz crystal (AlQ10) with 
a Ti concentration of 92 ± 10 µg/g was used as a second-
ary reference material to check for measurement accuracy. 
Measurements at the Geophysical Laboratory of the AlQ10 
crystal yielded within error identical Ti concentrations of 
91 ± 14 µg/g.

Images

Cathodoluminescence (CL) images were acquired using 
a JEOL JSM7001F Thermal Field Emission SEM with a 
Schottky electron gun at the University of Geneva using 
an accelerating voltage of 15 kV. CL images were used to 
characterize the internal textures of the crystal.

Quartz CL images and also the color thin-section CL 
image were made using the JEOL 8530F hyperprobe at the 
Geophysical Laboratory, Washington DC.

Results

U–Pb and Hf isotope analyses were made on bulk indi-
vidual zircon grains. In situ measurements (oxygen and 
trace-element analysis) were conducted after dating in 
samples with abundant, leftover zircon grains. For this, 
the grains were mounted in epoxy. The different in-situ 
analyses were made on the same grains and are therefore 
directly comparable. Errors are presented as 2σ unless 
stated otherwise (Fig. 1).

U–Pb ages

Zircons were separated from four new samples from mafic 
CAMP sills in the Amazonas basin in Brazil. Three samples 
were from sills with low Ti concentrations (RP134, RP136, 
and RP144) and the fourth sample was from a sill with high 
Ti concentrations (RP116). These samples contained pris-
matic zircon grains up to ~ 150 μm in length with regular 
(oscillatory or sector) zoning and relatively homogeneous 
CL emission. There was no evidence for xenocrystic cores 
or complex alteration. All samples produced a population 
of grains that overlapped in age, with a few slightly younger 
data that were attributed to small degrees of residual Pb 
loss after chemical abrasion (Fig. 2). All of the analyses 
are concordant within uncertainty, and therefore, weighted 
means and associated 2 SE errors of the 206Pb/238U ages 
are used here to represent the best estimate for the crystal-
lization age. The three low Ti samples produced weighted 
mean ages of 201.430 ± 0.034 Ma (MSWD = 1.4; n = 5) 
from sample RP134, 201.348 ± 0.034 Ma (MSWD = 1.2; 
n = 3) from sample RP136 and sample RP144 gave an age of 
201.372 ± 0.062 Ma (MSWD = 0.87; n = 3). Two zircon crys-
tals with the oldest ages from the high Ti sample produced 
a weighted mean age of 201.495 ± 0.091 Ma (MSWD = 4.1; 
n = 2). All of these new ages overlap with previous estimates 
for the ages of the sills in the Amazonas and Solimões basins 
in Brazil (Fig. 2b). Our new results, therefore, indicate that 
the high and low Ti magmas that intruded into the Amazonas 
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and Solimões basin were emplaced synchronously over a 
period of 264 ± 57 ka.

Twenty-five new analyses were also conducted on zir-
con separated from the North Mountain basalt (NMB from 
here on). These analyses are similar to those published 
in Schoene et al. (2006, 2010a) Blackburn et al. (2013) 

and Davies et al. (2017), although the new results con-
tain grains with ages up to 204 Ma, which is ~ 2 Ma older 
than ages found before (unpublished, similarly old ages 
have also been found by the Princeton U–Pb lab, Blair 
Schoene, personal communication). Over half of the ages 

Fig. 1  Geological map of the Brazilian CAMP samples analyzed 
here. a A map of the circum Atlantic region during the end Triassic 
time showing the location of the samples analyzed here; this map is  
modified from Davies et al. (2017) and McHone, (2000). b A mod-
ern simplified geological map of Brazil (a more detailed version is 
provided in the supplementary information). The CAMP samples 

are located, and also their ages, εHf, and δ18O values are reported. 
The asterixis indicates samples that have been previously studied in 
Davies et  al. (2017). The CAMP sills are located in the Paleozoic 
sediments, and some of the outcrops are not visible at the scale of the 
map
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(64%) agree with the eruption age of the basalt published 
by Davies et al. (2017) of 201.498 ± 0.028 Ma.

Finally, baddeleyite data from the Freetown Layered 
Complex (FLC) in Sierra Leone reported in Callegaro et al. 
(2017) are also plotted in Fig. 2; however, the 207Pb/206Pb 
weighted mean age of 201.19 ± 0.69  Ma is presented 
and preferred over the 206Pb/238U weighted mean age of 
198.777 ± 0.047 Ma. This older, less precise age accounts for 
the effects of unidentified Pb loss in the baddeleyite grains 
and results in a larger uncertainty. The 207Pb/206Pb age over-
laps with the rest of the CAMP ages and is in agreement with 
the Ar–Ar ages from the same intrusion (see Callegaro et al. 
2017) for a discussion on the U–Pb age interpretations).

Hf isotopes

Hf isotopes from the dated zircon crystals were averaged for 
each sample and are plotted in Figs. 3 and 4. The high Ti 
sample from Brazil (RP116) has an εHf value of 9.49 ± 0.36, 
and the low Ti Brazilian samples (RP134, RP136, RP144) 

have consistent εHf values of 2.20 ± 0.36, 2.26 ± 0.34, and 
2.42 ± 0.4 respectively. The Hf isotope compositions were 
also measured from the Amelal sill in Morocco (sample 
LV34) dated in Marzoli et al. (2019), giving an εHf value of 
0.89 ± 0.44. Also, new zircon Hf analysis from the Tarabuco 
intrusion in Bolivia and the North Mountain basalt (NMB) 
in Canada gave εHf values similar to those already pub-
lished in Davies et al. (2017); however, the updated aver-
ages for these samples are now εHf of 3.52 ± 2.04 for the 
Tarabuco sample, and εHf of 0.15 ± 5.24 for the NMB. The 
2σ of the εHf values of the Tarabuco and NMB samples are 
higher than the errors on the secondary reference materi-
als Plešovice and Temora (ca. ± 0.6), which indicates that 
these zircon grains contain variations in the Hf isotopic 
compositions outside of the analytical uncertainty. All new 
Hf isotope values are consistent with previously published 
values from CAMP samples (Davies et al. 2017; Callegaro 
et al. 2017; Elkins et al. 2020). Overall, the data indicate that 
the high Ti CAMP samples have supra-chondritic Hf (εHf 
between 6 and 10), whereas the low Ti samples are more 

Fig. 2  New U–Pb ages for CAMP sills intruded into the Amazonas 
sedimentary basin in Brazil. a Vertical bars represent single zir-
con 206Pb/238U U–Pb ages, and darker shaded analyses are grouped 
together and averaged to calculate the age of emplacement for the 
sample. Lighter shaded analyses were not included in the average cal-
culation due to suspected Pb loss. b Compilation of published high-
precision U–Pb CAMP ages, samples are grouped by their geographic 
occurrence; note that the high Ti and low Ti CAMP magmas intrude 

simultaneously. References for colors are 1 this study; 2 (Davies et al. 
2017), 3 (Marzoli et al. 2019), 4 (Blackburn et al. 2013), 5 (Heimdal 
et al. 2018), and 6 (Callegaro et al. 2017); this last age is a baddeley-
ite age presented as a 207Pb/206Pb weight mean age, the reasons for 
this are discussed in the text. c Two estimates for the age of the onset 
of the end Triassic mass extinction as well as a probability density 
function (PDF—blue) and kernel density (KDE—black) curves for 
the CAMP ages
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juvenile with εHf values between 4 and − 4. There is no 
clear trend relative to the age with the oldest and youngest 
samples apparently recording the most negative εHf values. 
The wide εHf range of the NMB zircon is discussed in detail 
below.

Oxygen isotopes

The oxygen isotopic composition of zircon from the CAMP 
samples is relatively homogeneous with most analysis falling 
in between δ18O values of 5 and 6‰ (Fig. 4). For most sam-
ples, the majority of grains have very consistent δ18O val-
ues; however, most samples also contain 1–3 analyses with 
higher values, and samples RP134 and RP113 both have one 
analysis that falls below the main cluster, and the averages 
reported below and in Fig. 4 are from the main group of data 
without the outliers. Broadly, the data fall into two groups, 
the first group contains Kakoulima, Tarabuco, Messejana, 
Amelal sill, Fouta Dhalon, and the Brazilian high Ti sam-
ples, and has a δ18O value of ~ 5.5–6‰. Whereas, the sec-
ond group has a δ18O of ~ 5‰ and contains the NMB and 
the Brazilian low Ti samples (Fig. 4). When the oxygen 
isotope data are compared with the sample ages, there is a 
slight reduction in δ18O over time from δ18O of 6.03 ± 0.17 
‰ for the Kakoulima intrusion, to δ18O of 5.04 ± 0.09 
‰ for RP134 (Fig. 4b). Also, there is no trend between 
δ18O and εHf values (Fig. 4c). Similar to the εHf isotope 
data, the NMB sample has a large range in δ18O compared 
with the other samples (Fig. 4a). There are also no corre-
lations between the δ18O values and zircon trace-element 

enrichments, which are indicative of secondary alteration 
(Geisler et al. 2007; Davies et al. 2015; Bell et al. 2019 
and supplementary data). Therefore, the δ18O data are all 
considered to record magmatic processes, apart from the 
two outlier measurements, one from Tarabuco which has a 
δ18O value of 12.00 ± 0.31 ‰, and one from Fouta Djalon 
which has a δ18O value of 9.76 ± 0.31 ‰. These data points 
are anomalous and not considered further.

Baddeleyite crystals from the FLC were also measured 
for their oxygen isotope compositions (supplementary data). 
These measurements have larger uncertainties due to the 
inhomogeneity of the reference materials used, which is then 
propagated onto the unknowns (see Davies et al. 2018), and 
therefore, the individual analyses are not plotted with the zir-
con data in Fig. 4a. However, the baddeleyite grains have a 
homogeneous δ18O value of 2.74 ± 1.83 ‰. Using the equi-
librium isotopic fractionation factor between zircon and bad-
deleyite (Δ(zircon-baddeleyite) = 4.3*106/T2) suggested by Davies 
et al. (2018), and a temperature of 850 °C (based on Ti in 
zircon thermometry, see below), the calculated zircon δ18O 
value that would be in equilibrium with the FLC baddeleyite 
is 6.14 ± 1.83 ‰, which is within uncertainty of the other 
CAMP samples (Fig. 4b, c). Oxygen isotopes have rarely 
been measured in previous studies on the CAMP magmas, 
and therefore, there is not much data with which to compare 
the zircon analysis measured here. One study on the FLC 
found whole-rock oxygen isotope values ranging between 
δ18O of 5.4 and 6.3 ‰ (Chalokwu et al. 1999), which is 
in agreement with our δ18O values. Oxygen isotopes were 
also measured in the NMB from pyroxene mineral separates 

Fig. 3  Age and εHf isotopic 
compositions of CAMP zircons 
from this study, and from 
Davies et al. (2017). Hf isotopic 
compositions represent average 
values for the sample with 2σ 
uncertainties. Double-headed 
arrow (bottom left) shows the 
range of εHf values from low 
Ti samples from eastern USA 
(Elkins et al. 2020), the double-
headed arrow (top right) for the 
high Ti samples is the range 
suggested for these samples 
in this study. Asterisks (*) 
represent the new U–Pb and Hf 
samples from this study, capital 
delta symbols (Δ) indicate 
samples from (Davies et al. 
2017) with updated Hf isotopic 
compositions
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in silica-rich zones likely related to hydrothermal alteration 
(Kontak and Dostal 2010). The pyroxenes have extremely 
high δ18O values between ~ 10 and 20 ‰, and were inter-
preted as being altered by, or crystallized from 100 to 200 °C 
hydrothermal fluids.

Trace elements in zircon and Ti in quartz

The trace-element concentrations of separated CAMP zircon 
crystals are shown in Fig. 5. In general, the trace-element 
concentrations are high and variable for all samples. The 
high U concentrations signify that many of the grains are 
metamict and are, therefore, more susceptible to fluid over-
printing (Geisler et al. 2007). The analyses with elevated Fe, 
light rare-earth elements (LREE), and Na were considered 
to have been affected by fluid alteration or contained uni-
dentified fluid inclusions and we omitted all data from the 

further discussion following the cut-off values for altered 
zircon compositions of Bell et al. (2016) (supplementary 
data). None of the previously published trace-element data 
from CAMP zircon have LREE, Fe, and Na concentrations, 
since they were measured via electron probe (Davies et al. 
2017) or from trace-element washes after U–Pb chemistry 
(Schoene et al. 2010b). These previously published analy-
ses also have the highest concentrations of trace elements 
(e.g., > 6000 µg/g U), and therefore, it is possible that they 
also record secondary trace-element enrichments through 
fluid alteration, especially due to the metamict nature of 
some of the high U grains.

The unaltered zircon compositions partially overlap with 
the continental and oceanic zircon fields in U/Yb vs Y rep-
resentation from (Grimes et al. 2007); however, they also 
plot outside these fields (Fig. 5a). The grains have very high 
U concentrations and high Th/U as noted by Schaltegger 
and Davies (2017). They fall in areas between the fields 
produced by Icelandic rhyolite zircon (Carley et al. 2014) 
and the Bishop Tuff zircon dataset from (Chamberlain et al. 
2014), both of which represent relatively extreme cases of 
zircon trace-element enrichment (see the continental arc 
dataset, S- and I-type granite, and TTG datasets in Fig. 5b). 
To a first order, the trace-element compositions of LIP type 
zircon are quite distinct in the amount of trace-element 
enrichments that they contain. Chondrite normalized REE 
plots are provided (Supplementary Figure 5) and indicate 
that all of the zircon have an REE similar pattern apart from 
the NMB which is both more enriched in LREEs and vari-
ably depleted in HREE’s.

The calculated Ti temperatures from these zircon crys-
tals, assuming a Ti activity of 0.6 (after Hayden and Watson 
2007), and the lack of associated rutile) and a Si activity of 
1 (due to the presence of quartz associated with zircon), are 
given in Fig. 5c. Notably, almost all of the zircon appears 
to crystallize at relatively low temperatures between 750 
and 850 °C, only the NMB sample has some zircons that 
crystallized at higher temperatures. The high-temperature 
NMB crystals appear to correlate with lower δ18O values 
(Supplementary data). The low temperatures for most of the 
CAMP samples are consistent with those found in zircon 
from mid-ocean ridge gabbros (Rioux et al. 2015b) and gab-
bro intrusions (Fu et al. 2008). They are also consistent but 
slightly higher than the Ti temperatures from quartz crystals 
(calculated assuming the same Ti activity of 0.6) found in 
the same evolved granophyric pockets as the zircon crystals 
(Fig. 6). The quartz temperatures range from ~ 600–800 °C 
for the NMB (Fig. 5c) and are therefore a little lower than 
the zircon temperatures, suggesting that the bulk of the 
quartz crystallizes coevally with and just after the zircon. It 
should also be noted that the NMB zircon temperatures are 
all above the quartz temperatures, suggesting that  aSiO2 was 
not 1 during zircon crystallization in this sample (Ferry and 

Fig. 4  Oxygen isotope data for the CAMP zircons and also for Free-
town Layered Complex FLC baddeleyite. a Box and whisker plots as 
well as the individual δ18O measurements; arrows indicate two very 
anomalous analyses from the Tarabuco and Fouta Djalon samples. b 
and c Weighted mean δ18O values for each sample plotted relative to 
the sample age and εHf values. The FLC baddeleyite has an average 
δ18O of 2.74 ± 1.83 ‰ at 2σ, the zircon value calculated for equilib-
rium with the baddeleyite is indicated by the transparent symbol and 
arrow, and this value is in agreement with the other CAMP zircon 
values. See text for further explanation
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Watson 2007). Reducing the activity of silicon in the zircon 
temperature equation results in lower temperatures, more in 
line with the quartz, but not overlapping.

Discussion

The elemental and isotopic chemistry of zircon from CAMP 
magmas varies within and between samples. The signifi-
cance of these variations for understanding the origin and 
the conditions for zircon crystallization in these magmas are 
explored below.

When does zircon form in LIP magmas 
and under what conditions?

Zircon  (ZrSiO4), baddeleyite  (ZrO2), and zirconolite 
 (CaZrTi2O7) are found in interstitial melt pockets within 
CAMP samples (Fig. 6). These melt pockets are typically 
at the scale of ~ 100 μm, although in the NMB, they can 
reach the 10 cm scale (Kontak and Dostal 2010). They con-
tain K-feldspar, quartz, apatite, plagioclase, ilmenite, and 
minor sulfides (that are likely secondary). This mineral 
assemblage suggests highly fractionated  SiO2-rich melts 
and is similar to the mineralogy of melt pockets previously 
identified in CAMP, and other LIPs (Kontak et al. 2002; 
Kontak and Dostal 2010; Ver Hoeve et al. 2018; Heimdal 
et al. 2019). The highly variable and enriched trace-element 
concentrations of the zircons are also consistent with crys-
tallization in highly fractionated, silica-rich melts (Fig. 5). 
It is clear that none of the Zr-bearing minerals crystallized 
with the main fractionating assemblage of pyroxene, oli-
vine, and plagioclase, which is not surprising, since zircon 
saturation conditions in basaltic (tholeiitic) magmas at tem-
peratures > 1000 °C require > 7000 µg/g Zr (Boehnke et al. 
2013), which is about 50 times more than the typical content 
of CAMP basalts. Also, the Ti temperatures of the zircon are 
mostly around 800 °C suggesting much lower crystallization 
temperatures (Fig. 4). For a more precise understanding of 
the zircon saturation conditions, the composition of poten-
tial primary magmas can be used (see, e.g., Callegaro et al. 

Fig. 5  Trace-element concentrations of CAMP zircon from this study 
(large symbols) and previously published zircon compositions (small 
symbols) from (Schoene et  al. 2010b; Davies et  al. 2017). a Zircon 
compositions plotted relative to the continental zircon and oceanic 
zircon fields of (Grimes et al. 2007); note the overlap of CAMP zir-
con with both fields and also that some analysis lies outside the pro-
posed fields. b CAMP zircon plotted relative to the continental arc 
zircon, S- and I-type granite zircon, TTG zircon, Icelandic zircon, 
and zircon from the Bishop Tuff. Compilation of literature zircon data 
is from (Chamberlain et al. 2014; Carley et al. 2014; Reimink et al. 
2020) and references therein. c Box and Whisker plots of Ti tem-
peratures in zircon and quartz for the CAMP samples assuming an Si 
activity of 1 and a Ti activity of 0.6

▸
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2013; Merle et al. 2014; Whalen et al. 2015; Marzoli et al. 
2019). If we use primary CAMP sample AN133 from Mar-
zoli et al. (2019) as an estimate for a primary low Ti magma, 
with a Zr concentration of 119 µg/g, the zircon saturation 
conditions can be calculated based on the degree of polym-
erization of the melt, which can be determined based on the 
cation ratio (Na + K + 2Ca)/(Al × Si), referred to as M (Wat-
son and Harrison 1983; Boehnke et al. 2013). Higher values 
of M indicate low degrees of polymerization and enhanced 
zircon solubility. The AN133 composition gives an M value 
of 2.77 resulting in an unrealistically low temperature of zir-
con saturation of 578 °C, which is far below the wet granite 
solidus ~ 700 °C (e.g., Ebadi and Johannes 1991), clearly 
indicating that zircon will not crystallize without significant 
modification through crystallization or assimilation. Con-
versely, this also means that antecrystic zircon will be read-
ily dissolved in these melts, and therefore, old zircon ages 
should not normally be attributed to antecrysts.

The zircon saturation conditions in CAMP magmas 
can be refined through forward modeling using rhyolite-
MELTS (version 1.2.x, Gualda et al. 2012; Ghiorso and 
Gualda 2015), and monitoring the changing composition 
of the magma as it undergoes fractional crystallization 
from ~ 1200  °C to ~ 700  °C at 1.5 kbar pressure, which 
is ~ 4 km depth. The Zr concentration of the melt can be 
calculated at each step using the mineral phase proportions 
along with mineral/melt Zr partition coefficients for each 

phase present (the partition coefficients used are reported 
in the Supplementary data). The Zr concentration in the 
melt is then compared to the zircon saturation conditions at 
every step, calculated using the equations of Boehnke et al. 
(2013). Where the Zr concentration and the zircon satura-
tion conditions coincide is the likely point of zircon satura-
tion (Fig. 7a). In Fig. 7, the model used sample AN133 as 
a starting composition (low Ti basalt; Marzoli et al. 2019) 
and different initial  H2O concentrations to show the effect 
of initial water on the zircon saturation conditions. Note that 
the composition of the liquid from which the zircon crystal-
lizes is granitic with ~ 73%  SiO2 for each of the initial  H2O 
concentrations (see TAS diagram showing the composition 
of the melt at zircon saturation in the supplementary infor-
mation). When using the high Ti CAMP sample M13 from 
Merle et al. (2014) as starting material, zircon saturation 
was not achieved under any conditions, implying that zircon 
does not saturate in such a melt, unless they are significantly 
contaminated (see next paragraph). This is also the case for 
CS49, which is a low Ti primary CAMP basalt from South-
Eastern USA (Callegaro et al. 2013).

It is clear from Fig. 7a that the initial  H2O concentration 
of the melt is very important in determining when zircon 
saturates, this is because  H2O suppresses silicate saturation 
(also see TAS diagram in supplementary information). With 
an initial  H2O concentration of 0.5 wt. % (similar to the ini-
tial water concentrations estimated in Callegaro et al. 2013), 

Fig. 6  Thin section and representative cathodoluminescence (CL) 
images of zircon and evolved melt pockets from inside CAMP 
basalts. Images a and b were taken using a cold-cathode CL detector, 
whereas the other images (c and f) are made using a panchromatic 

black and white CL and show zircons extracted from samples, or 
backscattered electron images from NMB or Foum Zguid thin sec-
tions (images d and e)
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Fig. 7  MELTS modeling results of zircon saturation conditions 
in CAMP magmas. a Plot of modeled Zr concentration in the melt 
during fractional crystallization vs temperature, combined with the 
change in zircon saturation conditions at each fractional crystalli-
zation step. The point where the Zr concentration curve crosses the 
zircon saturation conditions is the point at which zircon will saturate 
in the melt; this point is marked with a star. Models are shown for 
the primary CAMP sample AN133 (low Ti) with three different ini-
tial water concentrations, models are run in 10  °C increments. The 
colored bar indicates the fraction of melt remaining at each fractional 
crystallization step, and is only shown on the Zr concentration points 
for simplicity. Other CAMP primary melts—CS49 (low Ti) and M13 
(high Ti)—do not achieve zircon saturation (i.e., the curves do not 
overlap) with any initial  H2O concentrations. b The variation in zir-
con saturation point is shown for the AN133 with 0.5% initial  H2O 
model (the same as in a) after different assimilants are added to the 

melt, and the assimilants are shale LCC (lower continental crust), 
granite, and SST (sandstone), the compositions are given in the sup-
plementary data. The zircon saturation point with no assimilation is 
shown as a white star—at the same location as in a. The assimilants 
are added after 40% fractional crystallization (at ~ 1100  °C), and 
the proportion of assimilation is either 10% (closed symbols) or 5% 
(open symbols). Assimilation after 55 and 60% fractional crystalli-
zation is also shown for granite. The insert in the bottom left corner 
shows the zircon saturation point for SC49 and M13 after 10 and 15% 
shale assimilation, respectively, zircon saturation is not reached in 
these melts with the other assimilants, or lower proportions of assimi-
lation. The colored bar indicates the melt fraction remaining at the 
zircon saturation point. Note that the shale assimilation for AN133 
(main part of the figure) causes zircon saturation to be reached at the 
earliest point during fractional crystallization
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the magma becomes zircon saturated at ~ 790 °C, after 85% 
crystallization. Increasing the initial  H2O concentration of 
the melt decreases the needed amount of fractional crystal-
lization and also the temperature for zircon saturation. Based 
on our modeling, zircon saturation is reached after 82% frac-
tional crystallization at ~ 750 °C for an initial  H2O concen-
tration of 0.8 wt. % and at ~ 740 °C after 80% fractional crys-
tallization with an initial  H2O concentration of 1.5 wt. %. 
Comparing these modeled zircon saturation conditions with 
the newly determined zircon crystallization (Ti) tempera-
tures of ~ 800 ± 50 °C based on the Ti in zircon thermometer 
(Fig. 5c) suggests that the 0.5% initial  H2O model provides 
the most consistent saturation condition estimates. It should 
be noted that the zircon crystallization temperatures were 
calculated assuming a silica activity of  aSiO2=1 and a Ti 
activity of  aTiO2 = 0.6 both of which have an effect on the 
crystallization temperatures calculated. Reducing the silica 
activity or increasing the activity of Ti (see discussion on the 
NMB data above) results in a reduction in calculated zircon 
temperature, which would be more in agreement with higher 
initial  H2O. Zircon crystallization under equilibrium condi-
tions is also assumed, which may not be the case in these fast 
cooling, fractionated melt pockets, if kinetic effects (e.g., 
Albarède and Bottinga 1972) play a role in the trace-element 
compositions of the zircon. This has recently been theoreti-
cally demonstrated for Zr isotopes in zircon (Chen et al. 
2020; Méheut et al. 2021), and hence, the Ti concentrations 
in our zircon may not only be dependent on temperature. 
High initial  H2O concentrations have not been previously 
proposed for the CAMP source rocks, which is in agree-
ment with the typically anhydrous mineralogy of CAMP 
tholeiites, which contain olivine, pyroxene plagioclase, and 
oxides without significant amphibole (although amphibole 
and biotite may be present in some of the evolved melt 
pockets, Heimdal et al. 2019). In a recent study, however, 
Capriolo et al. (2020) identified deeply sourced  CO2-rich 
bubbles trapped in melt inclusions in CAMP minerals, and 
melt inclusions associated with these gas bubbles were also 
found to contain ~ 1 wt %  H2O, suggesting that the source 
for CAMP melts likely had some initial volatile component.

Crustal contamination

Crustal contamination is also thought to play a role in the 
generation of the CAMP magmas, and this is also likely to 
affect the zircon saturation conditions, since it will affect 
the M parameter, and the Zr concentration of the melt. 
The changes in saturation conditions may even result in 
xenocrystic zircon being preserved. Examples of CAMP 
rocks with xenocrystic zircon are the Orange Mountain 
basalt (one of the CAMP basalts erupted in NE USA; Black-
burn et al. 2013; also see NMB discussion below) along with 

a dyke from Morocco (sample AN733; Davies, unpublished 
data).

The amount of crustal contamination in the CAMP mag-
mas is thought to be ≤ 10% based on Os isotope modeling 
(see Merle et al. 2011, 2014; Callegaro et al. 2014, 2017; 
Marzoli et al. 2018). To assess the impact of this on the zir-
con saturation conditions, we modeled the effects of assimi-
lation of various crustal rocks, i.e., shale, lower continental 
crust (LCC), granite, and sandstone (SST; Fig. 7b) (the com-
positions of the assimilants are given in the supplementary 
data). The assimilation was simulated using the magma 
chamber simulator (Bohrson et al. 2014, 2020; Heinonen 
et al. 2019, 2020), which is a thermodynamic model that 
calculates the evolution of a composite magmatic system 
and its fractionally crystallizing minerals. It also contains 
a number of sub-systems that control the thermodynamics 
and chemistry of magma recharge, assimilation, stoping, and 
accumulation of cumulates. The magma chamber simula-
tor uses rhyolite-MELTS to compute phase equilibria, and 
all of the different sub-systems thermodynamically inter-
act, e.g., the intrusion of magma heats up the wall rock, 
possibly causing melting which mixes with the melt (see 
Bohrson et al. 2014, 2020 for a detailed explanation of the 
model). Here, the magma chamber simulator was used to 
constrain the effects of assimilating via stoping, different 
possible contaminants into CAMP primitive magmas, and 
determine the associated effects on zircon saturation. The 
bulk composition of the assimilated material was added 
to the CAMP magma as a liquid after a certain amount of 
fractionation (the stoping method, see Bohrson et al. 2020), 
using the magma recharge function of the magma chamber 
simulator. All assimilation models were run using AN133 
as the starting composition to represent a primary CAMP 
melt, with 0.5% initial  H2O. Also, most CAMP samples 
are not primary melts, and represent liquids after various 
degrees of fractional crystallization (10–50%) at low pres-
sure (Marzoli et al. 2018). Therefore, the modeled assimila-
tion proportions were 10 or 5% and assimilation occurred 
after 40% fractional crystallization. For reference, the effects 
of assimilating after 55 and 60% fractional crystallization 
are also shown for granite (Fig. 7b). To model the effects on 
zircon saturation, the Zr concentration of the melt needs to 
be known and this was calculated using partition coefficients 
(given in the supplementary information) between the melt 
and minerals crystallizing at any time step. It is clear from 
the modeling results that assimilation has a smaller impact 
on the zircon saturation conditions than increasing the initial 
 H2O (note in 7a the position of the zoom shown in 7b), the 
exception is assimilating shale, which, in our example, had 
5%  H2O. Only shale assimilation had a significant effect 
on the zircon saturation conditions, and resulted in zircon 
saturation being reached after 79% or 75% fractional crystal-
lization for the 5 and 10% assimilation models respectively. 
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The M value for shale assimilation is also the lowest for all 
of the models (2 and 1.9 for the 5% and 10% assimilation 
models, respectively, whereas all other assimilation models 
have M values ~ 2.2), which explains the drastic change in 
saturation conditions. Other primary CAMP compositions, 
for example, CS49 (Callegaro et al. 2013), only reach zircon 
saturation after 10% assimilation of shale, and even then, it 
requires 91% fractional crystallization with an M value of 
2.7 at saturation, indicating that the melt only just reaches 
zircon saturation. High Ti CAMP samples (M13, from Merle 
et al. 2011), which have high Zr, but are geochemically more 
depleted than the low Ti CAMP samples, reach zircon satu-
ration only after > 15% assimilation of shale. Zircon satura-
tion in these samples is reached after 82% fractional crys-
tallization, with an M value of 2.32 (see insert in Fig. 7b).

Overall, most assimilants do not affect the zircon satu-
ration conditions too much if the melt will saturate zircon 
on its own without assimilation. The saturation conditions 
with 0.5% initial  H2O and some degree of assimilation are 
consistent with the thin-section evidence of zircon in highly 
fractionated melt pockets (Fig. 6), high trace-element con-
tents in the CAMP zircon, and also the Ti temperatures, 
suggesting that the modeling may reflect real petrological 
processes (Fig. 5). Many primary CAMP melt compositions 
will not saturate zircon without significant contamination, 
and shale seems to be the contaminant that most easily cre-
ates the conditions for zircon saturation. The exact nature 
of the contaminant for each CAMP sample is likely to be 
different, since the samples cover the entire province (i.e., 
over ~ 8000 km distance from the NMB in Canada to the 
Tarabuco sill in Bolivia). However, it is clear that assim-
ilation (especially of shale) played a role in enabling the 
magmas to reach zircon saturation. Also, it is crucial (for 
geochronology) for magmas to reach zircon saturation early, 
so that zircon has longer time to form, and larger crystals 
are more likely; only the assimilation of shale causes zircon 
saturation to occur significantly earlier, therefore, these are 
the cases where dateable zircon is more likely to be pre-
sent. Assimilation after > 40% fractional crystallization also 
causes zircon saturation to occur earlier (see darker blue 
stars in Fig. 7b) promoting zircon growth.

What can the isotopic compositions of zircon tell us 
about the contamination processes present in CAMP 
melts?

To use the O isotopic data to help understand petrologic 
processes during CAMP magmatism, the zircon δ18O values 
need to be corrected for the effects of temperature-depend-
ent fractionation, and converted to basalt values assuming 
equilibrium isotope fractionation between basalt and zircon. 
This is a large assumption, since the magma that the zircon 
crystallized from was not basaltic, and was likely modified 

by upper crustal contamination (Figs. 5, 7). However, given 
these caveats, δ18O values in zircon that are different from 
the mantle value after the effects of equilibrium isotopic 
fractionation between basalt and zircon have been accounted 
for, may be used, in combination with the εHf values and 
other available data, to understand the magmatic processes 
that occurred during emplacement. Most of the CAMP sam-
ples contain a homogenous population of zircon δ18O values, 
with a few outliers, mostly at higher values.

To calculate the equilibrium isotope fractionation 
between basalt and zircon, the fractionation factor needs 
to be known. Experiments to determine the equilibrium 
zircon-WR (whole rock) oxygen isotope factors have been 
attempted (e.g., Trail et al. 2009), along with empirical 
observations of a general relationship between WR δ18O 
value and that of zircon (e.g., Lackey et al. 2008). However, 
there currently is no consensus on the correct fractionation 
factors to use. We applied the 1000 × ln(αZrc-Fo) = 0.4 × 106

/T2 from the first principals’ calculations of (Kieffer 1982) 
combined with 1000 × ln(αbasalt-Fo) = 1.4 × 106/T2 from Eiler 
(2001), to obtain 1000 × ln(αbasalt-Zrc) = 1.0 × 106/T2, with α 
being the fractionation factor and T being temperature in 
Kelvin. Using our equilibrium isotope fractionation factor, 
combined with the average Ti temperature determined for 
each suite of zircon crystals, we can determine a δ18O value 
for the basalt in equilibrium with the zircon. These basaltic 
values are shown in Fig. 8a along with a range of possible 
basalt oxygen isotopic compositions that could potentially 
be produced through fractional crystallization of a tholeiitic 
basalt at low pressure (after Bucholz et al. 2017). It is clear 
that some of the calculated basalt δ18O values are higher 
than would be expected through fractional crystallization of 
a primitive basalt alone; therefore, they are likely recording 
some other processes. Also, as expected, the higher δ18O 
values from some of the grains result in extremely high 
basaltic values of 7.5–8 ‰.

There are numerous models for the source of the CAMP 
basalts, and most of these involve mixtures of multiple man-
tle components and mixing with a small amount of either 
subducted material or lower continental crust in the case of 
the low Ti samples, or enriched metasomatic veins in the 
subcontinental lithospheric mantle in the case of the high 
Ti samples (Pegram 1990; Puffer 2001; Dorais and Tubrett 
2008; Merle et al. 2011, 2014; Callegaro et al. 2013, 2014; 
Whalen et al. 2015; Marzoli et al. 2018). The different man-
tle end members are unlikely to explain the δ18O values 
seen here (Fig. 8a); also, melts would need to contain up to 
100% lower continental crustal material to explain the δ18O 
enrichments, since the proportion of oxygen between mafic 
mantle-derived melts and lower continental crust is approxi-
mately equal. The most likely explanation for the high δ18O 
values recorded in the CAMP zircon is contamination from 
high δ18O upper crustal sediments during emplacement, 
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which is also in agreement with the zircon saturation mod-
eling (Fig. 7) and NMB εHf data (Fig. 9).

A simple mixing relationship between a mantle-derived 
basalt with an εHf value of + 3.5 (for the low Ti CAMP sam-
ples; Elkins et al. 2020), a Hf concentration of 2.88 µg/g 
(an average of Moroccan CAMP samples, Marzoli et al. 
2019), and a δ18O value of 5.8 ‰ (to reflect a small amount 
of enriched component in the source), with upper crustal 
sediments, for example shales, that have εHf of − 10 with 
6 µg/g Hf (e.g., Bayon et al. 2006), and a δ18O value of 
16 (Bindeman et al. 2016), can easily explain the varia-
tion seen in zircon data. This simple mixing model plotted 
with 2% mixing increments (steep mixing lines in Fig. 8b) 
shows that only 10–20% of a sedimentary shale component 
is required to explain the most positive δ18O value of ~ 8‰ 
found in the Amelal sill. However, it is extremely unlikely 
that a single crustal rock is the contaminant for all of the 
CAMP magmas. Therefore, the mixing calculations shown 
in Fig. 8 involve various hypothetical sediment compositions 
and have a range in Hf concentration and εHf values which 
covers the entire range of values seen in the zircon data. 
These hypothetical sediments cover compositional ranges 

of sediments derived from mafic to felsic rocks, although 
all have elevated δ18O values (see compilations in Vervoort 
et al. 2000; Pettke et al. 2002; Bindeman 2008; Rickli et al. 
2013; Bindeman et al. 2014, 2016; Greber et al. 2017). Also 
shown is a mixing curve with a hypothetical granitic sample 
with 7 µg/g Hf, εHf of -10, and δ18O of 8‰, with mixing 
increments of 2%, and up to a maximum of 50%. It is clear 
that contaminants with low δ18O values cannot explain the 
elevated δ18O values of zircon. It should be noted that the 
CAMP Hf and O end members chosen here do not explain 
all of the zircon data; for example, the NMB data require a 
CAMP source with lower εHf. The overall conclusion is that 
some amount of crustal contamination is required to explain 
the variable δ18O values in zircon.

This conclusion is corroborated by other independent 
proxies. For example, samples that show high δ18O values, 
notably the Kakoulima and Fouta Djalon intrusions and 
the Amelal sill, have whole rock and Nd, Sr, and Pb iso-
topic compositions that suggest significant crustal assimi-
lation (up to 30%) (Deckart et al. 2005). The Amelal sill 
intrudes lacustrine silts (Marzoli et al. 2019) and the NMB 
has direct zircon evidence of sediment contamination 

Fig. 8  Relating the oxygen isotope composition of zircon to calcu-
lated δ18O values for basalt assuming equilibrium fractionation and 
also relating the basalt values to the zircon εHf values. a Zircon δ18O 
oxygen isotope data converted to basaltic values assuming equilib-
rium isotopic fractionation between the zircon and basalt at the Ti 
temperature recorded by the zircon (see text for further explanation). 
The zircon δ18O are separated into the average value for the sample 
shown by filled circles and also the high values shown by open circles 
of the same color. The range for the δ18O of mantle-derived tholeiitic 
basalt that has undergone high degrees of fractional crystallization is 
shown by the gray bar (see Bucholz et al. 2017). b Calculated basalt 
δ18O values for each sample are compared to the zircon εHf values. 

Mantle end members are shown along with an example lamproitic 
composition from (Griffin et  al. 2000) and a mixing line between 
the DMM end-member and lamproite is shown with 2% increments 
(horizontal mixing line); lamproite values range in εHf between − 10 
and − 35 in Griffin et al. (2000); here, we use -20 as an intermediate 
value. A shaded area representing the lower crust is from (Kempton 
and Harmon 1992) and (Vervoort et al. 2000). Vertical mixing lines 
show trajectories for mixing with upper crustal silicic sediments with 
various compositions (e.g., Pettke et al. 2002; Bindeman 2008; Rickli 
et  al. 2013; Bindeman et  al. 2016; Greber et  al. 2017). Also shown 
is the mixing trajectory between CAMP basalt and an example of an 
upper crustal granite (Valley et al. 1994; Yang et al. 2006)
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(Fig. 9). The zircon δ18O data for the other samples do 
not require sediment assimilation to explain their iso-
topic composition, since they can be explained through 
high degrees of fractional crystallization of basaltic melt. 
However, it is clear that zircon saturation can be promoted 
by minor amounts of crustal contamination and this may 
not change the O-Hf isotopic compositions significantly. 
The high Ti CAMP samples do not require assimilation to 
explain their oxygen and hafnium isotope data. The more 
positive εHf values found for the high Ti sample can be 
explained using the same mechanisms as those described 
in Merle et al. (2014) and Callegaro et al. (2017), where 
a depleted mantle source is mixed with a small amount of 
highly enriched mantle melt, for example a lamproite (see 
horizontal mixing line on Fig. 8). However, as discussed 
above, contamination is likely required to explain the pres-
ence of zircon in these samples.

In conclusion, we suggest that late-stage addition of 
sediments into the melts can create the conditions for zir-
con saturation to occur and, in some cases, also explains 
their isotopic compositions. Upper crustal contamination 
is also consistent with bulk rock radiogenic isotope data. 
Therefore, zircon isotopic and elemental compositions 
from LIP magmas can help to understand the conditions 
in which these crystals grew, but such data are not well 
suited for determining the source of the melts, or their 
tectonic setting.

Why does zircon in the North Mountain basalt have 
such variable ages, trace element, and isotopic 
compositions?

Zircons from the NMB display more variable ages, Hf and 
O isotopic compositions, and higher Ti temperatures than 
zircon from all the other CAMP samples (Figs. 4, 9). The 
NMB has been dated by high-precision U–Pb techniques 
in multiple studies (Schoene et al. 2010a; Blackburn et al. 
2013; Davies et al. 2017, and the current work), and the rec-
ommended eruption age of 201.498 ± 0.028 Ma is an average 
of these studies. New data obtained here (Fig. 9) includ-
ing some analyses from Davies et al. (2017) suggest zircon 
crystallization over ~ 2.5 Ma, which seems highly unlikely 
given the zircon undersaturated nature of the CAMP basalts. 
The simplest explanation for the old ages is the presence of 
xenocrystic cores. Truly inherited grains are unlikely since 
the ages of the zircon from sediments the NMB intrudes and 
erupts onto are Carboniferous and older (> 360 Ma, Marzoli 
et al. 2017). However, it is possible for xenocrystic zircon to 
survive if they were incorporated just before emplacement 
and the magma was not able to fully resorb them before 
cooling below the solidus (e.g., Tang et al. 2014).

To identify potential xenocrystic cores in the NMB zir-
con, cathodoluminescence (CL) imaging was conducted 
(Fig.  6; Supplementary data); however, no discernable 
xenocrystic cores within the grains were detected despite 

Fig. 9  Distribution of 206Pb/238U dates and εHf values for single zir-
con grains from the North Mountain basalt (NMB). a Individual zir-
con dates with their 2σ uncertainties. Analyses are colored by their 
radiogenic to common Pb ratio (Pb*/Pbc), and the size of the uncer-
tainties broadly correlates with this ratio, with lower values having 
higher uncertainties due to less radiogenic Pb. b Comparison of zir-

con 206Pb/238U dates with εHf values of the same grains; graph also 
shows mixing relationships with upper crustal sediments (dashed 
line) that explain the trends to old ages, and also the potential influ-
ence of dissolution precipitation processes which may explain the 
positive εHf values
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imaging of > 100 grains. Many of the zircons contain melt 
channels, whereas most have relatively monotonous CL 
response without significant oscillatory or sector zoning, a 
typical feature of zircon from mafic magmas (e.g., Rioux 
et al. 2012; Grimes et al. 2013). Hafnium isotopic composi-
tions can also help to identify xenocrystic zircons. For the 
NMB, most of the zircon with ages overlapping with the 
time of the eruption have εHf values of ca. − 0.5 (Fig. 9), 
similar to other low Ti CAMP magmas (Figs. 3, 4). The 
older grains have slightly more negative εHf values (around 
− 1.5 εHf), although this shift is minor and within error of 
the younger grains. These more negative values at older ages 
could be explained by the incorporation of tiny (referred to 
as nano) xenocrystic cores into the grains. The oldest zircon 
(204.2 ± 0.1 Ma) can be explained by 3% mixing between a 
xenocrystic core of 360 Ma with εHf − 16 (based on zircon 
data from similar sediments in the area (Marzoli et al. 2017; 
Waldron et al. 2019) and NMB magmatic zircon using the 
age of the eruption and an εHf − 0.5. The mixing trend is 
very steep with very small changes in the εHf value. Using 
this mixing proportion, further constraints can be placed 
on the hypothetical xenocrystic cores based on the 9 pg of 
radiogenic Pb present within the grain. Only 0.3 pg of (old) 
Pb is required from the xenocrystic core, suggesting that it 
was likely extremely small (potentially ≤  ~ 1 μm diameter), 
assuming that the Hf concentrations are approximately equal 
between the nano-xenocryst and magmatic zircon. The other 
grains with ages older than the eruption with similar εHf 
values require even smaller xenocrystic cores to explain their 
age and εHf values. There are much older zircon grains in 
the sediments under the NMB; however, mixing with these 
older grains cannot explain both the shift toward more nega-
tive εHf and the age shift seen in the NMB zircon. Given 
the fact that the Ti concentrations in the NMB zircon indi-
cate an unusually high zircon crystallization temperature 
of ~ 900 °C, we suggest a scenario where the sandstones 
and shales underlying the NMB were entrained into the 
basaltic melt, quickly dissolved (e.g., Hansen and Nielsen 
1999; Heimdal et al. 2019), and locally increased its zircon 
saturation temperature (see Fig. 7b, where assimilation of 
sandstone increases the zircon saturation temperature). After 
dissolution of almost all of the xenocrystic zircon, the last 
nano-scale zircon cores became the nucleus for magmatic 
zircon growth. These tiny cores are also unlikely to be pre-
sent in the CL images due to their small size, resulting in a 
low chance of exposure during polishing of a grain mount.

There are also two grains with ages close to the erup-
tion age that have εHf values of ~  + 4 and + 9 that cannot 
be explained by the presence of nano-xenocrystic cores 
(Fig. 9). It is impossible to add enough juvenile Hf from a 
xenocrystic core to change the εHf value of a CAMP zircon 
from -0.5 to an εHf value of + 4 or + 9 without significantly 
affecting the age. Hafnium isotope variability not associated 

with xenocrystic zircon is commonly observed in felsic I- 
and S-type magmas (e.g., Kemp et al. 2007; Villaros et al. 
2012; Tang et al. 2014), and multiple potential explanations 
for this phenomenon have been proposed, including magma 
mixing (Appleby et al. 2010), antecrystic zircon (Annen 
et al. 2015), or disequilibrium melting (Tang et al. 2014). 
However, in mafic systems such as the NMB, the zircon 
saturation conditions should not allow the preservation of 
antecrystic or xenocrystic zircon, since they should read-
ily dissolve in the magma (Fig. 7). Isotopic heterogeneities 
resulting from mixing of magmas would likely be small in 
low viscosity mafic melts. Therefore, a different justifica-
tion is needed to explain these data. An alternative model 
has been suggested by Farina et al. (2014) and Tang et al. 
(2014) where xenocrystic zircons dissolve in a melt to pro-
duce local regions with Hf isotopic compositions that are a 
mixture between the original melt and the isotopic compo-
sition of the dissolved zircon (the composition is skewed 
toward that of the Hf rich dissolved zircon). The diffusion of 
Zr in a melt is relatively slow (Zhang 2010), and therefore, 
newly formed zircon in these local regions use the Zr from 
the dissolved grain (without retaining any of the radiogenic 
Pb) and also obtain a Hf isotopic composition close to that 
of the xenocryst rather than that of the primary melt. In the 
case of the NMB, a large portion of the zircons in the sedi-
ment through which the basalt intrudes had juvenile Hf (see 
Waldron et al. 2019) associated with island arc magmatism 
from terrains accreted onto Laurentia during the Appala-
chian orogen. The dissolution processes described by (Farina 
et al. 2014) could succinctly explain the variation toward 
positive εHf values without affecting the zircon age. This 
process was likely minor in the NMB magma since only two 
grains apparently record anomalous εHf values.

Magmatic processes such as the presence of isolated, 
chemically distinct magma batches, and the potential pres-
ervation of xenocrystic cores, are often found for zircon from 
felsic magmatic systems (Wotzlaw et al. 2014; Samperton 
et al. 2015; Schaltegger and Davies 2017). The data from the 
NMB suggest that these are also occurring in mafic magmas. 
However, the scale of these heterogeneous domains is likely 
much smaller (as indicated by the melt pockets in Fig. 6), 
especially since zircon is crystallizing so late (see Fig. 7).

Interpretation of LIP zircon U–Pb data

All of the data presented here indicate that the CAMP mag-
mas were generally highly zircon undersaturated, and those 
that could crystallize zircon without help from assimilation 
required > 80% fractional crystallization before they reached 
zircon saturation, usually at a temperature of ~ 800 °C. Other 
CAMP samples required significant upper crustal assimi-
lation to reach zircon saturation, and even then, this only 
occurred after similar amounts of fractional crystallization. 
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This suggests that antecrystic zircon is highly unlikely to 
be present in CAMP (and LIP) samples, and U–Pb ages 
from LIP zircon should therefore reflect the final stages of 
crystallization, and be very close to the age of emplacement 
(or eruption). Following this logic, when a U–Pb dataset 
from LIP zircon produces an age distribution (not all of the 
ages overlap—see Fig. 2), the oldest ages in the distribution 
should be the closest to eruption or emplacement (given the 
above zircon saturation constraints). The younger portion 
of the distribution may be more likely to be influenced by 
Pb loss, especially given the extremely high U contents that 
can be present in some LIP zircon (Fig. 5b). This interpre-
tation can be tested using the CAMP U–Pb ages produced 
here and a simple thermal model of a CAMP sill (the ther-
mal model parameters used to solve the one-dimensional 
heat conduction equation are in the supplementary infor-
mation). Samples RP136 and RP134 both have zircon age 
ranges of ~ 160 ka (not including the much younger zircon 
from RP134). If a cooling CAMP sill stays within the zircon 
crystallization window for ~ 160 ka (we define the crystal-
lization window as between 900 and 700 °C), then the zir-
con age range reflects crystallization; if the sill cools much 
quicker than this, it is likely that the younger ages reflect 
small amounts of Pb loss. Figure 10 shows two cooling paths 
for 150 m-thick CAMP sills in the Amazonian basin, one 
which intrudes at 3 km depth and the other at 0.5 km depth. 
The thickness and depths were obtained from the maxi-
mum and minimum emplacement depths and the maximum 
thickness for CAMP sills found within drill core from the 
Amazon basin (Heimdal et al. 2018). Even at 3 km depth, a 
150 m-thick sill should cool below the zircon crystallization 
window within ~ 500 years, which is ~ 300 times shorter than 
the measured zircon age range. As discussed briefly above, 

there are various possible reasons for the zircon crystalliza-
tion temperatures to be inaccurate (unknown activities of Si 
and Ti, and also possible kinetic effects); however, changing 
the zircon crystallization window by tens of °C would not 
be enough to explain the measured zircon age ranges. It is 
possible that the thermal model significantly underestimates 
the geothermal gradient (25 °C/km) in the basin, due to the 
multiple sill intrusions occurring over ~ 300 ka; however, 
it seems unlikely that the temperature would be elevated 
enough to maintain the magma above its solidus for ~ 300 
times longer than the model currently predicts. Based on 
our thermal modeling, and zircon crystallization constraints 
discussed in detail above, we prefer to interpret the older 
part of the age distribution as the emplacement and crystal-
lization age of the sills. This method of interpreting zircon 
age distributions is opposite to those used in felsic rocks 
(intrusive or extrusive) (e.g., Keller et al. 2018), where the 
younger portion of the distribution is considered to be clos-
est to the eruption or emplacement age.

Unfortunately, the argument above does not seem to be 
valid for the case of the NMB data, and neither explains the 
presence of xenocrysts in the Orange Mountain basalt and 
AN733. The NMB and Orange mountain basalt are both 
basalt flows, whereas all of the other samples are intrusives, 
which could indicate a much shorter time between assimi-
lation and freezing of the magma for the aerially exposed 
basalts, hence the preservation of xenocrysts. We, therefore, 
argue that when complex age distributions are found in mafic 
rocks, combinations of elemental, isotopic and U–Pb data, 
along with modeling, may be required to correctly interpret 
the data.

Conclusions

Zircon crystallizes in late-stage enriched melt pockets in LIP 
magmas. It is likely that crustal contamination of the melts 
is required for zircon to crystallize in many samples of the 
CAMP and also for LIP magmas in general. Contamination 
by upper crustal sediments such as shales most easily creates 
the conditions for crystalizing zircon by increasing the  H2O 
content and causing zircon saturation to be reached earlier. 
Zircon ages obtained for LIP rocks, therefore, date evolved 
portions (pockets) of the magma at high crystallinity. For 
high-precision U–Pb dating of LIP magmas, this suggests 
that the older ages of an age distribution should be close to 
the time of emplacement or eruption, with the younger part 
of the distribution more likely influenced by Pb loss, espe-
cially with the high U concentrations that can be found in 
LIP zircon crystals. The rare, anomalously old ages found in 
the NMB are most likely caused by extremely tiny xenocrys-
tic zircon cores from the assimilated sediments. Mass bal-
ance considerations suggest that such inherited cores are of 

Fig. 10  Results from one-dimensional thermal models showing the 
cooling of a 150 m-thick sill intruded at 0.5 and 3 km. Note that, in 
both cases, the maximum temperature drops below the zircon satura-
tion window in less than ca. 500 years
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the order of a single µm, hence, extremely difficult to image: 
Hafnium isotope data can help to confirm their presence if 
the εHf value of the xenocryst is drastically different from 
the signature of the LIP magma. Complex zircon age and 
εHf distributions appear to be rare within the CAMP data-
set (including Schoene et al. 2010a; Blackburn et al. 2013; 
Davies et al. 2017; Heimdal et al. 2018), and therefore, the 
processes occurring in the NMB may be an exception rather 
than the rule. The NMB zircons are also distinctive in other 
ways; for example, their high Ti temperatures and extremely 
high U and trace-element enrichments, which may allow 
these types of samples to be identified in future studies. 
Finally, the heterogeneities that we have documented here 
indicate that in mafic systems, small, isolated, more evolved 
melt patches may exist, similar to those found in well-known 
examples from felsic systems.

Acknowledgements Most of the analytical work was done, while the 
first author was a postdoc at the University of Geneva, and the iso-
tope group is thanked for their help and discussions which clarified 
and enhanced the ideas presented here. JHFLD acknowledges support 
from the NSERC discovery grant and CFI JELF programs, US and 
NDG acknowledge support from the Swiss Science Foundation (pro-
ject number 162341 and 181172), AM acknowledges support from 
PRIN 20178LPCP, and NY acknowledges support from Mega-Grant 
14.Y26.31.0012 of the government of the Russian Federation. Jesse 
Reimink and Morgann Perrot are also thanked for reading and com-
menting on early versions of this manuscript. Blair Schoene is thanked 
for a thought-provoking review, and Tim Grove is thanked for his edito-
rial handling.

Funding This study was supported in part by a Swiss National Science 
Foundation grant (project number 162341) to US and JHFLD, and also 
by an NSERC discovery grant RGPIN-2019-07078 to JHFLD.

Availability of data and materials All data associated with this study 
are provided in the supplementary material.

Compliance with ethical standards 

Conflicts of interest We declare no conflicts of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

Ackerson MR, Mysen BO, Tailby ND, Watson EB (2018) Low-temper-
ature crystallization of granites and the implications for crustal 
magmatism. Nature 559:94–97. https ://doi.org/10.1038/s4158 
6-018-0264-2

Albarède F, Bottinga Y (1972) Kinetic disequilibrium in trace element 
partitioning between phenocrysts and host lava. Geochimica Cos-
mochimica Acta 36:141–156

Alroy J (2010) The shifting balance of diversity among major marine 
animal groups. Science 329:1191. https ://doi.org/10.1126/scien 
ce.11899 10

Annen C, Blundy JD, Leuthold J, Sparks RSJ (2015) Construction 
and evolution of igneous bodies: towards an integrated perspec-
tive of crustal magmatism. Lithos 230:206–221. https ://doi.
org/10.1016/j.litho s.2015.05.008

Appleby SK, Gillespie MR, Graham CM et al (2010) Do S-type gran-
ites commonly sample infracrustal sources? New results from 
an integrated O, U-Pb and Hf isotope study of zircon. Contrib 
Mineral Petrol 160:115–132. https ://doi.org/10.1007/s0041 
0-009-0469-3

Augland LE, David J (2015) Protocrustal evolution of the Nuvvuagit-
tuq Supracrustal Belt as determined by high precision zircon 
Lu–Hf and U–Pb isotope data. EPSL 428:162–171. https ://doi.
org/10.1016/j.epsl.2015.07.039

Bartolini A, Guex J, Spangenberg JE et al (2012) Disentangling the 
Hettangian carbon isotope record: implications for the aftermath 
of the end-Triassic mass extinction. Geochem Geophys Geosyst. 
https ://doi.org/10.1029/2011G C0038 07

Bauer AM, Horstwood MSA (2018) Small-volume Lu-Hf and U-Pb 
isotope determination of complex zircons by solution and laser 
ablation MC-ICP-MS. Chem Geol 476:85–99. https ://doi.
org/10.1016/j.chemg eo.2017.11.007

Bayon G, Vigier N, Burton KW et al (2006) The control of weathering 
processes on riverine and seawater hafnium isotope ratios. Geol-
ogy 34:433. https ://doi.org/10.1130/G2213 0.1

Bell EA, Boehnke P, Harrison TM (2016) Recovering the primary 
geochemistry of Jack Hills zircons through quantitative estimates 
of chemical alteration. Geochim Cosmochim Acta 191:187–202. 
https ://doi.org/10.1016/j.gca.2016.07.016

Bell EA, Boehnke P, Barboni M, Harrison TM (2019) Tracking chemi-
cal alteration in magmatic zircon using rare earth element abun-
dances. Chem Geol 510:56–71. https ://doi.org/10.1016/j.chemg 
eo.2019.02.027

Benton MJ (1995) Diversification and extinction in the history of life. 
Science 268:52

Bertrand H, Dostal J, Dupuy C (1982) Geochemistry of early Meso-
zoic tholeiites from Morocco. EPSL 58:225–239. https ://doi.
org/10.1016/0012-821X(82)90196 -0

Bertrand H, Fornari M, Marzoli A et al (2014) The central atlantic 
magmatic province extends into Bolivia. Lithos 188:33–43. https 
://doi.org/10.1016/j.litho s.2013.10.019

Bindeman I (2008) Oxygen isotopes in mantle and crustal magmas 
as revealed by single crystal analysis. Rev Mineral Geochem 
69:445–478. https ://doi.org/10.2138/rmg.2008.69.12

Bindeman IN, Serebryakov NS, Schmitt AK et al (2014) Field and 
microanalytical isotopic investigation of ultradepleted in 18O 
Paleoproterozoic “Slushball Earth” rocks from Karelia, Russia. 
Geosphere 10:308–339. https ://doi.org/10.1130/GES00 952.1

Bindeman IN, Bekker A, Zakharov DO (2016) Oxygen isotope per-
spective on crustal evolution on early Earth: a record of Precam-
brian shales with emphasis on Paleoproterozoic glaciations and 
Great Oxygenation Event. Earth Planet Sci Lett 437:101–113. 
https ://doi.org/10.1016/j.epsl.2015.12.029

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41586-018-0264-2
https://doi.org/10.1038/s41586-018-0264-2
https://doi.org/10.1126/science.1189910
https://doi.org/10.1126/science.1189910
https://doi.org/10.1016/j.lithos.2015.05.008
https://doi.org/10.1016/j.lithos.2015.05.008
https://doi.org/10.1007/s00410-009-0469-3
https://doi.org/10.1007/s00410-009-0469-3
https://doi.org/10.1016/j.epsl.2015.07.039
https://doi.org/10.1016/j.epsl.2015.07.039
https://doi.org/10.1029/2011GC003807
https://doi.org/10.1016/j.chemgeo.2017.11.007
https://doi.org/10.1016/j.chemgeo.2017.11.007
https://doi.org/10.1130/G22130.1
https://doi.org/10.1016/j.gca.2016.07.016
https://doi.org/10.1016/j.chemgeo.2019.02.027
https://doi.org/10.1016/j.chemgeo.2019.02.027
https://doi.org/10.1016/0012-821X(82)90196-0
https://doi.org/10.1016/0012-821X(82)90196-0
https://doi.org/10.1016/j.lithos.2013.10.019
https://doi.org/10.1016/j.lithos.2013.10.019
https://doi.org/10.2138/rmg.2008.69.12
https://doi.org/10.1130/GES00952.1
https://doi.org/10.1016/j.epsl.2015.12.029


 Contributions to Mineralogy and Petrology           (2021) 176:9 

1 3

    9  Page 20 of 24

Black LP, Kamo SL, Allen CM et al (2004) Improved 206Pb/238U 
microprobe geochronology by the monitoring of a trace-element-
related matrix effect; SHRIMP, ID–TIMS, ELA–ICP–MS and 
oxygen isotope documentation for a series of zircon standards. 
Chem Geol 205:115–140. https ://doi.org/10.1016/j.chemg 
eo.2004.01.003

Blackburn TJ, Olsen PE, Bowring SA et al (2013) Zircon U–Pb geo-
chronology links the end-triassic extinction with the Central 
Atlantic Magmatic Province. Science 340:941–945. https ://doi.
org/10.1126/scien ce.12342 04

Block KA, Steiner JC, Puffer JH et al (2015) Evolution of late stage 
differentiates in the Palisades Sill, New York and New Jersey. 
Lithos 230:121–132. https ://doi.org/10.1016/j.litho s.2015.05.018

Boehnke P, Watson EB, Trail D et al (2013) Zircon saturation re-revis-
ited. Chem Geol 351:324–334. https ://doi.org/10.1016/j.chemg 
eo.2013.05.028

Bohrson WA, Spera FJ, Ghiorso MS, Brown GA, Creamer JB, Mayfield 
A (2014) Thermodynamic model for energy-constrained open-
system evolution of crustal magma bodies undergoing simultane-
ous recharge, assimilation and crystallization: the magma cham-
ber simulator. J Petrol 55:1685–1717. https ://doi.org/10.1093/
petro logy/egu03 6

Bohrson WA, Spera FJ, Heinonen JS, Brown GA, Scruggs MA, Adams 
JV, Takach MK, Zeff G, Suikkanen E (2020) Diagnosing open-
system magmatic processes using the Magma Chamber Simula-
tor (MCS): part I-major elements and phase equilibria. Contrib 
Miner Petrol 175:104. https ://doi.org/10.1007/s0041 0-020-01722 
-z

Bouvier A, Vervoort JD, Patchett PJ (2008) The Lu–Hf and Sm–Nd 
isotopic composition of CHUR: Constraints from unequili-
brated chondrites and implications for the bulk composition of 
terrestrial planets. Earth Planet Sci Lett 273:48–57. https ://doi.
org/10.1016/j.epsl.2008.06.010

Bucholz CE, Jagoutz O, VanTongeren JA et al (2017) Oxygen isotope 
trajectories of crystallizing melts: insights from modeling and the 
plutonic record. Geochim Cosmochim Acta 207:154–184. https 
://doi.org/10.1016/j.gca.2017.03.027

Burgess SD, Bowring SA (2015) High-precision geochronology con-
firms voluminous magmatism before, during, and after Earth’s 
most severe extinction. Sci Adv 1:e1500470–e1500470. https ://
doi.org/10.1126/sciad v.15004 70

Burgess SD, Bowring SA, Fleming TH, Elliot DH (2015) High-preci-
sion geochronology links the Ferrar large igneous province with 
early-Jurassic ocean anoxia and biotic crisis. EPSL 415:90–99. 
https ://doi.org/10.1016/j.epsl.2015.01.037

Burgess SD, Muirhead JD, Bowring SA (2017) Initial pulse of Siberian 
Traps sills as the trigger of the end-Permian mass extinction. 
Nature Com. https ://doi.org/10.1038/s4146 7-017-00083 -9

Callegaro S, Marzoli A, Bertrand H et al (2013) Upper and lower crust 
recycling in the source of CAMP basaltic dykes from southeast-
ern North America. Earth Planet Sci Lett 376:186–199. https ://
doi.org/10.1016/j.epsl.2013.06.023

Callegaro S, Rapaille C, Marzoli A et al (2014) Enriched mantle source 
for the Central Atlantic magmatic province: new supporting evi-
dence from southwestern Europe. Lithos 188:15–32. https ://doi.
org/10.1016/j.litho s.2013.10.021

Callegaro S, Marzoli A, Bertrand H et al (2017) Geochemical con-
straints provided by the freetown layered complex (Sierra Leone) 
on the Origin of High-Ti Tholeiitic CAMP Magmas. J Petrol 
58:1811–1840. https ://doi.org/10.1093/petro logy/egx07 3

Capriolo M, Marzoli A, Aradi LE et al (2020) Deep CO2 in the end-
triassic Central Atlantic Magmatic Province. Nat Commun 
11:1670. https ://doi.org/10.1038/s4146 7-020-15325 -6

Carley TL, Miller CF, Wooden JL et al (2014) Iceland is not a mag-
matic analog for the Hadean: evidence from the zircon record. 

Earth Planet Sci Lett 405:85–97. https ://doi.org/10.1016/j.
epsl.2014.08.015

Carlson RW (1984) Isotopic constraints on Columbia River flood basalt 
genesis and the nature of the subcontinental mantle. Geochim 
Cosmochim Acta 48:2357–2372. https ://doi.org/10.1016/0016-
7037(84)90231 -X

Chalokwu CI (2001) Petrology of the freetown layered complex, Sierra 
Leone: part II. Magma evolution and crystallisation conditions. 
J Afr Earth Sci 32:519–540. https ://doi.org/10.1016/S0899 
-5362(01)90112 -5

Chalokwu CI, Ripley EM, Park Y-R (1999) Oxygen isotopic system-
atics of an open-system magma chamber: an example from the 
Freetown Layered Complex of Sierra Leone. Geochim Cosmo-
chim Acta 63:675–685

Chamberlain KJ, Morgan DJ, Wilson CJN (2014) Timescales of mixing 
and mobilisation in the Bishop Tuff magma body: perspectives 
from diffusion chronometry. Contrib Miner Petrol 168:1034–
1124. https ://doi.org/10.1007/s0041 0-014-1034-2

Chen X, Wang W, Zhang Z, Xike Nie N, Dauphas N (2020) Evidence 
from Ab initio and transport modeling for diffusion-driven zirco-
nium isotopic fractionation in igneous rocks. Earth Space Chem 
4:1572–1595. https ://doi.org/10.1021/acsea rthsp acech em.0c001 
46

Condon DJ, Schoene B, McLean NM et al (2015) Metrology and trace-
ability of U-Pb isotope dilution geochronology (EARTHTIME 
Tracer Calibration Part I). Geochim Cosmochim Acta 164:464–
480. https ://doi.org/10.1016/j.gca.2015.05.026

Corso JD, Marzoli A, Tateo F et al (2014) The dawn of CAMP volcan-
ism and its bearing on the end-Triassic carbon cycle disruption. 
J Geol Soc 171:153–164. https ://doi.org/10.1144/jgs20 13-063

D’Abzac F-X, Davies JH, Wotzlaw J-F, Schaltegger U (2016) Hf iso-
tope analysis of small zircon and baddeleyite grains by conven-
tional Multi Collector-Inductively Coupled Plasma-Mass Spec-
trometry. Chem Geol 433:12–23. https ://doi.org/10.1016/j.chemg 
eo.2016.03.025

Davies JH, Stern RA, Heaman LM et al (2015) Resolving oxygen 
isotopic disturbance in zircon: a case study from the low δ18O 
Scourie dikes. NW Scotl Am Mineral. https ://doi.org/10.2138/
am-2015-5221

Davies JHFL, Marzoli A, Bertrand H et al (2017) End-Triassic mass 
extinction started by intrusive CAMP activity. Nat Commun 
8:15596. https ://doi.org/10.1038/ncomm s1559 6

Davies JHFL, Stern RA, Heaman LM et al (2018) Evaluating badde-
leyite oxygen isotope analysis by secondary ion mass spectrom-
etry (SIMS). Chem Geol 479:113–122. https ://doi.org/10.1016/j.
chemg eo.2018.01.002

De Min A, Piccirillo EM, Marzoli A et al (2003) The Central Atlantic 
Magmatic Province (CAMP) in Brazil: petrology, geochemistry, 
40Ar/39Ar ages, paleomagnetism and geodynamic implications. 
In: Hames W, McHone JG, Renne P, Ruppel C (eds) Geophysical 
Monograph Series. American Geophysical Union, Washington, 
DC, pp 91–128

Deckart K, Bertrand H, Liégeois J-P (2005) Geochemistry and Sr, Nd, 
Pb isotopic composition of the Central Atlantic Magmatic Prov-
ince (CAMP) in Guyana and Guinea. Lithos 82:289–314. https 
://doi.org/10.1016/j.litho s.2004.09.023

Deenen MHL, Ruhl M, Bonis NR et al (2010) A new chronology for 
the end-Triassic mass extinction. Earth Planet Sci Lett 291:113–
125. https ://doi.org/10.1016/j.epsl.2010.01.003

Dorais MJ, Tubrett M (2008) Identification of a subduction zone com-
ponent in the Higganum dike, Central Atlantic Magmatic Prov-
ince: A LA-ICPMS study of clinopyroxene with implications 
for flood basalt petrogenesis: A LA-ICPMS study of Higganum 
dike clinopyroxenes. Geochem Geophys Geosyst. https ://doi.
org/10.1029/2008G C0020 79

https://doi.org/10.1016/j.chemgeo.2004.01.003
https://doi.org/10.1016/j.chemgeo.2004.01.003
https://doi.org/10.1126/science.1234204
https://doi.org/10.1126/science.1234204
https://doi.org/10.1016/j.lithos.2015.05.018
https://doi.org/10.1016/j.chemgeo.2013.05.028
https://doi.org/10.1016/j.chemgeo.2013.05.028
https://doi.org/10.1093/petrology/egu036
https://doi.org/10.1093/petrology/egu036
https://doi.org/10.1007/s00410-020-01722-z
https://doi.org/10.1007/s00410-020-01722-z
https://doi.org/10.1016/j.epsl.2008.06.010
https://doi.org/10.1016/j.epsl.2008.06.010
https://doi.org/10.1016/j.gca.2017.03.027
https://doi.org/10.1016/j.gca.2017.03.027
https://doi.org/10.1126/sciadv.1500470
https://doi.org/10.1126/sciadv.1500470
https://doi.org/10.1016/j.epsl.2015.01.037
https://doi.org/10.1038/s41467-017-00083-9
https://doi.org/10.1016/j.epsl.2013.06.023
https://doi.org/10.1016/j.epsl.2013.06.023
https://doi.org/10.1016/j.lithos.2013.10.021
https://doi.org/10.1016/j.lithos.2013.10.021
https://doi.org/10.1093/petrology/egx073
https://doi.org/10.1038/s41467-020-15325-6
https://doi.org/10.1016/j.epsl.2014.08.015
https://doi.org/10.1016/j.epsl.2014.08.015
https://doi.org/10.1016/0016-7037(84)90231-X
https://doi.org/10.1016/0016-7037(84)90231-X
https://doi.org/10.1016/S0899-5362(01)90112-5
https://doi.org/10.1016/S0899-5362(01)90112-5
https://doi.org/10.1007/s00410-014-1034-2
https://doi.org/10.1021/acsearthspacechem.0c00146
https://doi.org/10.1021/acsearthspacechem.0c00146
https://doi.org/10.1016/j.gca.2015.05.026
https://doi.org/10.1144/jgs2013-063
https://doi.org/10.1016/j.chemgeo.2016.03.025
https://doi.org/10.1016/j.chemgeo.2016.03.025
https://doi.org/10.2138/am-2015-5221
https://doi.org/10.2138/am-2015-5221
https://doi.org/10.1038/ncomms15596
https://doi.org/10.1016/j.chemgeo.2018.01.002
https://doi.org/10.1016/j.chemgeo.2018.01.002
https://doi.org/10.1016/j.lithos.2004.09.023
https://doi.org/10.1016/j.lithos.2004.09.023
https://doi.org/10.1016/j.epsl.2010.01.003
https://doi.org/10.1029/2008GC002079
https://doi.org/10.1029/2008GC002079


Contributions to Mineralogy and Petrology           (2021) 176:9  

1 3

Page 21 of 24     9 

Dupuy C, Marsh J, Dostal J et al (1988) Asthenospheric and lith-
ospheric sources for Mesozoic dolerites from Liberia (Africa): 
trace element and isotopic evidence. Earth Planet Sci Lett 
87:100–110. https ://doi.org/10.1016/0012-821X(88)90067 -2

Ebadi A, Johannes W (1991) Beginning of melting and composition 
of first melts in the system Q z - A b - O r - H 2 0 - CO2. Contrib 
Miner Petrol 106:286–295

Eiler JM (2001) Oxygen isotope variations of basaltic lavas and upper 
mantle rocks. Rev Mineral Geochem 43:319–364

Elkins LJ, Meyzen CM, Callegaro S et al (2020) Assessing origins 
of end-Triassic tholeiites from Eastern North America using 
hafnium isotopes. Geochem Geophys Geosyst. https ://doi.
org/10.1029/2020G C0089 99

Ewart A (2004) Petrology and Geochemistry of Early Cretaceous 
Bimodal Continental Flood Volcanism of the NW Etendeka, 
Namibia. Part 1: introduction, Mafic Lavas and Re-evaluation 
of Mantle Source Components. J Petrol 45:59–105. https ://doi.
org/10.1093/petro logy/egg08 3

Farina F, Dini A, Rocchi S, Stevens G (2014) Extreme mineral-scale 
Sr isotope heterogeneity in granites by disequilibrium melting 
of the crust. Earth Planet Sci Lett 399:103–115. https ://doi.
org/10.1016/j.epsl.2014.05.018

Farina F, Dini A, Davies JHFL et al (2018) Zircon petrochronol-
ogy reveals the timescale and mechanism of anatectic magma 
formation. Earth Planet Sci Lett 495:213–223. https ://doi.
org/10.1016/j.epsl.2018.05.021

Ferry JM, Watson EB (2007) New thermodynamic models and 
revised calibrations for the Ti-in-zircon and Zr-in-rutile ther-
mometers. Contrib Miner Petrol 154:429–437

Fu B, Page FZ, Cavosie AJ et al (2008) Ti-in-zircon thermometry: 
applications and limitations. Contrib Miner Petrol 156:197–
215. https ://doi.org/10.1007/s0041 0-008-0281-5

Ganino C, Arndt NT (2009) Climate changes caused by degassing of 
sediments during the emplacement of large igneous provinces. 
Geology 37:323–326. https ://doi.org/10.1130/G2532 5A.1

Geisler T, Schaltegger U, Tomaschek F (2007) Re-equilibration of 
zircon in aqueous fluids and melts. Elements 3:43–50. https ://
doi.org/10.2113/gsele ments .3.1.43

Ghiorso MS, Gualda GAR (2015) An H2O–CO2 mixed fluid satura-
tion model compatible with rhyolite-MELTS. Contrib Mineral 
Petrol 169:53. https ://doi.org/10.1007/s0041 0-015-1141-8

Greber ND, Dauphas N, Bekker A et al (2017) Titanium isotopic 
evidence for felsic crust and plate tectonics 3.5 billion years 
ago. Science 357:1271–1274. https ://doi.org/10.1126/scien 
ce.aan80 86

Greber ND, Davies JH, Gaynor S, Jourdan F, Bertrand H, Schalteg-
ger U (2020) New high precision U-Pb ages and Hf isotope 
data from the Karoo large igneous province; implications for 
pulsed magmatism and early Toarcian environmental per-
turbations. Results Geochem. https ://doi.org/10.1016/j.ringe 
o.2020.10000 5

Griffin WL, Pearson NJ, Belousova E et al (2000) The Hf isotope 
composition of cratonic mantle: LAM-MC-ICPMS analysis of 
zircon megacrysts in kimberlites. Geochim Cosmochim Acta 
64:133–147. https ://doi.org/10.1016/S0016 -7037(99)00343 -9

Grimes CB, John BE, Kelemen PB et al (2007) Trace element chem-
istry of zircons from oceanic crust: a method for distinguish-
ing detrital zircon provenance. Geology 35:643. https ://doi.
org/10.1130/G2360 3A.1

Grimes CB, Ushikubo T, Kozdon R, Valley JW (2013) Perspectives 
on the origin of plagiogranite in ophiolites from oxygen iso-
topes in zircon. Lithos 179:48–66. https ://doi.org/10.1016/j.litho 
s.2013.07.026

Gualda GAR, Ghiorso MS, Lemons RV, Carley TL (2012) Rhyo-
lite-MELTS: a modified calibration of MELTS Optimized for 

Silica-rich, Fluid-bearing Magmatic Systems. J Petrol 53:875–
890. https ://doi.org/10.1093/petro logy/egr08 0

Guex J, Bartolini A, Atudorei V, Taylor D (2004) High-resolution 
ammonite and carbon isotope stratigraphy across the Triassic-
Jurassic boundary at New York Canyon (Nevada). Earth Planet 
Sci Lett 225:29–41. https ://doi.org/10.1016/j.epsl.2004.06.006

Guillong M, Meier DL, Allan MM et al (2008) Appendix A6: SILLS: 
A MATLAB-based program for the reduction of laser ablation 
ICP-MS data of homogeneous materials and inclusions. Mineral 
Assoc Canada Short Course 40:328–333

Hansen H, Nielsen TFD (1999) Crustal contamination in Palaeogene 
East Greenland flood basalts: plumbing system evolution dur-
ing continental rifting. Chem Geol 157:89–118. https ://doi.
org/10.1016/S0009 -2541(98)00196 -X

Hartmann LA, Baggio SB, Brückmann MP et al (2019) U-Pb geo-
chronology of Paraná volcanics combined with trace element 
geochemistry of the zircon crystals and zircon Hf isotope data. 
J S Am Earth Sci 89:219–226. https ://doi.org/10.1016/j.jsame 
s.2018.11.026

Hayden LA, Watson EB (2007) Rutile saturation in hydrous siliceous 
melts and its bearing on Ti-thermometry of quartz and zircon. 
Earth Planet Sci Lett 258:561–568. https ://doi.org/10.1016/j.
epsl.2007.04.020

Heimdal TH, HenrikH S, Ramezani J et al (2018) Large-scale sill 
emplacement in Brazil as a trigger for the end-Triassic crisis. 
Sci Rep. https ://doi.org/10.1038/s4159 8-017-18629 -8

Heimdal TH, Callegaro S, Svensen HH et al (2019) Evidence for 
magma–evaporite interactions during the emplacement of 
the Central Atlantic Magmatic Province (CAMP) in Brazil. 
Earth Planet Sci Lett 506:476–492. https ://doi.org/10.1016/j.
epsl.2018.11.018

Heimdal TH, Jones MT, HenrikH S (2020) Thermogenic carbon release 
from the Central Atlantic magmatic province caused major end-
Triassic carbon cycle perturbations. Proc Natl Acad Sci USA. 
https ://doi.org/10.1073/pnas.20000 95117 

Heinonen JS, Luttinen AV, Spera FJ, Bohrson WA (2019) Deep open 
storage and shallow closed transport system for a continental 
flood basalt sequence revealed with Magma Chamber Simula-
tor. Contrib Mineral Petrol 174:87. https ://doi.org/10.1007/s0041 
0-019-1624-0

Heinonen JS, Bohrson WA, Spera FJ, Brown GA, Scruggs M, Adams 
J (2020) Diagnosing open-system magmatic processes using the 
Magma Chamber Simulator (MCS): part II—trace elements and 
isotopes. Contrib Mineral Petrol. https ://doi.org/10.1007/s0041 
0-020-01718 -9

Hesselbo SP, Robinson SA, Surlyk F, Piasecki S (2002) Terrestrial 
and marine extinction at the Triassic-Jurassic boundary syn-
chronized with major carbon-cycle perturbation: a link to ini-
tiation of massive volcanism? Geology 30:251. https ://doi.
org/10.1130/0091-7613(2002)030

Jourdan F, Marzoli A, Bertrand H et al (2003) The Northernmost 
CAMP: 40Ar/39Ar age, petrology and Sr-Nd-Pb Isotope Geo-
chemistry of the Kerforne Dyke, Brittany, France. Geophys Mon-
ogr Ser 136:209–226. https ://doi.org/10.1029/136GM 011

Jourdan F, Bertrand H, Schärer U et al (2007) Major and Trace Ele-
ment and Sr, Nd, Hf, and Pb Isotope Compositions of the Karoo 
Large Igneous Province, Botswana–Zimbabwe: Lithosphere vs 
Mantle Plume Contribution. J Petrol 48:1043–1077. https ://doi.
org/10.1093/petro logy/egm01 0

Kasbohm J, Schoene B (2018) Rapid eruption of the Columbia River 
flood basalt and correlation with the mid-Miocene climate opti-
mum. Sci Adv. https ://doi.org/10.1126/sciad v.aat82 23

Kasprak AH, Sepúlveda J, Price-Waldman R et al (2015) Episodic 
photic zone euxinia in the northeastern Panthalassic Ocean dur-
ing the end-Triassic extinction. Geology 43:307–310. https ://doi.
org/10.1130/G3637 1.1

https://doi.org/10.1016/0012-821X(88)90067-2
https://doi.org/10.1029/2020GC008999
https://doi.org/10.1029/2020GC008999
https://doi.org/10.1093/petrology/egg083
https://doi.org/10.1093/petrology/egg083
https://doi.org/10.1016/j.epsl.2014.05.018
https://doi.org/10.1016/j.epsl.2014.05.018
https://doi.org/10.1016/j.epsl.2018.05.021
https://doi.org/10.1016/j.epsl.2018.05.021
https://doi.org/10.1007/s00410-008-0281-5
https://doi.org/10.1130/G25325A.1
https://doi.org/10.2113/gselements.3.1.43
https://doi.org/10.2113/gselements.3.1.43
https://doi.org/10.1007/s00410-015-1141-8
https://doi.org/10.1126/science.aan8086
https://doi.org/10.1126/science.aan8086
https://doi.org/10.1016/j.ringeo.2020.100005
https://doi.org/10.1016/j.ringeo.2020.100005
https://doi.org/10.1016/S0016-7037(99)00343-9
https://doi.org/10.1130/G23603A.1
https://doi.org/10.1130/G23603A.1
https://doi.org/10.1016/j.lithos.2013.07.026
https://doi.org/10.1016/j.lithos.2013.07.026
https://doi.org/10.1093/petrology/egr080
https://doi.org/10.1016/j.epsl.2004.06.006
https://doi.org/10.1016/S0009-2541(98)00196-X
https://doi.org/10.1016/S0009-2541(98)00196-X
https://doi.org/10.1016/j.jsames.2018.11.026
https://doi.org/10.1016/j.jsames.2018.11.026
https://doi.org/10.1016/j.epsl.2007.04.020
https://doi.org/10.1016/j.epsl.2007.04.020
https://doi.org/10.1038/s41598-017-18629-8
https://doi.org/10.1016/j.epsl.2018.11.018
https://doi.org/10.1016/j.epsl.2018.11.018
https://doi.org/10.1073/pnas.2000095117
https://doi.org/10.1007/s00410-019-1624-0
https://doi.org/10.1007/s00410-019-1624-0
https://doi.org/10.1007/s00410-020-01718-9
https://doi.org/10.1007/s00410-020-01718-9
https://doi.org/10.1130/0091-7613(2002)030
https://doi.org/10.1130/0091-7613(2002)030
https://doi.org/10.1029/136GM011
https://doi.org/10.1093/petrology/egm010
https://doi.org/10.1093/petrology/egm010
https://doi.org/10.1126/sciadv.aat8223
https://doi.org/10.1130/G36371.1
https://doi.org/10.1130/G36371.1


 Contributions to Mineralogy and Petrology           (2021) 176:9 

1 3

    9  Page 22 of 24

Keller CB, Schoene B, Samperton KM (2018) A stochastic sampling 
approach to zircon eruption age interpretation. Geochem Persp 
Lett. https ://doi.org/10.7185/geoch emlet .1826

Kemp AIS, Hawkesworth CJ, Foster GL et al (2007) Magmatic and 
crustal differentiation history of granitic rocks from Hf-O iso-
topes in Zircon. Science 315:980–983. https ://doi.org/10.1126/
scien ce.11361 54

Kempton PD, Harmon RS (1992) Oxygen isotope evidence for large-
scale hybridization of the lower crust during magmatic under-
plating. Geochim Cosmochim Acta 56:971–986. https ://doi.
org/10.1016/0016-7037(92)90041 -G

Kieffer SW (1982) Thermodynamics and lattice vibrations of minerals: 
5. Applications to phase equilibria, isotopic fractionation, and 
high-pressure thermodynamic properties. Rev Geophys 20:827–
849. https ://doi.org/10.1029/RG020 i004p 00827 

Kontak DJ, Dostal J (2010) The late-stage crystallization history of the 
Jurassic North mountain Basalt, Nova Scotia, Canada. II. Nature 
and origin of segregation pipes. Can Mineral 48:1533–1568. 
https ://doi.org/10.3749/canmi n.48.5.1533

Kontak DJ, DeWolfe M, Dostal J (2002) Late-stage crystallization 
history of the Jurassic North Mountain Basalt, Nova Scotia: 
I. Evidence for pervasive silicate-liquid immiscibility. Can 
Mineral 40:1287

Lackey JS, Valley JW, Chen JH, Stockli DF (2008) Dynamic magma 
systems, crustal recycling, and alteration in the Central Sierra 
Nevada Batholith: the oxygen isotope record. J Petrol 49:1397–
1426. https ://doi.org/10.1093/petro logy/egn03 0

Li X-H, Long W-G, Li Q-L et al (2010) Penglai zircon megacrysts: 
a potential new working reference material for microbeam 
determination of Hf-O isotopes and U-Pb Age. Geostand 
Geoanal Res 34:117–134. https ://doi.org/10.1111/j.1751-
908X.2010.00036 .x

Lindström S, van de Schootbrugge B, Hansen KH et al (2016) A new 
correlation of Triassic-Jurassic boundary successions in NW 
Europe, Nevada and Peru, and the Central Atlantic Magmatic 
Province: A time-line for the end-Triassic mass extinction. Pal-
aeogeogr Palaeoclimatol Palaeoecol. https ://doi.org/10.1016/j.
palae o.2016.12.025

Lindström S, Sanei H, van de Schootbrugge B et al (2019) Volcanic 
mercury and mutagenesis in land plants during the end-Triassic 
mass extinction. Sci Adv. https ://doi.org/10.1126/sciad v.aaw40 18

Linge KL, Bédard LP, Bugoi R et al (2017) GGR Biennial critical 
review: analytical developments since 2014. Geostand Geoanal 
Res 41:493–562. https ://doi.org/10.1111/ggr.12200 

Lissenberg CJ, Rioux M, Shimizu N et al (2009) Zircon dating of oce-
anic crustal accretion. Science 323:1048. https ://doi.org/10.1126/
scien ce.11673 30

Mander L, Kurschner WM, McElwain JC (2010) An explanation for 
conflicting records of Triassic-Jurassic plant diversity. Proc Natl 
Acad Sci 107:15351–15356. https ://doi.org/10.1073/pnas.10042 
07107 /-/DCSup pleme ntal

Marzoli A, Renne PR, Piccirillo EM et al (1999) Extensive 200-mil-
lion-year-old continental flood basalts of the Central Atlan-
tic Magmatic Province. Science 284:616–618. https ://doi.
org/10.1126/scien ce.284.5414.616

Marzoli A, Bertrand H, Knight KB et al (2004) Synchrony of the 
Central Atlantic magmatic province and the Triassic-Jurassic 
boundary climatic and biotic crisis. Geology 32:973. https ://doi.
org/10.1130/G2065 2.1

Marzoli A, Davies JHFL, Youbi N et al (2017) Proterozoic to Meso-
zoic evolution of North–West Africa and Peri-Gondwana micro-
plates: detrital zircon ages from Morocco and Canada. Lithos 
278–281:229–239. https ://doi.org/10.1016/j.litho s.2017.01.016

Marzoli A, Callegaro S, Dal Corso J et al (2018) The Central Atlantic 
Magmatic Province (CAMP): a review. In: Tanner LH (ed) The 

Late Triassic World. Springer International Publishing, Cham, 
pp 91–125

Marzoli A, Bertrand H, Youbi N et al (2019) The Central Atlantic 
Magmatic Province (CAMP) in Morocco. J Petrol 60:945–996. 
https ://doi.org/10.1093/petro logy/egz02 1

Mattinson JM (2005) Zircon U-Pb chemical abrasion (“CA-TIMS”) 
method: Combined annealing and multi-step partial dissolu-
tion analysis for improved precision and accuracy of zircon 
ages. Chem Geol 220:47–66. https ://doi.org/10.1016/j.chemg 
eo.2005.03.011

McElwain JC, Beerling DJ, Woodward FL (1999) Fossil plants and 
global warming at the Triassic-Jurassic Boundary. Science 
285:1386–1390. https ://doi.org/10.1126/scien ce.285.5432.1386

McElwain JC, Wagner PJ, Hesselbo SP (2009) Fossil plant relative 
abundances indicate sudden loss of Late Triassic biodiversity in 
East Greenland. Science. https ://doi.org/10.1029/2008P A0016 57

McLean NM, Bowring JF, Bowring SA (2011) An algorithm for U-Pb 
isotope dilution data reduction and uncertainty propagation: 
U-Pb ALGORITHM. Geochem Geophys Geosyst. https ://doi.
org/10.1029/2010G C0034 78

McLean NM, Condon DJ, Schoene B, Bowring SA (2015) Evaluating 
uncertainties in the calibration of isotopic reference materials and 
multi-element isotopic tracers (EARTHTIME Tracer Calibration 
Part II). Geochim Cosmochim Acta 164:481–501. https ://doi.
org/10.1016/j.gca.2015.02.040

Méheut M, Ibañez-Mejia M, Tissot FLH (2021) Drivers of zirconium 
isotope fractionation in Zr-bearing phases and melts: the roles 
of vibrational, nuclear field shift and diffusive effects. Geo-
chim Cosmochim Acta 292:217–234. https ://doi.org/10.1016/j.
gca.2020.09.028

Merle R, Marzoli A, Bertrand H et al (2011) 40Ar/39Ar ages and 
Sr–Nd–Pb–Os geochemistry of CAMP tholeiites from Western 
Maranhão basin (NE Brazil). Lithos 122:137–151. https ://doi.
org/10.1016/j.litho s.2010.12.010

Merle R, Marzoli A, Reisberg L et al (2014) Sr, Nd, Pb and Os Isotope 
Systematics of CAMP Tholeiites from Eastern North America 
(ENA): evidence of a Subduction-enriched Mantle Source. J Pet-
rol 55:133–180. https ://doi.org/10.1093/petro logy/egt06 3

Nomade S, Pouclet A, Chen Y (2002) The French Guyana doleritic 
dykes: geochemical evidence of three populations and new data 
for the Jurassic Central Atlantic Magmatic Province. J Geodyn 
34:595–614. https ://doi.org/10.1016/S0264 -3707(02)00034 -0

Pegram WJ (1990) Development of continental lithospheric man-
tle as reflected in the chemistry of the Mesozoic Appalachian 
Tholeiites, U.S.A. Earth Planet Sci Lett 97:316–331. https ://doi.
org/10.1016/0012-821X(90)90049 -4

Peng ZX, Mahoney JJ, Hooper PR et al (1998) Basalts of the northeast-
ern Deccan Traps, India: isotopic and elemental geochemistry 
and relation to southwestern Deccan stratigraphy. J Geophys Res 
103:29843–29865. https ://doi.org/10.1029/98JB0 1514

Percival LME, Ruhl M, Hesselbo SP et al (2017) Mercury evidence 
for pulsed volcanism during the end-Triassic mass extinction. 
Proc Natl Acad Sci 114:7929–7934. https ://doi.org/10.1073/
pnas.17053 78114 

Pettke T, Lee D-C, Halliday AN, Rea DK (2002) Radiogenic Hf iso-
topic compositions of continental eolian dust from Asia, its vari-
ability and its implications for seawater Hf. Earth Planet Sci Lett 
202:453–464. https ://doi.org/10.1016/S0012 -821X(02)00778 -1

Pettke T, Oberli F, Audétat A et al (2012) Recent developments in 
element concentration and isotope ratio analysis of individual 
fluid inclusions by laser ablation single and multiple collector 
ICP-MS. Ore Geol Rev 44:10–38. https ://doi.org/10.1016/j.orege 
orev.2011.11.001

Puffer JH (2001) Contrasting high field strength element con-
tents of continental f lood basalts from plume versus 
reactivated-arc sources. Geology 29:675. https ://doi.

https://doi.org/10.7185/geochemlet.1826
https://doi.org/10.1126/science.1136154
https://doi.org/10.1126/science.1136154
https://doi.org/10.1016/0016-7037(92)90041-G
https://doi.org/10.1016/0016-7037(92)90041-G
https://doi.org/10.1029/RG020i004p00827
https://doi.org/10.3749/canmin.48.5.1533
https://doi.org/10.1093/petrology/egn030
https://doi.org/10.1111/j.1751-908X.2010.00036.x
https://doi.org/10.1111/j.1751-908X.2010.00036.x
https://doi.org/10.1016/j.palaeo.2016.12.025
https://doi.org/10.1016/j.palaeo.2016.12.025
https://doi.org/10.1126/sciadv.aaw4018
https://doi.org/10.1111/ggr.12200
https://doi.org/10.1126/science.1167330
https://doi.org/10.1126/science.1167330
https://doi.org/10.1073/pnas.1004207107/-/DCSupplemental
https://doi.org/10.1073/pnas.1004207107/-/DCSupplemental
https://doi.org/10.1126/science.284.5414.616
https://doi.org/10.1126/science.284.5414.616
https://doi.org/10.1130/G20652.1
https://doi.org/10.1130/G20652.1
https://doi.org/10.1016/j.lithos.2017.01.016
https://doi.org/10.1093/petrology/egz021
https://doi.org/10.1016/j.chemgeo.2005.03.011
https://doi.org/10.1016/j.chemgeo.2005.03.011
https://doi.org/10.1126/science.285.5432.1386
https://doi.org/10.1029/2008PA001657
https://doi.org/10.1029/2010GC003478
https://doi.org/10.1029/2010GC003478
https://doi.org/10.1016/j.gca.2015.02.040
https://doi.org/10.1016/j.gca.2015.02.040
https://doi.org/10.1016/j.gca.2020.09.028
https://doi.org/10.1016/j.gca.2020.09.028
https://doi.org/10.1016/j.lithos.2010.12.010
https://doi.org/10.1016/j.lithos.2010.12.010
https://doi.org/10.1093/petrology/egt063
https://doi.org/10.1016/S0264-3707(02)00034-0
https://doi.org/10.1016/0012-821X(90)90049-4
https://doi.org/10.1016/0012-821X(90)90049-4
https://doi.org/10.1029/98JB01514
https://doi.org/10.1073/pnas.1705378114
https://doi.org/10.1073/pnas.1705378114
https://doi.org/10.1016/S0012-821X(02)00778-1
https://doi.org/10.1016/j.oregeorev.2011.11.001
https://doi.org/10.1016/j.oregeorev.2011.11.001
https://doi.org/10.1130/0091-7613(2001)029%3c0675:CHFSEC%3e2.0.CO;2


Contributions to Mineralogy and Petrology           (2021) 176:9  

1 3

Page 23 of 24     9 

org /10 .1130/0091-7613(2001)029%3c067  5 :CHFSE 
C%3e2.0.CO;2

Puffer JH, Block KA, Steiner JC (2009) Transmission of Flood basalts 
through a shallow crustal sill and the correlation of sill layers 
with extrusive flows: the palisades intrusive system and the 
basalts of the Newark Basin, New Jersey, U.S.A. J Geol 117:139–
155. https ://doi.org/10.1086/59566 3

Reichow MK, Saunders AD, White RV et al (2005) Geochemistry 
and petrogenesis of basalts from the West Siberian Basin: an 
extension of the Permo-Triassic Siberian Traps, Russia. Lithos 
79:425–452. https ://doi.org/10.1016/j.litho s.2004.09.011

Reimink JR, Davies JHFL, Bauer AM, Chacko T (2020) A compari-
son between zircons from the Acasta Gneiss Complex and the 
Jack Hills region. Earth Planet Sci Lett 531:115975. https ://doi.
org/10.1016/j.epsl.2019.11597 5

Rickli J, Frank M, Stichel T et al (2013) Controls on the incongruent 
release of hafnium during weathering of metamorphic and sedi-
mentary catchments. Geochim Cosmochim Acta 101:263–284. 
https ://doi.org/10.1016/j.gca.2012.10.019

Rioux M, Johan Lissenberg C, McLean NM et al (2012) Protracted 
timescales of lower crustal growth at the fast-spreading East 
Pacific Rise. Nat Geosci 5:275–278. https ://doi.org/10.1038/
ngeo1 378

Rioux M, Bowring S, Cheadle M, John B (2015a) Evidence for initial 
excess 231 Pa in mid-ocean ridge zircons. Chem Geol 397:143–
156. https ://doi.org/10.1016/j.chemg eo.2015.01.011

Rioux M, Jöns N, Bowring S et al (2015b) U-Pb dating of interspersed 
gabbroic magmatism and hydrothermal metamorphism during 
lower crustal accretion, Vema lithospheric section, Mid-Atlan-
tic Ridge. J Geophys Res Solid Earth 120:2093. https ://doi.
org/10.1002/2014j b0116 68

Rocha BC, Davies JH, Janasi VA, Schaltegger U, Nardy AJ, Greber 
NG, Lucchetti AC, Polo LA (2020) Rapid eruption of silicic 
magmas from the Paraná magmatic province (Brazil) did not 
trigger the Valanginian event. Geology. https ://doi.org/10.1130/
G4776 6.1

Ruhl M, Kürschner WM, Krystyn L (2009) Triassic-Jurassic organic 
carbon isotope stratigraphy of key sections in the western Tethys 
realm (Austria). Earth Planet Sci Lett 281:169–187. https ://doi.
org/10.1016/j.epsl.2009.02.020

Samperton KM, Schoene B, Cottle JM et al (2015) Magma emplace-
ment, differentiation and cooling in the middle crust: Integrated 
zircon geochronological–geochemical constraints from the 
Bergell Intrusion, Central Alps. Chem Geol 417:322–340. https 
://doi.org/10.1016/j.chemg eo.2015.10.024

Schaltegger U, Davies JH (2017) Petrochronology of zircon and bad-
deleyite in igneous rocks: reconstructing magmatic processes at 
high temporal resolution. Rev Mineral Geochem 83:297–328. 
https ://doi.org/10.2138/rmg.2017.83.10

Schoene B, Guex J, Bartolini A et al (2010a) Correlating the end-
Triassic mass extinction and flood basalt volcanism at the 100 
ka level. Geology 38:387–390. https ://doi.org/10.1130/G3068 3.1

Schoene B, Latkoczy C, Schaltegger U, Günther D (2010b) A new 
method integrating high-precision U-Pb geochronology with 
zircon trace element analysis (U–Pb TIMS-TEA). Geochim 
Cosmochim Acta 74:7144–7159. https ://doi.org/10.1016/j.
gca.2010.09.016

Schoene B, Eddy MP, Samperton KM et al (2019) U-Pb constraints on 
pulsed eruption of the Deccan Traps across the end-Cretaceous 
mass extinction. Science 363:862–866. https ://doi.org/10.1126/
scien ce.aau24 22

Seitz S, Baumgartner LP, Bouvier A-S et al (2017) Quartz reference 
materials for oxygen isotope analysis by SIMS. Geostand Geoa-
nal Res 41:69–75. https ://doi.org/10.1111/ggr.12133 

Shellnutt JG (2014) The Emeishan large igneous province: a syn-
thesis. Geosci Front 5:369–394. https ://doi.org/10.1016/j.
gsf.2013.07.003

Shirley DN (1987) Differentiation and compaction in the Palisades 
Sill, New Jersey. J Petrol 28:835–865. https ://doi.org/10.1093/
petro logy/28.5.835

Sláma J, Košler J, Condon DJ et al (2008) Plešovice zircon—a new 
natural reference material for U-Pb and Hf isotopic microa-
nalysis. Chem Geol 249:1–35. https ://doi.org/10.1016/j.chemg 
eo.2007.11.005

Svensen H, Planke S, Chevallier L et al (2007) Hydrothermal venting 
of greenhouse gases triggering Early Jurassic global warming. 
Earth Planet Sci Lett 256:554–566. https ://doi.org/10.1016/j.
epsl.2007.02.013

Svensen H, Planke S, Polozov AG et al (2009) Siberian gas venting 
and the end-Permian environmental crisis. Earth Planet Sci Lett 
277:490–500. https ://doi.org/10.1016/j.epsl.2008.11.015

Svensen H, Planke S, Corfu F (2010) Zircon dating ties NE Atlantic 
sill emplacement to initial Eocene global warming. J Geol Soc 
167:433–436. https ://doi.org/10.1144/0016-76492 009-125

Svensen H, Corfu F, Polteau S et al (2012) Rapid magma emplace-
ment in the Karoo Large Igneous Province. Earth Planet Sci Lett 
325–326:1–9. https ://doi.org/10.1016/j.epsl.2012.01.015

Svensen HH, Torsvik TH, Callegaro S et al (2017) Gondwana Large 
Igneous Provinces: plate reconstructions, volcanic basins 
and sill volumes. Geol Soc Lond Spec Publ. https ://doi.
org/10.1144/SP463 .7

Szymanowski D, Forni F, Wolff JA, Ellis BS (2020) Modulation of 
zircon solubility by crystal–melt dynamics. Geology. https ://
doi.org/10.1130/G4740 5.1

Tang M, Wang X-L, Shu X-J et al (2014) Hafnium isotopic hetero-
geneity in zircons from granitic rocks: Geochemical evalu-
ation and modeling of “zircon effect” in crustal anatexis. 
Earth Planet Sci Lett 389:188–199. https ://doi.org/10.1016/j.
epsl.2013.12.036

Trail D, Bindeman IN, Watson EB, Schmitt AK (2009) Experimental 
calibration of oxygen isotope fractionation between quartz and 
zircon. Geochim Cosmochim Acta 73:7110–7126. https ://doi.
org/10.1016/j.gca.2009.08.024

Valley JW, Chiarenzelli JR, McLelland JM (1994) Oxygen isotope geo-
chemistry of zircon. Earth Planet Sci Lett 126:187–206. https ://
doi.org/10.1016/0012-821X(94)90106 -6

van de Schootbrugge B, Quan TM, Lindström S et al (2009) Floral 
changes across the Triassic/Jurassic boundary linked to flood 
basalt volcanism. Nat Geosci 2:589–594. https ://doi.org/10.1038/
ngeo5 77

Ver Hoeve TJ, Scoates JS, Wall CJ et al (2018) A temperature-com-
position framework for crystallization of fractionated interstitial 
melt in the bushveld complex from trace element systematics of 
zircon and rutile. J Petrol 59:1383–1416. https ://doi.org/10.1093/
petro logy/egy06 6

Vervoort JD, Patchett PJ, Albarède F et al (2000) Hf–Nd isotopic evolu-
tion of the lower crust. Earth Planet Sci Lett 181:115–129. https 
://doi.org/10.1016/S0012 -821X(00)00170 -9

Villaros A, Buick IS, Stevens G (2012) Isotopic variations in S-type 
granites: an inheritance from a heterogeneous source? Contrib 
Mineral Petrol 163:243–257. https ://doi.org/10.1007/s0041 
0-011-0673-9

Waldron JWF, Schofield DI, Pearson G et al (2019) Detrital zircon 
characterization of early Cambrian sandstones from East Ava-
lonia and SE Ireland: implications for terrane affinities in the 
peri-Gondwanan Caledonides. Geol Mag 156:1217–1232. https 
://doi.org/10.1017/S0016 75681 80004 07

Watson EB, Harrison TM (1983) Zircon saturation revisited: tempera-
ture and composition effects in a variety of crustal magma types. 

https://doi.org/10.1130/0091-7613(2001)029%3c0675:CHFSEC%3e2.0.CO;2
https://doi.org/10.1130/0091-7613(2001)029%3c0675:CHFSEC%3e2.0.CO;2
https://doi.org/10.1086/595663
https://doi.org/10.1016/j.lithos.2004.09.011
https://doi.org/10.1016/j.epsl.2019.115975
https://doi.org/10.1016/j.epsl.2019.115975
https://doi.org/10.1016/j.gca.2012.10.019
https://doi.org/10.1038/ngeo1378
https://doi.org/10.1038/ngeo1378
https://doi.org/10.1016/j.chemgeo.2015.01.011
https://doi.org/10.1002/2014jb011668
https://doi.org/10.1002/2014jb011668
https://doi.org/10.1130/G47766.1
https://doi.org/10.1130/G47766.1
https://doi.org/10.1016/j.epsl.2009.02.020
https://doi.org/10.1016/j.epsl.2009.02.020
https://doi.org/10.1016/j.chemgeo.2015.10.024
https://doi.org/10.1016/j.chemgeo.2015.10.024
https://doi.org/10.2138/rmg.2017.83.10
https://doi.org/10.1130/G30683.1
https://doi.org/10.1016/j.gca.2010.09.016
https://doi.org/10.1016/j.gca.2010.09.016
https://doi.org/10.1126/science.aau2422
https://doi.org/10.1126/science.aau2422
https://doi.org/10.1111/ggr.12133
https://doi.org/10.1016/j.gsf.2013.07.003
https://doi.org/10.1016/j.gsf.2013.07.003
https://doi.org/10.1093/petrology/28.5.835
https://doi.org/10.1093/petrology/28.5.835
https://doi.org/10.1016/j.chemgeo.2007.11.005
https://doi.org/10.1016/j.chemgeo.2007.11.005
https://doi.org/10.1016/j.epsl.2007.02.013
https://doi.org/10.1016/j.epsl.2007.02.013
https://doi.org/10.1016/j.epsl.2008.11.015
https://doi.org/10.1144/0016-76492009-125
https://doi.org/10.1016/j.epsl.2012.01.015
https://doi.org/10.1144/SP463.7
https://doi.org/10.1144/SP463.7
https://doi.org/10.1130/G47405.1
https://doi.org/10.1130/G47405.1
https://doi.org/10.1016/j.epsl.2013.12.036
https://doi.org/10.1016/j.epsl.2013.12.036
https://doi.org/10.1016/j.gca.2009.08.024
https://doi.org/10.1016/j.gca.2009.08.024
https://doi.org/10.1016/0012-821X(94)90106-6
https://doi.org/10.1016/0012-821X(94)90106-6
https://doi.org/10.1038/ngeo577
https://doi.org/10.1038/ngeo577
https://doi.org/10.1093/petrology/egy066
https://doi.org/10.1093/petrology/egy066
https://doi.org/10.1016/S0012-821X(00)00170-9
https://doi.org/10.1016/S0012-821X(00)00170-9
https://doi.org/10.1007/s00410-011-0673-9
https://doi.org/10.1007/s00410-011-0673-9
https://doi.org/10.1017/S0016756818000407
https://doi.org/10.1017/S0016756818000407


 Contributions to Mineralogy and Petrology           (2021) 176:9 

1 3

    9  Page 24 of 24

Earth Planet Sci Lett 64:295–304. https ://doi.org/10.1016/0012-
821X(83)90211 -X

Whalen L, Gazel E, Vidito C et al (2015) Supercontinental inherit-
ance and its influence on supercontinental breakup: The Central 
Atlantic Magmatic Province and the breakup of Pangea: super-
continent formation and breakup. Geochem Geophys Geosyst 
16:3532–3554. https ://doi.org/10.1002/2015G C0058 85

Whiteside JH, Olsen PE, Eglinton T et al (2010) Compound-specific 
carbon isotopes from Earth’s largest flood basalt eruptions 
directly linked to the end-Triassic mass extinction. Proc Natl 
Acad Sci 107:6721–6725. https ://doi.org/10.1073/pnas.10017 
06107 

Widmann P, Davies JH, Schaltegger U (2019) Calibrating chemi-
cal abrasion_ Its effects on zircon crystal structure, chemical 
composition and UPb age. Chem Geol 511:1–10. https ://doi.
org/10.1016/j.chemg eo.2019.02.026

Woodhead JD, Hergt JM (2005) A preliminary appraisal of seven natu-
ral zircon reference materials for in situ Hf isotope determination. 
Geostand Geoanalyt Res 29:183–195. https ://doi.org/10.1111/
j.1751-908X.2005.tb008 91.x

Wotzlaw J-F, Bindeman IN, Watts KE et al (2014) Linking rapid 
magma reservoir assembly and eruption trigger mechanisms at 
evolved Yellowstone-type supervolcanoes. Geology 42:807–810. 
https ://doi.org/10.1130/G3597 9.1

Wotzlaw J-F, Bindeman IN, Stern RA et al (2015) Rapid heterogene-
ous assembly of multiple magma reservoirs prior to Yellowstone 
supereruptions. Sci Rep. https ://doi.org/10.1038/srep1 4026

Yang J-H, Wu F-Y, Wilde SA et al (2006) Tracing magma mixing 
in granite genesis: in situ U-Pb dating and Hf-isotope analysis 
of zircons. Contrib Mineral Petrol 153:177–190. https ://doi.
org/10.1007/s0041 0-006-0139-7

Zhai Q, Jahn B, Su L et al (2013) SHRIMP zircon U-Pb geochronology, 
geochemistry and Sr–Nd–Hf isotopic compositions of a mafic 
dyke swarm in the Qiangtang terrane, northern Tibet and geody-
namic implications. Lithos 174:28–43. https ://doi.org/10.1016/j.
litho s.2012.10.018

Zhang Y (2010) Diffusion in minerals and melts: theoretical back-
ground. Rev Mineral Geochem 72:5–59

Zhang H-F, Zhang J, Zhang G-W et al (2016) Detrital zircon U-Pb, Lu–
Hf, and O isotopes of the Wufoshan Group: Implications for epi-
sodic crustal growth and reworking of the southern North China 
craton. Precambr Res 273:112–128. https ://doi.org/10.1016/j.
preca mres.2015.12.004

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Affiliations

J. H. F. L. Davies1,2  · A. Marzoli3 · H. Bertrand4 · N. Youbi5,6 · M. Ernesto7 · N. D. Greber2,8 · M. Ackerson9 · 
G. Simpson2 · A.‑S. Bouvier10 · L. Baumgartner10 · T. Pettke8 · F. Farina2,11 · H. V. Ahrenstedt2 · U. Schaltegger2

1 Département des Sciences de la Terre et de l’Atmosphère, 
Université du Québec à Montréal, Montreal, QC, Canada

2 Department of Earth Sciences, University of Geneva, 
Geneva, Switzerland

3 Department of Territory and Agro-Forestry Systems, 
University of Padova, 35020 Legnaro, Italy

4 Laboratoire de Géologie de Lyon, Ecole Normale Supérieure 
de Lyon, Université Lyon 1, CNRS UMR 5276, Université de 
Lyon, Lyon, France

5 Department of Geology, Faculty of Sciences-Semlalia, Cadi 
Ayyad University, Marrakech, Morocco

6 Faculty of Geology and Geography, Tomsk State University, 
36 Lenin Ave, Tomsk 634050, Russia

7 Departamento de Geofisica, Instituto Astronomico, Geofisico 
E Ciencias Atmosfericas, Universidade de São Paulo, Rua Do 
Matão, 1226, São Paulo, CEP 05508-900, Brazil

8 Institute of Geological Sciences, University of Bern, 
Balzerstrasse1 +3, 3012 Bern, Switzerland

9 Department of Mineral Sciences, Smithsonian National 
Museum of Natural History, PO Box 37012, Washington, 
DC 20013-7012, USA

10 Institute of Earth Sciences, University of Lausanne, 
1015 Lausanne, Switzerland

11 Dipartimento Di Scienze Della Terra, Università Degli Studi 
Di Milano, Via Botticelli 23, 20133 Milano, Italy

https://doi.org/10.1016/0012-821X(83)90211-X
https://doi.org/10.1016/0012-821X(83)90211-X
https://doi.org/10.1002/2015GC005885
https://doi.org/10.1073/pnas.1001706107
https://doi.org/10.1073/pnas.1001706107
https://doi.org/10.1016/j.chemgeo.2019.02.026
https://doi.org/10.1016/j.chemgeo.2019.02.026
https://doi.org/10.1111/j.1751-908X.2005.tb00891.x
https://doi.org/10.1111/j.1751-908X.2005.tb00891.x
https://doi.org/10.1130/G35979.1
https://doi.org/10.1038/srep14026
https://doi.org/10.1007/s00410-006-0139-7
https://doi.org/10.1007/s00410-006-0139-7
https://doi.org/10.1016/j.lithos.2012.10.018
https://doi.org/10.1016/j.lithos.2012.10.018
https://doi.org/10.1016/j.precamres.2015.12.004
https://doi.org/10.1016/j.precamres.2015.12.004
http://orcid.org/0000-0001-8668-6012

	Zircon petrochronology in large igneous provinces reveals upper crustal contamination processes: new U–Pb ages, Hf and O isotopes, and trace elements from the Central Atlantic magmatic province (CAMP)
	Abstract
	Introduction
	CAMP magmatic province overview
	Analytical techniques
	U–Pb geochronology

	MC-ICP-MS Hf isotope measurements
	SIMS oxygen isotope measurements
	Trace elements
	Ti concentrations in quartz
	Images

	Results
	U–Pb ages
	Hf isotopes
	Oxygen isotopes
	Trace elements in zircon and Ti in quartz

	Discussion
	When does zircon form in LIP magmas and under what conditions?
	Crustal contamination
	What can the isotopic compositions of zircon tell us about the contamination processes present in CAMP melts?
	Why does zircon in the North Mountain basalt have such variable ages, trace element, and isotopic compositions?
	Interpretation of LIP zircon U–Pb data

	Conclusions
	Acknowledgements 
	References




