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differences appear between the REE- and Mg-exchange 
thermometers for the volcanic and cumulate rocks. Through 
numerical simulations of diffusion in plagioclase-clinopy-
roxene systems, we demonstrate that (1) due to their slower 
diffusion rates, REE in minerals preferentially records crys-
tallization or near-crystallization temperatures of the rock, 
and that (2) Mg is readily rest to lower temperatures for 
rocks from intermediately or slowly cooled magma bodies 
but records the initial crystallization temperatures of rocks 
from rapidly cooled magmas. Given their distinct diffusive 
responses to temperature changes, REE and Mg closure 
temperatures recorded by the two thermometers can be 
used in concert to study thermal and magmatic histories of 
plagioclase- and clinopyroxene-bearing rocks.

Keywords REE geothermometry · Plagioclase · 
Clinopyroxene · Crystallization temperature · Diffusive 
response · Geospeedometry

Introduction

Plagioclase and pyroxene are common rock-forming miner-
als formed over a broad range of temperature and pressure 
in igneous rocks. Quantitative determination of equilibrium 
or crystallization temperatures for plagioclase- and pyrox-
ene-bearing rocks is crucial to the interpretation of the ther-
mal and magmatic histories of these rocks. Many attempts 
have been made to determine crystallization temperatures 
of plagioclase in silicate melts since the pioneering study 
of Kudo and Weill (1970). Following their approach, semi-
empirical thermodynamic models have been calibrated as 
thermometers based on the plagioclase-melt equilibria 
(e.g., Mathez 1973; Glazner 1984; Putirka 2005, 2008; 
Lange et al. 2009; Waters and Lange 2015). According to 

Abstract A REE-in-plagioclase-clinopyroxene thermom-
eter has been developed on the basis of the temperature- 
and composition-dependent rare-earth element (REE) par-
titioning between coexisting plagioclase and clinopyroxene. 
This two-mineral exchange thermobarometer is constructed 
using parameters from lattice strain models for REE + Y 
partitioning in plagioclase and in clinopyroxene that were 
independently calibrated against experimentally deter-
mined mineral-melt partitioning data. An important advan-
tage of this REE-based thermometer is that it can provide 
accurate temperatures through linear least-squares analysis 
of REE + Y as a group. Applications of the REE-in-plagi-
oclase-clinopyroxene thermometer to volcanic and cumu-
late rocks show that temperatures derived from the new 
thermometer agree well with independently constrained 
magma crystallization temperatures, which adds confi-
dence to applications of the REE-exchange thermometer 
to natural rocks with a wide spectrum of composition (i.e., 
from basalt to rhyolite). However, systematic temperature 
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these models, plagioclase saturation in silicate melts is a 
function of temperature, pressure, and melt composition 
(including water abundance). Thus, applications of these 
thermometers are limited to phenocrysts with coexisting 
quenched melts or melt inclusions and also require inde-
pendent constraints of water content in the equilibrium 
melt.

Empirical thermometers have also been developed for 
selected compositional ranges by calibrating the equilib-
rium temperature as a function of anorthite content [An 
= 100 × Ca/(Ca + Na + K), in mole] in plagioclase (e.g., Thy 
et al. 2009; Morse 2010; VanTongeren and Mathez 2013). 
These An-based thermometers are useful to estimate crys-
tallization temperatures of mafic cumulate rocks, but may 
involve large uncertainties without proper constraints on 
cumulate parental magmas. Due to the effect of melt com-
position, temperatures of the low-pressure experiments 
can vary up to 200 °C for a given plagioclase composi-
tion (Fig.  1a). Thus, care should be taken when applying 
the An-based thermometers to cumulate rocks. Recently, 
Faak et  al. (2013) developed a new thermometer based 
on Mg exchange between plagioclase and clinopyroxene. 
As shown in Faak et  al. (2014), Mg distribution in pla-
gioclase is sensitive to a wide range of cooling rates (e.g., 
>0.1–10−4  °C/year) because of its fast diffusion in pla-
gioclase (Fig.  1b). Hence, the Mg-based thermometer is 

incapable of recording the initial crystallization tempera-
tures unless the cooling rate is very fast.

It has been long recognized that the distribution of trace 
elements between two coexisting minerals depends on tem-
perature, pressure, and mineral compositions (e.g., Stosch 
1982; Seitz et al. 1999; Witt-Eickschen and O’Neill 2005; 
Lee et  al. 2007; Liang et  al. 2013; Sun and Liang 2014, 
2015). Based on lattice strain models for rare-earth element 
(REE) partitioning in pyroxenes and garnet (Sun and Liang 
2012, 2013a, b; Yao et al. 2012), we recently developed a 
REE-in-two-pyroxene thermometer (Liang et al. 2013) and 
a REE-in-garnet-clinopyroxene thermobarometer (Sun and 
Liang 2015). Applications of these REE-exchange ther-
mometers to well-characterized field samples from the lit-
erature demonstrated that REE record higher temperatures 
than major divalent cations (i.e.,  Ca2+,  Mg2+, and  Fe2+) 
for mafic and ultramafic rocks from cooling environments 
(e.g., Liang et  al. 2013; Dygert and Liang 2015; Sun and 
Liang 2015; Wang et  al. 2015) but preferentially record 
lower temperatures for rocks from thermally perturbed 
environments (Sun and Liang 2015). Through simple dif-
fusion modeling and closure temperature consideration for 
cooling bi-mineralic systems (Liang 2015; Yao and Liang 
2015), the former is attributed to slower diffusion of REE 
in minerals (e.g., Cherniak 2010; Cherniak and Dimanov 
2010; Fig. 1b). Given the short time-scales of low-pressure 
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Fig. 1  Plots showing plagioclase crystallization temperature as a 
function of anorthite contents [An = 100 × Ca/(Ca + Na + K) in mole] 
in plagioclase (a) and the diffusion coefficients of REE and Mg in 
plagioclase and in  clinopyroxene against the reciprocal of tempera-
ture (b). Filled circles are the experiments from Charlier and Grove 
(2012). Open circles are 1  atm experiments from LEPR (http://lepr.
ofm-research.org) for nominally anhydrous tholeiitic magmas with 
long run durations (>24 h). Solid curves in (a) display three empiri-
cal An-based plagioclase thermometers (Thy et al. 2009; Morse 2010; 
VanTongeren and Mathez 2013), while dashed lines show the extrap-
olation of these models. The bifurcation in the data from Charlier 

and Grove (2012) is due to liquid immiscibility. The diffusion coeffi-
cients of La, Ce, Nd, Dy, and Yb in clinopyroxene were calculated for 
2 kbar using the diffusion parameters from Van Orman et al. (2001), 
while those of other REE were interpolated according to their ionic 
radii. Because REE diffusion coefficients in plagioclase do not appear 
to vary with ionic radii, the Nd diffusion parameters from Cherniak 
(2003; An = 67) were used to describe REE diffusion coefficients in 
plagioclase. Mg diffusion parameters for plagioclase are from Van 
Orman et  al. (2014), and those for clinopyroxene are from Müller 
et al. (2013)
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magma solidification (e.g., <200 kyr solidification time for 
the Bushveld Complex; Cawthorn and Webb 2013) and 
hence relatively rapid cooling, REE-based thermometers 
can potentially record crystallization or near-crystallization 
temperatures of rocks from shallow magma bodies.

In this study, we present a new thermometer based on 
REE exchange between plagioclase and clinopyroxene. 
The exchange reaction is quantified by a new lattice strain 
model, in which the parameters were independently cali-
brated against experimentally determined clinopyroxene-
melt and plagioclase-melt partitioning data (Sun and Liang 
2012; Sun et  al. 2017). Using compositions of coexist-
ing plagioclase and clinopyroxene in volcanic and cumu-
late rocks reported in the literature, we show that this new 
REE-based thermometer records plagioclase crystallization 
temperatures during magma solidification and is resist-
ant to diffusive resetting. Furthermore, through diffusion 
modeling, we demonstrate that combining this REE-based 
thermometer with the Mg-exchange thermometer (Faak 
et  al. 2013) can place constraints on the cooling rate and 
residence time of crustal magma bodies.

Developing a REE-in-plagioclase-clinopyroxene 
thermometer

Theoretical basis

The theoretical basis of exchange thermometers or barom-
eters is the temperature- and pressure-dependent exchange 
reaction of an element of interest between coexisting min-
erals, which takes the simple thermodynamic expression:

where D is the partition coefficient of the element defined 
by the concentration ratio of the element in the two miner-
als; A and B are coefficients corresponding to the changes 
of entropy and enthalpy; and f(P) is a pressure correction 
term for the exchange reaction. Equation (1) has also been 
used to describe the partitioning of trace elements between 
a pair of coexisting minerals (e.g., Stosch 1982; Seitz et al. 
1999; Witt-Eickschen and O’Neill 2005; Lee et  al. 2007; 
Liang et al. 2013; Sun and Liang 2014, 2015). For a tem-
perature or pressure sensitive exchange reaction, Eq.  (1) 
can be effectively used as a thermometer or barometer, 
when the coefficients A and B and f(P) are calibrated exper-
imentally. Rearranged to a linear form for a group of geo-
chemically similar elements, such as REE, Eq.  (1) allows 
constraints of temperature and pressure by fitting the parti-
tioning data of multiple elements to the expression:

(1)lnD = A +
B − f (P)

T
,

(2)Bj = T
(
lnDj − Aj

)
+ f (P),

where j is an element in the group. As illustrated in Fig. 2, 
in a plot of (lnD−A) vs. B, all elements in the group theo-
retically should define a straight line intercepting Y-axis 
at f(P). When the effects of temperature and pressure are 
both significant, the equilibrium temperature and pressure 
can be obtained from the slope and intercept of this line 
(red line in Fig. 2). This is the case for the REE-in-garnet-
clinopyroxene thermobarometer (Sun and Liang 2015). 
When pressure effect is negligible or relatively small, f(P) 
may vanish or become unimportant, so that accurate deter-
mination of pressure is not possible. For a relatively small 
pressure effect, f(P) may be integrated into the coefficient 
B. Accordingly, the straight line should pass through the 
origin (blue line in Fig. 2), and thus, only temperature can 
be obtained from the slope. This is the case for the REE-in-
two-pyroxene thermometer (Liang et al. 2013). To develop 
a REE-in-plagioclase-clinopyroxene thermometer, one has 
to quantitatively determine the temperature, pressure, and 
composition effects on REE partitioning between the two 
minerals.

Plagioclase-clinopyroxene REE partitioning model

The exchange of REE and Y between plagioclase and clino-
pyroxene can be described by the partition coefficient that 
follows the lattice strain model for two coexisting minerals 
(Lee et al. 2007; Liang et al. 2013; Sun and Liang 2014):
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where Dplg-cpx

j
 is the partition coefficient of element j 

between plagioclase (plg) and clinopyroxene (cpx); D0 is 
the partition coefficient for strain-free substitution; r0 is the 
ionic radius of the strain-free cation, rj is the ionic radius of 
element j; E is the apparent Young’s modulus for the lattice 
site; NA is Avogadro’s number; T is temperature in K; and R 
is the gas constant. The lattice strain parameters (D0, r0 and 
E) are the same as those in the lattice strain model for min-
eral-melt systems (Blundy and Wood 1994), and can be 
parameterized as a function of temperature, pressure, and 
composition using experimentally determined mineral-melt 
REE + Y partitioning data.

Recently, Sun and Liang (2012) and Sun et  al. (2017) 
developed new lattice strain models for REE partition-
ing between clinopyroxene and basaltic melt and between 
plagioclase and basaltic to dacitic melts, respectively. To 
ensure the quality of the partitioning data and hence the 
accuracy of the model, they calibrated the lattice strain 
parameters against carefully selected partitioning experi-
ments for clinopyroxene (43 experiments) and plagioclase 
(29 experiments). These selected experiments cover a wide 
range of temperature, pressure, and compositions (supple-
mentary Tables S1–S2). Specifically, the 43 clinopyroxene-
melt partitioning experiments cover temperatures from 
1042 to 1470 °C, pressures from 1 atm to 4 GPa, and clino-
pyroxene Mg# [= 100 × Mg/(Mg + Fe) in mole] from 54 to 
100 (Fig. 3a). The 29 plagioclase-melt partitioning experi-
ments were conducted at temperatures of 1127 to 1410 °C 
and pressures of 1 atm to 1.5 GPa and produced plagioclase 
with An from 41 to 98 (Fig.  3b). Both experimental data 
sets cover a wide range of hydrous conditions.

For REE + Y partitioning between clinopyroxene and 
melt, the lattice strain parameters take the following expres-
sions (Sun and Liang 2012):

where XT,cpx

Al
 is the Al content in the tetrahedral site per for-

mula unit; XM1,cpx

Al
 is the Al content in the M1 site; XM2,cpx

Mg
 

is the Mg content in the M2 site calculated assuming a ran-
dom Fe-Mg distribution over the M1 and M2 sites; Xmelt

H2O
 is 

the molar fraction of  H2O in the melt calculated using the 

(4a)

lnD
cpx

0
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7.19(±0.73) × 104

RT

+ 4.37(±0.47)X
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Fig. 3  Histograms showing the compositional variations of clino-
pyroxene and plagioclase from the mineral-melt partitioning experi-
ments used in model calibrations: (a) tetrahedrally coordinated Al 
 (AlT) in clinopyroxene (per six-oxygen) and (b) anorthite content in 
plagioclase. Inset in (a) is part of the pyroxene quadrilateral showing 
clinopyroxene compositions. Di and En denote diopside and enstatite 
end-members, respectively. Sources of the experimental data are 
provided in Sun and Liang (2012) and Sun et al. (2017) and are also 
summarized in supplementary Tables S1 and S2

approach of Wood and Blundy (2002); and numbers in 
parentheses are 2σ uncertainties derived from the calibra-
tion. All iron is assumed as  Fe2+ for pyroxene formula cal-
culations. Equation (4a−c) indicate that temperature and 
pyroxene composition (i.e., Al and Mg) primarily deter-
mine REE + Y partitioning between clinopyroxene and 
melt. The effect of water becomes important under hydrous 
conditions. Although pressure and melt composition (other 
than water) do not appear in Eq.  (4a−c), they may also 
influence REE partitioning through pyroxene-melt phase 
equilibria.

For REE + Y partitioning between plagioclase and melt, 
the lattice strain parameters can be described as (Sun et al. 
2017) follows:

(5a)
lnD

plg

0
= 16.05(±1.57) −

19.45(±1.78) + 1.17(±0.14)P2

RT
× 104

− 5.17(±0.37)
(
X
plg

Ca

)2

,
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where Xplg

Ca
 is the Ca content in plagioclase per eight-oxy-

gen; and P is pressure in GPa. Equation (5a–c) indicate that 
temperature, pressure, and Ca content in plagioclase (simi-
lar to An) dominate REE + Y partitioning in plagioclase. As 
plagioclase composition and saturation temperature depend 
on melt composition and water content (e.g., Putirka 2005; 
Lange et al. 2009; Namur et al. 2012; Almeev et al. 2012; 
Waters and Lange 2015), the effect of major element com-
position and water in the melt on REE partitioning may 
exert through plagioclase-melt phase equilibria.

Combining with the lattice strain parameters for 
REE + Y partitioning in clinopyroxene (Eq. 4a–c) and in 
plagioclase (Eq.  5a–c), Eq.  (3) can be used to quantita-
tively determine the effects of temperature, pressure, and 
composition on REE + Y distribution between coexisting 
plagioclase and clinopyroxene. Note that Xmelt

H2O
 from 

Eq.  (4a) is the only melt composition term in the model 
but can be neglected under subsolidus or anhydrous mag-
matic conditions. According to the clinopyroxene-melt 
partitioning experiments compiled in Sun and Liang 
(2012), 10  wt% water in the melt is equivalent to 0.6 
molar fraction of water (Xmelt

H2O
). To examine the relative 

significance of temperature and compositional factors, we 
calculated REE + Y partition coefficients for a wide range 
of temperature (850–1250 °C), pressure (1 atm to 1 GPa), 
and composition (Xplg

Ca
= 0.4 − 0.8,XT,cpx

Al
= 0.04 − 0.4, 

and 0–10  wt%  H2O in the melt). The mineral composi-
tions from Norman et al. (2005; KIL55-2) are taken as a 
reference.

Figure  4 displays the calculated plagioclase-clino-
pyroxene partition coefficients for La (red curves) and 

(5b)r
plg

0

(
Å
)
= 1.179(±0.027),

(5c)Eplg(GPa) = 196(±51),

Lu (blue curves) that bracket the variations of partition 
coefficients for all REE + Y. For the given set of mineral 
major element compositions, a 400 °C increase in temper-
ature (from 850 °C to 1250 °C) raises plagioclase-clino-
pyroxene REE + Y partition coefficients by three to four 
orders of magnitude, while an increase of pressure from 
1 atm (solid curves) to 1 GPa (dashed curves in Fig. 4a) 
reduces the REE + Y partition coefficients by a factor of 
three. Assuming that the plagioclase and clinopyroxene 
coexist with silicate magmas, addition of 10  wt% water 
in the melt (dotted curves in Fig. 4a) increases the parti-
tion coefficients by less than a factor of two. For a given 
temperature (1000 °C) and pressure (1  atm), an increase 
of Ca content (Xplg

Ca
) in plagioclase from 0.4 to 0.8 low-

ers the partition coefficients by one order of magnitude 
(solid curves in Fig. 4b), equivalent to a ~100 °C decrease 
in temperature, while an increase of XT,cpx

Al
 from 0.04 to 

0.4 reduces the partition coefficients by about a factor 
of four (dashed curves in Fig. 4b). Overall, the effects of 
pressure and water are small, those of mineral composi-
tions are small to moderate, and the temperature effect 
appears to be the most significant. The considerable tem-
perature effect is consistent with its large coefficient in 
Eq.  (5a) and allows us to develop a new thermometer 
based on REE + Y partitioning between plagioclase and 
clinopyroxene.

A REE-in-plagioclase-clinopyroxene thermometer

Rearranging Eq.  (3) to the form of Eq.  (2), we obtain a 
new thermometer based on REE + Y distribution between 
plagioclase and clinopyroxene that takes the following 
expressions:

(6a)Bj = T
(
lnDj − A

)
,

Fig. 4  Variations of La and Lu 
partition coefficients between 
plagioclase and clinopyroxene 
as a function of temperature (a) 
and Ca content in plagioclase 
(b). Partition coefficients were 
calculated using Eqs. (3) and 
(6a–c)
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The coefficient A depends strongly on major element com-
positions of plagioclase and clinopyroxene, while the coef-
ficient B is a function of clinopyroxene major element com-
position, ionic radii of REE, and pressure. Note that G is a 
correction term for the lattice strain changes of individual 
elements. Since the pressure effect is relatively small, no 
attempt is made to retrieve pressure here, and the pressure 
term is lumped into the coefficient B in Eq. (6c). The Xmelt

H2O
 

term in Eq. (6b) can be neglected, except when plagioclase 
and clinopyroxene coexist with hydrous magmas (e.g., vol-
canic phenocrysts with hydrous melt inclusions).

Given the major element and REE compositions of 
coexisting plagioclase and clinopyroxene, one can cal-
culate temperature through the steps similar to those 
for other REE-based two-mineral thermometers (Liang 
et  al. 2013; Sun and Liang 2015): (1) calculate coef-
ficients A and B using Eq.  (6b–d), mineral major ele-
ment compositions, and a relevant pressure; (2) examine 
REE + Y abundances in plagioclase and clinopyroxene 
in a spider diagram to exclude obvious outliers; (3) per-
form linear least-squares regression analysis of plagi-
oclase-clinopyroxene REE + Y partition coefficients in 
the plot of (lnD–A) vs. B to determine the slope of the 
straight line passing through the origin, i.e., the tem-
perature. The uncertainties of the estimated temperature 
can be obtained through the linear least-squares analy-
sis. The multiple-element approach of the REE-based 
thermometer also allows exclusion of outliers, reducing 
uncertainties of estimated temperatures through a robust 
linear least-squares regression method. In the online 
Supplementary Materials, an Excel program is provided 
for interested readers to calculate temperature using the 
REE-in-plagioclase-clinopyroxene thermometer.

To demonstrate the temperature calculation, here, we 
applied this new REE-based thermometer to coexisting 
plagioclase and clinopyroxene in a volcanic rock (KIL 
55-2) from the 1955 eruption of the Kilauea volcano, 
Hawaii (Norman et  al. 2005) and in a gabbro (1812.39) 
from the Upper Main Zone (UMZ) in the Northern Limb 
of the Bushveld Complex (Tanner et al. 2014). According 
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to Norman et  al. (2005), plagioclase and clinopyroxene 
in this volcanic lava are phenocrysts in chemical equilib-
rium with the finely quenched mesostasis at temperatures 
about 1127–1147 °C and pressures < 3 kbar. The water 
abundance in the volcanic lava was not reported in Nor-
man et al. (2005) but is likely < 0.5 wt% as indicated by 
olivine-hosted melt inclusions from earlier and later erup-
tions at the Kilauea volcano (Anderson and Brown 1993; 
Barsanti et  al. 2009). Based on the volatile contents in 
the olivine-hosted melt inclusions, Barsanti et al. (2009) 
calculated the crystallization pressures at 0.02–0.62 kbar 
with an average of 0.20 ± 0.16 kbar, which are compara-
ble to those estimated by Anderson and Brown (1993). 
However, crystallization temperatures, pressures, and 
water contents of the Bushveld UMZ parental magmas 
have not been determined previously. Assuming that the 
volcanic lava and the gabbro were crystalized at 0.2 kbar 
with 0.5 wt%  H2O in the melt and 2 kbar under an anhy-
drous condition, respectively, we perform temperature 
inversions following the aforementioned steps as illus-
trated in Fig. 5.

Both samples display enriched REE patterns in clino-
pyroxene but depleted REE patterns in plagioclase 
(Fig. 5a, c). Because heavy REE are strongly incompat-
ible in plagioclase, their abundances in plagioclase are 
close to or below detection limits. The abnormally low 
Y abundance in plagioclase of the gabbro is likely due 
to the large analytical error. As Eu is mainly present as 
a divalent cation in plagioclase, it is systematically apart 
from other REE in the spider diagram. In the tempera-
ture inversion diagrams (Fig. 5b, d), Eu is still peculiar 
in both samples as well as Y + Ho in the volcanic rock, 
and therefore, they are excluded from the temperature 
calculations. Using a robust linear least-squares regres-
sion method, we draw a straight line passing through the 
remaining REE and the origin and obtain the tempera-
ture from the slope for each sample. Interestingly, for the 
volcanic rock, the inverted temperature (1147 ± 10 °C) is 
equivalent to that (1140 ± 20 °C) derived from the Mg-
exchange thermometer of Faak et  al. (2013), and both 
are comparable with the crystallization temperature 
(1127–1147 °C) suggested by Norman et al. (2005). This 
indicates that the REE-based thermometer likely records 
magmatic temperatures. For the gabbro sample, the tem-
perature (1092 ± 4 °C) determined by the REE-based 
thermometer is 281 °C greater than that (814 ± 20 °C) 
calculated using the Mg-based thermometer. The signifi-
cant temperature difference for this gabbro may be due 
to diffusive resetting of Mg between coexisting plagio-
clase and clinopyroxene.
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Sources of uncertainties in the calculated 
temperatures

The accuracy of the REE-in-plagioclase-clinopyroxene 
thermometer depends on uncertainties of chemical anal-
yses, knowledge of crystallization pressures and hydrous 
conditions, and validity of co-crystallization of plagio-
clase and clinopyroxene. Here, we assess the sources 
of uncertainties and show that different crystallization 
sequences of plagioclase and clinopyroxene may intro-
duce significant errors in the calculated temperatures.

Chemical analyses

It is widely accepted that major element abundances of 
minerals can be accurately determined through electron 
microprobe analyses; however, large uncertainties remain 
on REE analyses for mafic minerals (e.g., plagioclase, 
orthopyroxene, and olivine). Particularly, middle and heavy 
REE are strongly incompatible in plagioclase and often 
below detection limits (cf. Fig. 5). To assess the effect of 
analytical errors on the calculated temperatures, here, we 
carried out Monte Carlo simulations using the major and 
trace element compositions of two samples from Namur 
et  al. (2011) (DC-9-468: An = 48; DC-9-2410: An = 68) 
as the initial inputs. Because heavy REE in plagioclase 

from these two samples were below their detection limits, 
we calculated all REE abundances in plagioclase based on 
those in clinopyroxene using temperatures derived from the 
REE-based thermometer and the plagioclase-clinopyroxene 
partitioning model (Eq.  3). Random errors with a normal 
distribution were assigned to REE abundances in plagio-
clase to simulate analytical uncertainties. For each sam-
ple, we generated 1000 sets of plagioclase-clinopyroxene 
pairs with a given percentage error between 0 and 50 % 
and then calculated temperature for each pair using this 
REE-based thermometer. A representative example of tem-
perature inversion for 50 % random errors is shown in sup-
plementary Fig. S1. As middle and heavy REE are highly 
depleted in plagioclase from natural rocks, we also calcu-
lated temperatures by excluding heavy REE in plagioclase 
or excluding middle and heavy REE in plagioclase. The 
standard deviations of the calculated temperatures mani-
fest the temperature uncertainties derived from different 
analytical errors. When all REE in plagioclase are above 
the detection limits, uncertainties in the calculated tem-
peratures are within ± 15 °C for < 50 % analytic errors of 
REE in plagioclase (black curves in Fig. 6a). When heavy 
REE are excluded, the temperature uncertainties margin-
ally increase by up to 5 °C for 50 % analytic errors (blue 
curves in Fig. 6a). However, temperatures calculated using 
only light REE have larger uncertainties up to about ± 30 °C 

Fig. 5  Examples of tem-
perature inversions for volcanic 
phenocrysts (KIL55-2) from the 
Kilauea Volcano, Hawaii (Nor-
man et al. 2005) and a gabbro 
(1812.39) from the Bushveld 
Complex (Tanner et al. 2014). 
Plots (a) and (c) are spider dia-
grams showing the chondrite-
normalized REE abundances in 
clinopyroxene and plagioclase, 
and (b) and (d) are temperature 
inversion diagrams showing the 
linear least-squares regression 
analyses of the REE partitioning 
data. The thick red lines are the 
best-fit lines passing through the 
origin (cf. Eq. 6a). Chondrite 
values are taken from Anders 
and Grevesse (1989). Errors of 
the inverted temperatures are 
derived from the regression 
analyses without considering 
the REE analytical uncertain-
ties. Cyan markers indicate 
outliers excluded from the 
temperature inversions
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for 50 % analytic errors (red curves in Fig. 6a). Assuming 
30 % analytic errors for REE in plagioclase, the new REE-
based thermometer can accurately determine temperatures 
to within ± 10 °C.

Crystallization pressure and hydrous conditions

Crystallization pressure and melt water contents are 
required to estimate temperatures using this new REE-
based thermometer, but they are difficult to constrain 
independently for field samples. As demonstrated in the 
temperature inversion examples in section “A REE-in-pla-
gioclase-clinopyroxene thermometer”, relevant pressures 
and melt water contents may be assumed for temperature 
calculations, which likely introduces additional uncertain-
ties. To assess the influences of pressure and water on the 
temperatures, we calculated temperatures for the afore-
mentioned two samples (DC-9-468 and DC-9-2410 from 
Namur et al. 2011) by assuming a range of pressures (0–10 
kbar) and melt water abundances (0–10 wt%). With refer-
ence to 0 kbar and 0  wt% water  (T0 in Fig.  6b), the cal-
culated temperature increases by ~ 60 °C for a pressure 
increase from 0 to 10 kbar but decreases by ~ 30 °C for 
addition of water from 0 to 10 wt% in the melt (Fig. 6b). 
The overall variations of the calculated temperature are 
about ± 10 °C for a pressure uncertainty of ± 4 kbar or for 
± 2  wt% errors of the estimated water content, indicating 
that the accuracy of this REE-based thermometer is insen-
sitive to uncertainties of pressure and melt water content.

Crystallization sequences

The fundamental assumption for applying the new REE-
exchange thermometer to an igneous rock is that pla-
gioclase and clinopyroxene were co-crystalized from the 
same parental magma. This is likely the case for a pair of 
cumulus crystals, a pair of intercumulus crystals, rims of 
the mineral pairs, and possibly cores of the mineral pairs at 
the thin-section scale. The corresponding temperatures of 
these pairs in a single cumulate rock can be significantly 
different because of their distinct crystallization histories. 
However, this co-crystallization assumption may become 
invalid in other cases, such as cumulus-intercumulus pairs 
and core-rim pairs. To estimate the effect of crystallization 
sequences, we calculated temperatures using plagioclase 
and clinopyroxene from different solidification stages dur-
ing fractional crystallization of a mid-ocean-ridge basalt 
(MORB). MORB solidification was simulated using the 
MELTS program (Ghiorso and Sack 1995) for isobaric 
fractional crystallization of a primary MORB from Work-
man and Hart (2005) at 0.5 kbar under anhydrous condi-
tion. REE fractionation was calculated incrementally using 
the MELTS outputs and the partitioning models for olivine, 
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clinopyroxene, orthopyroxene, and plagioclase (Sun and 
Liang 2012, 2013a, 2014; Sun et al. 2017; Yao et al. 2012). 
Spinel is considered unimportant for fractionating REE. To 
mimic cumulus-intercumulus pairs and core-rim pairs, pla-
gioclase was randomly coupled with clinopyroxene from 
different crystallization stages between 26 % (i.e., the ini-
tial co-saturation) to 90 % solidification of MORB. Apply-
ing the REE-based thermometer to randomly coupled pla-
gioclase and clinopyroxene, we obtained the deviations of 
REE-derived temperatures from the plagioclase crystalliza-
tion temperatures, which display a positive correlation with 
the relative crystallization sequences (Fig. 6c). Two repre-
sentative examples of temperature inversion for randomly 
paired plagioclase and clinopyroxene are shown in supple-
mentary Fig. S2.

The calculated temperatures for randomly paired pla-
gioclase and clinopyroxene are determined by the appar-
ent REE partition coefficients (D̄) and the mineral major 
element compositions (cf. Eq.  6a−c). From 26 to 90 % 
solidification of MORB, clinopyroxene compositional 
factors in A vary within a small range 
(XT

Al
= 0.08 − 0.10, XM2

Mg
= 0.08 − 0.17), whereas in plagi-

oclase, it decreases from 0.77 to 0.40. As fractional crys-
tallization proceeds from 26 to 90 %, REE abundances in 
plagioclase and in clinopyroxene increase by about fac-
tors of 5 to 10. The apparent negative correlation between 
Ca and REE abundances in plagioclase effectively 
reduces the variation of ln(D̄)–A  (cf. Eq.  6b–c) intro-
duced by plagioclase, so that the calculated temperatures 
are not significantly influenced by the randomly picked 
plagioclase. Instead, when randomly picked clinopyrox-
ene is paired with a given plagioclase, compositional fac-
tors could not compensate the variations of REE abun-
dances in clinopyroxene. Hence, coupling plagioclase 
with an early (or late) clinopyroxene induces an overesti-
mation (or underestimation) of the plagioclase crystalli-
zation temperature (Fig.  6c). The absolute deviation 
depends on the plagioclase composition in addition to the 
relative crystallization sequences between plagioclase 
and clinopyroxene. A more evolved plagioclase appears 
to induce a larger deviation of the REE-derived tempera-
ture from the plagioclase crystallization temperature. For 
plagioclase and clinopyroxene from the early stage frac-
tional crystallization, a < 10 % relative crystallization 
sequence is required to ensure a ± 10 °C uncertainty in 
the calculated temperature; however, for those from 
highly evolved magmas, more accurate estimation of the 
crystallization sequence is essential for a similar temper-
ature uncertainty.

Although the initial crystallization sequences were 
set up by MORB fractional crystallization in a close sys-
tem, the random coupling of minerals from different 

solidification stages also simulates possible dis-equilibrium 
mineral pairs in open systems, e.g., replenishments of prim-
itive or evolved magmas derived from a similar initial melt. 
When the replenished magmas have distinct parental melts, 
errors in the REE temperatures for cumulus-intercumulus 
or core-rim pairs may become significant, and therefore, 
the REE temperatures may not provide any meaningful 
implications. Finally, it is worth noting that the preceding 
analysis is based on the MELTS program, which also has 
its own uncertainties in producing mineral crystallization 
sequences and compositions.

Field validation and applications

Volcanic and cumulate rocks are widespread in Earth’s 
crust and often contain coexisting plagioclase and clino-
pyroxene. The crystallization temperatures of pre-erup-
tive volcanic lavas can be obtained from the widely used 
plagioclase-melt thermometers (e.g., Putirka 2005, 2008; 
Lange et al. 2009), whereas those of cumulate rocks have 
been estimated using the relationship between temperature 
and anorthite content in plagioclase for a selected com-
positional range (e.g., Thy et  al. 2009; VanTongeren and 
Mathez 2013). When the major and trace element compo-
sitions of coexisting plagioclase and clinopyroxene were 
provided in addition to the major element compositions 
of equilibrium or parental melts, volcanic and cumulate 
rocks allow us to examine if temperatures derived from the 
REE-based thermometer are comparable to magma crys-
tallization temperatures determined by the aforementioned 
independent approaches. Although the Mg-exchange ther-
mometer is readily reset by diffusive re-equilibration (Faak 
et  al. 2014), it provides lower limits of possible crystalli-
zation temperatures. In the following section, we use pub-
lished field data to test if the REE-in-plagioclase-clinopy-
roxene thermometer can provide magma crystallization 
temperatures.

Volcanic rocks

We compiled chemical data from 12 volcanic rocks with 
coexisting plagioclase and clinopyroxene phenocrysts from 
the Colima Volcanic Complex, Mexico (Luhr and Car-
michael 1980), the Twin Peaks, Utah (Nash and Crecraft 
1985), the Kilauea Volcano, Hawaii (Norman et al. 2005), 
the Farallón Negro Volcanic Complex, Argentina (Halter 
et al. 2004), the Villarrica Volcano, Chile (Zajacz and Hal-
ter 2007), White Island, New Zealand (Severs et al. 2009), 
and Campi Flegrei, Southern Italy (Fedele et  al. 2009, 
2015). The chemical compositions of quenched glass matri-
ces and/or melt inclusions hosted in phenocrysts display 
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a wide spectrum (e.g.,  SiO2 = 51–72 wt%; Mg# = 19–59), 
ranging from basalt, basaltic andesite, dacite, and rhyolite 
to phonolitic trachyte. The anorthite content in plagio-
clase phenocrysts ranges from 28 to 82 mol%, while Mg# 
and XT

Al
 in clinopyroxene phenocrysts varies from 59 to 83 

and from 0.01 to 0.11, respectively. In the two earlier stud-
ies (Luhr and Carmichael 1980; Nash and Crecraft 1985), 
trace element compositions of bulk phenocrysts were deter-
mined using instrumental neutron activation analyses of 
mineral separates. These minerals were carefully picked 
to avoid melt contamination (i.e., melt inclusions or adher-
ing groundmass). In the more recent studies (Halter et  al. 
2004; Norman et al. 2005; Zajacz and Halter 2007; Severs 
et  al. 2009; Fedele et  al. 2009, 2015), average trace ele-
ment compositions of phenocrysts were determined using 
laser ablation inductively coupled plasma mass spectrom-
etry (LA-ICP-MS), which has better spatial resolution and 
lesser chance of melt contaminations. Zoning profiles of 
major and trace elements in phenocrysts were not reported 
in these studies.

Water contents in the pre-eruptive lavas are required in 
the plagioclase-melt thermometers, and can be estimated 
using melt inclusions from the same volcanoes, in which 
water abundances were determined by Fourier transform 
infrared spectroscopy (FTIR) or ion probes. Through wet 
chemical analyses, Luhr and Carmichael (1980) found 
0.6  wt%  H2O retained in the most primitive andesite 
(Sample 15:  SiO2 = 57.6  wt%) from the Colima Volcanic 
Complex, Mexico, which is comparable to the water abun-
dance (1  wt%) of olivine-hosted melt inclusion with a 
similar major element composition (Sample CU-01-05: 
 SiO2 = 55.7  wt%; Vigouroux et  al. 2008) from the same 
volcanic complex. This suggests that the six andesites from 
Luhr and Carmichael (1980) likely have ~ 1 wt%  H2O prior 
to eruption. FTIR and ion probe analyses reveal < 0.5 wt% 
 H2O in olivine-hosted melt inclusions from the Kilauea 
Volcano, Hawaii (Anderson and Brown 1993; Barsanti 
et  al. 2009), supporting nominally anhydrous pre-eruptive 
basaltic lavas from this volcano (Norman et al. 2005), per-
haps with ~ 0.5  wt%  H2O. Ion probe analyses of plagio-
clase-hosted melt inclusions indicate ~ 0.6 ± 0.2  wt%  H2O 
in the pre-eruptive dacite lavas from White Island, New 
Zealand (Wardell et al. 2001; Severs et al. 2009). By con-
trast, FTIR analyses of melt inclusions (Marianelli et  al. 
2006) suggest 4 ± 1  wt%  H2O in the pre-eruptive trachy-
phonolitic lava from Campi Flegrei, Italy (Fedele et  al. 
2009, 2015).

However, water contents have not been determined 
for phenocryst-hosted melt inclusions from Twin Peaks 
at Utah, the Farallón Negro Volcanic Complex at Argen-
tina, and the Villarrica Volcano at Chile. The small 
to trace amount of biotite and the low  H2O contents 
(0.09–0.56  wt%) in the rhyolites from Utah (Nash and 

Crecraft 1985) suggest a water under-saturated pre-erup-
tive lavas. The partially resorbed amphibole in the basal-
tic andesite from Argentina suggests that plagioclase and 
clinopyroxene were crystalized during degassing with 
< 4 ± 2 wt%  H2O in the melt (Halter et al. 2004). Although 
no hydrous phenocrysts were found in the basaltic andesite 
from Chile, the total loss on ignition (1.8  wt%; Zajacz 
and Halter 2007) of the whole rock supports the presence 
of water in the pre-eruptive magma likely under a water 
under-saturated condition. As a crude approximation, 
2  wt%  H2O was assumed in the pre-eruptive magmas of 
these volcanic rocks.

Using these estimated water contents in pre-eruptive 
lavas and the reported compositions of plagioclase and 
melt (quenched glasses or melt inclusions), we applied four 
plagioclase-melt thermometers (Putirka 2005, 2008; Lange 
et al. 2009; Waters and Lange 2015) and calculated the pla-
gioclase crystallization temperatures at 2 kbar. According 
to the measured volatile contents in olivine-hosted melt 
inclusions (Barsanti et  al. 2009), an average pressure of 
0.2 kbar was used for the two basalts from Norman et al. 
(2005). Temperatures were also calculated for coexisting 
plagioclase and clinopyroxene using the REE-in-plagio-
clase-clinopyroxene thermometers. Results of the tempera-
ture calculations for individual samples are shown in sup-
plementary Fig. S3. Encouragingly, temperatures derived 
from the REE-based thermometer (designated as  TREE 
hereafter) agree well with the crystallization temperatures 
calculated using different plagioclase-melt thermometers 
(Fig.  7). The temperature differences are generally within 
± 50 °C, comparable to the calibration errors of the plagio-
clase saturation thermometers. Notably, the thermometer of 
Lang et al. (2009) produces > 50 °C higher temperatures for 
the andesites reported in Halter et  al. (2004) and in Luhr 
and Carmichael (1980). Given the abundant alkaline con-
tents in these andesites  (Na2O + K2O = 7.0–9.6  wt%), the 
higher temperatures derived from Lange et al.’s thermom-
eter are likely due to the model limitations for alkaline-rich 
magmas (see Fig. 5 in Waters and Lange 2015). The over-
all agreement between the REE-based thermometer and 
the plagioclase saturation thermometers indicates that tem-
peratures calculated using the REE-in-plagioclase-clinopy-
roxene thermometer are the crystallization temperatures of 
plagioclase in pre-eruptive magmas.

The abundances of MgO in plagioclase were also 
reported in five samples from four studies (Halter et  al. 
2004; Norman et  al. 2005; Zajacz and Halter 2007; Sev-
ers et  al. 2009), which allow us to calculate temperatures 
using the Mg-exchange thermometer of Faak et al. (2013). 
Using the Mg-based thermometer and the parameterized 
temperature-dependent silica activity model from Faak 
et  al. (2014), we calculated temperatures for individual 
volcanic samples. For the two Hawaii basalts (Norman 
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et  al. 2005), temperatures derived from the Mg-exchange 
thermometer (KIL55-2: 1140 °C; KIL55-8: 1146 °C) are 
comparable to those derived from the REE-based ther-
mometer (1147 ± 10 °C and 1144 ± 3 °C, respectively). The 
two exchange thermometers also give rise to similar tem-
peratures for the dacite sample from New Zealand (Severs 
et al. 2009;  TMg = 1170 °C;  TREE = 1150 ± 6 °C). However, 
for the two basaltic andesites from Argentina (Halter et al. 
2004) and Chile (Zajacz and Halter 2007), temperatures 
derived from the Mg-exchange thermometer (971 °C and 
1031 °C) are significantly less than those derived from the 
REE-based thermometer (1088 ± 23 °C and 1198 ± 4 °C). 
Because the pre-eruptive lavas of these two samples con-
tain ~ 2  wt% water, the significant temperature differences 
may be due to uncertainties of the silica activity model of 
Faak et  al. (2014) that does not include the water effect. 
Combining with a recent activity model for hydrous sili-
cate melts (Carmichael 2004), the Mg-exchange ther-
mometer provides temperatures 1016 °C and 1087 °C for 
the Argentina and Chile basaltic andesites, respectively. 
These temperatures are still considerably smaller than the 

REE-recorded temperatures. One possible explanation for 
the discrepancy here is diffusive resetting of Mg in plagio-
clase, perhaps, in shallow magma chambers.

Cumulate rocks

From the literature, we compiled 70 mafic cumulate rocks 
with major and trace element compositions of coexisting 
plagioclase and clinopyroxene. These include 34 cumu-
lates from the Sept Iles layered intrusion, Canada (Namur 
et al. 2011) and 36 cumulates from the Bushveld Complex, 
South Africa (VanTongeren and Mathez 2013; Tanner et al. 
2014). The Sept Iles cumulates include 9 troctolites, 9 
anorthosites, and 10 gabbros from the lower Layered Series 
(MCU I) and 6 anorthosites from the Upper Border Series 
(UBS). Major element zonations were reported for plagi-
oclases from the anorthosite samples, which display mild 
core-to-rim variations  (An60 − 68). Plagioclase and clinopy-
roxene in the Sept Iles cumulates display a relatively small 
range of composition (An = 48–68 in plagioclase; Mg# = 
66–78 and XT

Al
 = 0.06–0.11 in clinopyroxene). Fine-grained 

Fig. 7  Comparisons of tem-
peratures calculated using the 
REE-in-plagioclase-clinopy-
roxene thermometer  (TREE) and 
the plagioclase-melt saturation 
thermometers  (Tplg) for volcanic 
rocks reported in the literature. 
Error bars represent the stand-
ard errors of the plagioclase-
melt saturation thermometers 
and of the temperature inver-
sion. Grey regions illustrate the 
± 50 °C differences
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rocks from the chilled margin suggest that the parental 
magma of the Sept Iles Layered Series was a ferrobasalt 
 (SiO2 = 48.56 wt%,  TiO2 = 2.85 wt%, and MgO = 5.47 wt%) 
compositionally comparable to the Skaergaard parental 
magma (see Table 10 in Namur et al. 2010). Hence, crystal-
lization temperatures of the 28 cumulate rocks from Sept 
Iles Layered Series can be estimated using the An-based 
thermometer of Thy et  al. (2009) that was calibrated spe-
cifically for the Skaergaard intrusion.

The 36 Bushveld cumulates include 1 anorthosite, 18 
gabbronorites or gabbros from the Upper and Upper Main 
Zones (UUMZ) in the Eastern Limb (VanTongeren and 
Mathez 2013) and 1 troctolite, 2 anorthosites, and 14 gab-
bronorites or gabbros from the UUMZ in the Northern 
Limb (Tanner et  al. 2014). Plagioclase and clinopyroxene 
in the 36 Bushveld cumulates are compositionally similar 
to those from the Sept Iles intrusion but display slightly 
larger ranges (An = 45–76 in plagioclase; Mg# = 47–84 
and XT

Al
 = 0.03–0.07 in clinopyroxene). Given the continu-

ously evolving compositions, VanTongeren and Mathez 
(2013) suggested that UUMZ above the Pyroxenite Marker 
in the Eastern Limb crystallized from a single magma 
composition represented by fine-grained gabbros from the 
chilled margin  (SiO2 = 49.72  wt%,  TiO2 = 0.81  wt%, and 
MgO = 6.08  wt%; Davies and Cawthorn 1984). Although 
no such a Pyroxenite Marker is observed in the Northern 
Limb, the stratigraphy units and chemical fractionation 
trends of the Northern Limb are comparable with those of 
other lobs (Ashwal et al. 2005), indicating that the UUMZ 
parental magmas of the Northern Limb are likely similar to 

that in the Eastern Limb. Assuming that plagioclase  An75 
crystallized at 1150 °C, VanTongeren and Mathez (2013) 
obtained a linear expression relating An in plagioclase 
(= 55–75) to plagioclase crystallization temperature using a 
slope of 6.8 °C/An from MELTS (Ghiorso and Sack 1995). 
Because the liquidus temperature determined by MELTS is 
about 1200 °C at the FMQ buffer for the saturation of pla-
gioclase  An75 in the suggested parental magma, we modi-
fied this An-based plagioclase thermometer accordingly 
to estimate crystallization temperatures of these Bushveld 
cumulate rocks.

Using the reported compositions of coexisting plagio-
clase and clinopyroxene, we applied the REE- and the Mg-
exchange thermometers to all compiled cumulate rocks. 
Three choices of pressures 1 atm, 1 kbar, and 2 kbar were 
used in the REE-based thermometer. Because a decrease 
of the assumed pressure from 2 kbar to 1  atm marginally 
reduces the calculated temperatures (by 2–3 °C, Fig.  6b), 
only the results for 2 kbar are discussed here (see individ-
ual temperature inversions in supplementary Fig. S4). The 
parameterized silica activity model from Faak et al. (2014) 
was used in the Mg-exchange thermometer for these cumu-
late rocks.

For mafic cumulates from the Sept Iles lower Layered 
Series (MCU I), temperatures derived from the REE-based 
thermometer generally agree with plagioclase crystalliza-
tion temperatures calculated using the An-based thermom-
eter (Thy et al. 2009) (Fig. 8a). The Sept Iles anorthosites 
from UBS show systematically lower REE temperatures. 
Because UBS anorthosites are interpreted as the result of 
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Fig. 8  Comparisons of temperatures calculated using the REE-in-
plagioclase-clinopyroxene thermometer  (TREE), the empirical An-
based plagioclase thermometers (Thy et  al. 2009; VanTongeren and 
Mathez 2013), and the Mg-exchange thermometer of Faak et  al. 
(2013;  TMg) for cumulate rocks from the Sept Iles intrusion and the 
Bushveld Complex. Open circles in (a) and (b) denote the low-pres-
sure experimental data, as shown in Fig. 1a. Question markers indi-
cate that samples with abnormally high temperatures derived from 

the Mg-exchange thermometer. Mineral compositions of the Sept Iles 
samples are from Namur et  al. (2011), while those of the Bushveld 
samples are from VanTongeren and Mathez (2013) and Tanner et al. 
(2014). Note that we modified the An-based thermometer of VanTon-
geren and Mathez (2013) using the liquidus temperature (1200 °C; An 
= 75) determined by MELTS for the proposed parental magma com-
position in VanTongeren and Mathez (2013)
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plagioclase floatation (Namur et al. 2011), their lower REE-
derived temperatures may be attributed to significant inter-
action with shallow magmas during plagioclase floatation 
or, perhaps, to late crystallization of interstitial clinopyrox-
ene. However, the latter require crystallization of clinopy-
roxene to be delayed by more than 40 % solidification after 
plagioclase saturation (cf. Fig. 6c).

For the Bushveld cumulates, temperatures derived from 
the REE-based thermometer agree well with the modified 
An-based thermometer of VanTongeren and Mathez (2013) 
(Fig. 8b), and the relative differences are generally within 
± 20 °C. One sample with plagioclase  An45 appears to have 
a REE temperature about ~ 50 °C above the line defined by 
the An-based thermometer. As this An-based thermometer 
is calibrated for  An55 − 75, the large temperature difference 
for this sample is likely due to significant extrapolation of 
the An-based thermometer. In the REE temperature inver-
sion diagrams (supplementary Fig. S3), many of the Bush-
veld samples reported by VanTongeren and Mathez (2013) 
display REE patterns rotated from lines passing through 
the origin. These rotations may be attributed partially to 
crystallization of plagioclase and clinopyroxene at different 
times or differential diffusive resetting of REE for slowly 
cooled samples. However, neither appears to generate rota-
tions (cf. supplementary Figs. S2 and S5) as large as those 
observed for these Bushveld samples. Given that no heavy 
REE were reported for plagioclase from these samples, it is 
difficult to fully assess the origin of rotations in the temper-
ature inversion diagrams, which require more future work.

The overall good agreement between temperatures 
derived from the REE-based thermometer and magma 
crystallization temperatures independently constrained by 
the An-based thermometers demonstrates that the REE-in-
plagioclase-clinopyroxene thermometer provides magma 
crystallization temperatures for the Sept Iles and Bushveld 
cumulate rocks. However, temperatures derived from the 
Mg-exchange thermometer are systematically lower than 
those from the REE-exchange thermometer, except six sam-
ples with abnormally high temperatures (1217–1431 °C) 
derived from the Mg-based thermometer (Fig. 8c). Because 
these values are greater than the crystallization tempera-
tures (996–1142 °C) of the six samples constrained by An-
based thermometers, the abnormal Mg temperatures seem 
to be erroneous, perhaps, due to analytical issues. As Mg 
is readily reset in coexisting plagioclase and clinopyrox-
ene due to fast diffusion in plagioclase (Faak et al. 2014), 
the overall temperature differences are consistent with the 
slower diffusion of REE in plagioclase and clinopyroxene. 
Further assessment of the kinetic effect on the REE- and 
Mg-based thermometers requires quantitative understand-
ing of the extent of REE and Mg diffusive re-distribution in 
the coexisting plagioclase and clinopyroxene.

Discussion

Physical meaning of the calculated temperatures

The rate of diffusive exchange of an element in a cooling 
petrological system decreases with decreasing tempera-
ture and effectively vanishes after a certain time. The cor-
responding temperature is called closure temperature (Tc; 
Dodson 1973), which can be determined by thermometers 
based on the equilibrium exchange of the element of inter-
est (e.g., REE and Mg). In cooling cumulate rocks, diffu-
sive exchange takes place subsequent to crystallization, so 
the initial temperature is approximately the mineral crys-
tallization temperature. When the closure temperature and 
the initial temperature are determined independently, their 
difference can be used to assess the thermal history of the 
rock (e.g., cooling rate and residence time). A similar con-
cept has also been used in Chin et  al. (2012) to infer the 
P-T trajectories of cooling peridotite xenoliths.

For diffusive exchange between a crystal and a homo-
geneous infinite reservoir, Dodson (1973) gave a simple 
expression for the closure temperature of an element of 
interest in the crystal:

where E and �0 are the activation energy and pre-exponen-
tial factor for diffusion of the element of interest; r is the 
effective grain radius; dT/dt is the absolute value of cooling 
rate at the closure temperature; and Γ is the closure func-
tion depending upon crystal geometry and location in the 
crystal. The spatially weighted average of Γ is 4.0066 for 
sphere, 3.29506 for cylinder, and 2.15821 for plane sheet. 
To extend Dodson’s equation for arbitrary small amount of 
diffusion, Ganguly and Tirone (1999) modified the closure 
function by adding a numerical correction that is a function 
of the initial temperature and crystal geometry. This correc-
tion is essential for slow diffusing species (e.g., REE) and 
is also important for fast diffusing species (e.g., Mg) dur-
ing rapid cooling. The closure problem formulated by Dod-
son (1973) is based on the assumption that the surrounding 
medium (mineral or/and melt) serves as an infinite reser-
voir for the crystal in question, which has to be justified for 
specific petrological systems.

In general, the extent of diffusive re-distribution between 
two coexisting minerals for an element of interest in a cool-
ing closed bi-mineralic system depends on the diffusion 
parameters (activation energy and pre-exponential fac-
tor), thermal history (cooling rate and initial temperature), 
crystal properties (crystal size, geometry, and proportion), 
and partition coefficients (e.g., Dodson 1973; Lasaga et al. 
1977; Eiler et al. 1992; Ehlers and Powell 1994; Ganguly 

(7)Tc =
E∕R

ln
[

RT2
c
�0

E(dT∕dt)r2

]
+ Γ

,
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and Tirone 1999; Watson and Cherniak 2013; Liang 2014, 
2015; Yao and Liang 2015). Liang (2015) provided an ana-
lytical expression for the closure temperature of a trace ele-
ment in cooling bi-mineralic systems that have not been 
open to mass transfer with their surrounding media since 
their formation. Although it does not incorporate the cases 
with arbitrary small amount of diffusion, this generalized 
equation allows one to assess the relative importance of 
individual minerals for determining the closure temperature 
of a trace element in the cooling bi-mineralic system.

To facilitate discussion, here, we introduce two short-
hand notations (Θ and ω) and rewrite Eq.  (10) in Liang 
(2015) for the closure temperature of a trace element in a 
cooling bi-mineralic system as follows:

where Θ is a correction factor for the effects of diffusion, 
partitioning, and mineral proportion; ω denotes the relative 
diffusion rates in minerals α and β; �

c
 is the trace element 

diffusion coefficient for each mineral at the closure temper-
ature; Dc is the partition coefficient at the closure tempera-
ture; ϕr indicates the relative mineral proportions (ϕα:ϕβ) in 
the system. Notably, the variation of Θ strongly depends on 
the relative diffusion rates in individual minerals (ω): Θ = 1 
when ω = 1; Θ > 1 when ω < 1; and Θ < 1 when ω > 1. As 
Θ approaches unit, Eq.  (8a) is reduced to Dodson’s equa-
tion (Eq. 7), and mineral β effectively serves as an infinite 
reservoir for trace element diffusion in mineral α. This is 
obviously not the case when Θ significantly deviates from 
unit (| Θ – 1 | > 0). Because the diffusion coefficients of Mg 
and REE in clinopyroxene are about one to three orders of 
magnitude less than those in plagioclase (cf. Fig. 1b), the 
values of ω are ~ 10 to ~ 103 (i.e., Θ << 1) for a typical 
gabbro with similar proportions and grain sizes of plagio-
clase and clinopyroxene. Thus, the formulations of Dodson 
(1973) and Ganguly and Tirone (1999) are inadequate in 
calculating closure temperature of Mg or REE in cooling 
plagioclase-clinopyroxene systems, which is further exam-
ined numerically in the following discussion.

Using the Crank–Nicolson finite difference scheme, we 
modeled REE and Mg diffusion in two plagioclase-clino-
pyroxene aggregates (50:50 and 95:5) with a uniform 
grain radius (1  mm). Following Dodson’s formulation, 

(8a)Tc =
E�∕R

ln
[

RT2
c
�

�
0

E� (dT∕dt )r
2
�

]
+ Γ + ln (Θ)

,
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−
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we assumed that temperature decreases monotonically 
through a reciprocal relationship with time:

where  T0 is the initial equilibrium temperature (1300 °C) 
and η is a constant depending upon the cooling rate  (10− 8 
to  106 °C/yr) at the initial temperature. REE and Mg con-
centrations at the mineral interface were constrained by 
their partition coefficients and conservation of total diffu-
sive flux. According to Yao and Liang (2015), we defined 
REE closure temperatures in the bi-mineralic systems 
through effective partition coefficients (i.e., ratios of spa-
tially averaged concentrations in the two minerals) that are 
expected to be comparable with temperatures recorded by 
the REE-exchange thermometer. When diffusive exchange 
of REE between the two minerals becomes closed, we cal-
culated temperatures by applying the REE-exchange ther-
mometer to all REE and to only light REE, respectively. 
Because middle and heavy REE in plagioclase are often 
below the detection limits (cf. Fig. 5a), the latter are more 
relevant to published field data. Mg closure temperatures 
of the bi-mineralic system were then calculated using the 
Mg-exchange thermometer when diffusive exchange of Mg 
between the two minerals effectively vanishes. The diffu-
sion data of REE and Mg are the same as those shown in 
Fig.  1b. Major element compositions of plagioclase and 
clinopyroxene were taken from Namur et al. (2011; DC-9-
2410: An = 68) for diffusion simulation. As the domi-
nant compositional factor for the partitioning of REE (cf. 
Eq.  6b) and Mg (see Faak et  al. 2013), Ca in plagioclase 
is extremely resistant to diffusive modification after plagio-
clase crystallization due to the slow diffusion of CaAl-NaSi 
in plagioclase (e.g., Grove et al. 1984). Accordingly, diffu-
sive exchange of major element compositions is considered 
to be unimportant for REE and Mg diffusion. For compari-
son, we also calculated REE and Mg closure temperature in 
a single plagioclase crystal using the equation of Ganguly 
and Tirone (1999).

As expected, temperatures calculated using the REE-
exchange thermometer  (TREE: blue curves in Fig.  9a) are 
consistent with the closure temperatures defined by the 
effective partition coefficients  (DREE: white markers) that 
were recommended by Yao and Liang (2015) to represent 
closure temperatures of cooling bi-mineralic systems. An 
example of temperature inversion using the REE-exchange 
thermometer is shown in supplementary Fig. S5 for a cool-
ing rate of  10− 5 °C/yr. When only light REE are avail-
able, temperatures calculated using the REE-exchange 
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thermometer  (TLREE: red curves) become the mean closure 
temperatures of light REE in the plagioclase–clinopyroxene 
aggregates defined by the effective partition coefficients 
 (DLREE: black markers). Due to the slower diffusion rate 
in clinopyroxene, mean closure temperatures of light REE 
are systematically higher than those of all REE. Notably, 
both REE and Mg closure temperatures are significantly 
greater than those derived from the equation of Ganguly 
and Tirone (1999), especially when clinopyroxene becomes 
a minor phase. Overall, the simulation results are consistent 
with the closure temperature analysis based on Eq. (8) and 
confirm the inadequacy of the one-mineral Dodson type 
equation (e.g., Ganguly and Tirone 1999) in quantifying 
diffusive responses of REE and Mg in coexisting plagio-
clase and clinopyroxene in a closed system.

The preceding discussion on closure temperatures in 
plagioclase-clinopyroxene systems is based on tracer dif-
fusion of REE and Mg in the two minerals. As discussed 
in Costa et  al. (2003) for Mg diffusive exchange between 
plagioclase crystals and silicate magmas, the presence of 
major element concentration (i.e., An) gradients in plagio-
clase induces additional diffusive fluxes for the trace ele-
ments. However, the effect of An zonation does not appear 
to be significant on the closure temperatures of REE and 
Mg in the plagioclase–clinopyroxene systems calculated 
using the average An (cf. Fig. 9b; See detailed discussion in 
the online Supplementary Materials).

Regime diagrams for reading thermal histories

The systematic differences in temperatures derived from 
the REE- and Mg-exchange thermometers for the cumu-
late rocks can be used to deduce thermal histories of pla-
gioclase- and clinopyroxene-bearing rocks. To illustrate 
the diffusive responses of REE and Mg closure tempera-
tures to various cooling rates and initial temperatures, we 
numerically simulated REE and Mg diffusion in two pla-
gioclase-clinopyroxene aggregates (50:50 and 95:5) for a 
range of cooling rates  (10− 7 to  107 °C/yr), grain radii (0.1 
to 10 mm), and initial temperatures (900 to 1400 °C) using 
the finite difference method outlined in section “Physical 
meaning of the calculated temperatures”. The effective dif-
fusion radius was assumed to be uniform in the aggregates. 
Due to the challenge in accurate analysis of middle and 
heavy REE in natural plagioclase (cf. Fig. 5), the REE-in-
plagioclase-clinopyroxene thermometer, when applied to 
natural rocks, often records the closure temperature of light 
REE. Thus, the mean closure temperatures of light REE 
derived from the numerical simulations are taken as the 
measurable REE closure temperatures.

Figure 10a, b shows the calculated closure temperatures 
of REE and Mg for selected initial temperatures (900, 1000, 
1100, 1200, and 1300 °C) as a function of the product of 
cooling rate and square grain radius. Because of the recip-
rocal relationship between the cooling rate and grain size 
(dT∕dt ∝ 1

/
r2; Eqs.  7 and 8a), the product of these two 

serves as a single variable. The two representative mineral 
proportions yield comparable REE closure temperatures 

Fig. 9  Comparisons of plagioclase-clinopyroxene closure tempera-
tures  (Tc) derived from diffusion modeling and plagioclase closure 
temperatures calculated using the formulation of Ganguly and Tirone 
(1999Tplg

GT
). The mineral proportions (ϕ) in the two aggregates corre-

spond to a gabbro (ϕplg:ϕcpx = 50:50; solid curves) and an anorthosite 
(ϕplg:ϕcpx = 95:5; dashed curves). Plagioclase–clinopyroxene closure 
temperatures in (a) were derived from diffusion modeling for the two 
aggregates with constant plagioclase composition (An = 68), and 

those for the anorthosite analogy in (b) were compared with results 
of diffusion modeling for an imposed An gradient in plagioclase 
(An = 62–77; dotted curves). Markers show mean closure tempera-
tures of REE defined by their effective partition coefficients. Red and 
blue curves denote mean closure temperatures of REE  (TREE: blue) 
and light REE  (TLREE: red) recorded by the REE-exchange thermom-
eter. Grey curves represent closure temperatures recorded by the Mg-
exchange thermometer
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but distinct Mg closure temperatures because of the large 
difference in Mg diffusion coefficients between clinopyrox-
ene and plagioclase (Fig. 1b). The aggregate with a reduced 
clinopyroxene proportion displays systematically higher 
Mg closure temperatures.

The relative differences between REE and Mg closure 
temperatures lead to two characteristic regimes for rapid 
and slow cooling, respectively (Fig.  10c-d). The bound-
ary between the two regimes is controlled by Mg closure 
temperature and vary with initial temperatures and mineral 
proportions. For a typical gabbro (ϕplg:ϕcpx = 50:50) with 
an initial temperature of 1000 °C, the boundary of the two 
regimes is at a normalized cooling rate of ~ 1 °C/yr · mm2 
and moves to a faster cooling rate of 100 °C/yr  ·  mm2 as 
the initial temperature is raised to 1300 °C. However, for a 
typical anorthosite (ϕplg:ϕcpx = 95:5), the boundary cool-
ing rates become one order of magnitude smaller (e.g., 
~ 0.1 °C/yr · mm2 for an initial temperature of 1000 °C).

In the rapid cooling regime, REE and Mg closure tem-
peratures are identical to the initial temperatures due to a 
small amount of diffusion. Because REE diffusion coef-
ficients in plagioclase and clinopyroxene are about two to 
six orders of magnitude smaller than Mg diffusion coeffi-
cients in plagioclase (Fig. 1b), REE diffusive exchange is 

relatively small until the cooling rate becomes very slow, 
whereas Mg in plagioclase can be extensively reset by 
diffusion for relatively slow and moderate cooling rates. 
Thus, in the slow cooling regime, the closure tempera-
tures of Mg become systematically decoupled from those 
of REE, i.e., Mg closure temperatures decrease with the 
cooling rates, while REE closure temperatures remain at 
the initial values. When the cooling rate is slow enough 
to significantly reset REE and Mg in coexisting plagio-
clase and clinopyroxene, their closure temperatures reach 
the maximum difference (~ 450 °C) along the upper limit 
of the rapid cooling regime. This maximum closure tem-
perature difference is primarily controlled by the diffu-
sion parameters of REE and Mg and to a lesser extent 
the relative phase proportions, partition coefficients, and 
relative grain radii (Eqs. 7 and 8a–c; see also Fig. 10b). 
In this case, REE closure temperature represents a lower 
limit of possible initial temperatures. For a given cool-
ing rate, the regime diagram (Fig. 10a-b ) allows one to 
assess diffusive re-distribution of REE and Mg in coexist-
ing plagioclase and clinopyroxene.

The regime diagram (Fig.  10a-b) can be converted to 
a plot showing the calculated REE closure temperatures 
against Mg closure temperatures for the selected initial 

Fig. 10  Plots showing REE and 
Mg closure temperatures in pla-
gioclase-clinopyroxene systems 
as a function of cooling rate (a, 
b) and the regime diagrams for 
determination of cooling rates 
and initial temperatures (c, d). 
The closure temperatures were 
obtained by applying the REE- 
and Mg-exchange thermometers 
to modeling results of light REE 
diffusive exchange between 
plagioclase and clinopyroxene 
for two choices of mineral 
proportions relevant to gab-
bros (ϕplg:ϕcpx = 50:50; a, c) 
and anorthosites (ϕplg:ϕcpx = 
95:5; b, d). Numbers along the 
thinner curves in (c, d) denote 
the products of cooling rate 
and square grain radius (°C/
yr · mm2). For comparison, the 
calculated closure temperatures 
in (a) and (c) are shown as 
dashed curves in (b) and (d), 
respectively. Markers in (c) 
show the compiled volcanic 
and gabbroic rocks, while those 
in (d) display the compiled 
troctolites and anorthosites. 
See Figs. 7 and 8 for marker’s 
legends
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temperatures (thick curves) and a range of grain size-nor-
malized cooling rates (thin curves; Fig. 10c-d). In this clo-
sure temperature diagram, the rapid cooling regime falls 
on or very close to the 1:1 correlation line, while the slow 
cooling regime is above the 1:1 line with an upper limit 
defined by the REE closure temperatures for substantial 
amounts of diffusion between coexisting plagioclase and 
clinopyroxene. This diagram is similar to that for illus-
trating closure temperatures of REE and major elements 
in two-pyroxene systems (Dygert and Liang 2015; Wang 
et al. 2015; Yao and Liang 2015). A useful feature of this 
diagram (Fig.  10c-d) is that the cooling rate and initial 
temperature can be directly read for a natural sample if it 
falls within the slow cooling regime. Assuming mono-
tonic cooling after the initial crystallization, the cooling 
time from the initial temperature (or REE closure tempera-
ture) to Mg closure temperature can be further estimated 
using Eq.  (9a). Because the estimated cooling rates also 
depend on the relative mineral proportions and grain sizes 
(cf. Eqs. 7 and 8a–c), accurate estimations of cooling rates 
for specific samples require diffusion modeling using rel-
evant mineral proportions and grain sizes. In addition, care 
should be taken for samples near the upper bound of the 
slow cooling regime that indicates extensive diffusive reset-
ting of REE in coexisting plagioclase and clinopyroxene.

In general, the initial equilibrium temperatures and cool-
ing rates inferred from the regime diagrams are the aver-
age crystallization temperatures and average cooling rates 
of the bulk crystals. Because mineral cores are more resist-
ant to diffusive resetting than rims, using only the crystal 
core compositions does not change the initial temperature 
estimates but can gives rise to an overestimation of the 
cooling rates by up to about one order of magnitude (see 
supplementary Fig. S7); however, using only the mineral 
rim compositions can lead to significant underestimations 
of the initial temperatures and cooling rates. A practical 
way to obtain a good approximation of the mineral average 
composition is to analyze multiple spots on crystals. Par-
ticularly, both crystal cores and rims should be analyzed for 
a better representative of the mineral average. Overgrowth 
rims crystalized from late stage interstitial liquids (e.g., 
Humphreys 2009) should be avoided.

Thermal histories of volcanic and cumulate rocks

Assuming comparable volume proportions and grain sizes 
of plagioclase and clinopyroxene phenocrysts, the com-
piled volcanic rocks are displayed in the regime diagram 
for ϕplg:ϕcpx = 50:50 (Fig.  10c). The two Hawaii basalts 
from Norman et  al. (2005) and the New Zealand dacite 
from Severs et  al. (2009) are in the rapid cooling regime 
with consistent REE and Mg closure temperatures, indi-
cating that these volcanic rocks underwent cooling at rates 

of greater than 100 °C/yr  ·  mm2, i.e., > 400 °C/yr for a 
0.5 mm grain radius. The Argentina basaltic andesite from 
Halter et  al. (2004) and the Chile basaltic andesite from 
Zajacz and Halter (2007) are well within the slow cooling 
regime. After corrections for relevant grain radii (~ 0.5 mm 
and ~ 0.2 mm), the Mg closure temperatures (1016 °C and 
1087 °C) suggest cooling rates of ~ 3 °C/yr and ~ 50 °C/yr 
for the Argentina and Chile basaltic andesites, respectively. 
As the Mg closure temperatures remain above solidus, the 
estimated cooling rates are likely related to the cooling in 
shallow magma chambers. Given the REE-recorded initial 
crystallization temperatures (1099 °C and 1208 °C), the res-
idence times of these phenocrysts in shallow magma cham-
bers are about 2 to 25 years.

The compiled cumulate rocks include 42 pyroxene-rich 
samples (gabbros and gabbronorites; ϕr ≈ 1) and 28 plagi-
oclase-rich samples (troctolites and anorthosites; ϕr >> 1). 
Assuming similar grain radii between clinopyroxene and 
plagioclase, these two groups are shown in the regime dia-
grams for ϕplg:ϕcpx = 50:50 (Fig. 10c) and ϕplg:ϕcpx = 95:5 
(Fig.  10d), respectively. Excluding the six samples with 
abnormally high Mg-recorded temperatures (> 1200 °C), 
most of our compiled cumulate rocks fall within the slow 
cooling regime in the converted regime diagrams. Near 
the upper bound of the slow cooling regime are five gab-
broic samples (Fig.  10c) and six plagioclase-rich samples 
(Fig.  10d), which likely underwent diffusive resetting of 
both REE and Mg. For these samples, the REE-exchange 
thermometer only provides resetting temperatures close 
to crystallization. Two of the plagioclase-rich samples are 
above the upper limit of the slow cooling regime (Fig. 10d) 
and hence are inadequate for cooling rate estimations. This 
is, perhaps, due to more complex thermal histories rather 
than simple monotonic cooling (cf. Eq. 9a) or due to over-
estimation of initial crystallization temperatures induced by 
late crystallization of plagioclase (cf. Fig. 6c).

The Bushveld cumulates from the Eastern Limb display 
a small range of Mg closure temperatures (761–854 °C), 
indicating normalized cooling rates at around 8 × 10− 4 
to 0.008 °C/yr  ·  mm2 in UUMZ. By contrast, those 
from the Northern Limb appear to have a broader range 
(794–1055 °C, excluding two anomalies > 1200 °C), sug-
gesting normalized cooling rates of ~ 8 × 10− 4 to ~ 5 °C/
yr · mm2. Corrected for an average grain radius of 0.5 mm, 
the cooling rates of the Northern Limb (~ 0.003 to ~ 20 °C/
yr) appear to be faster than those of the Eastern Limb 
(~ 0.003 to ~ 0.3 °C/yr), likely due to a smaller body of 
magmas emplaced in the UUMZ of the North Limb. The 
Bushveld cumulate B06-062 has the slowest cooling rate 
(~ 0.003 °C/yr) and suggests a maximum cooling time of 
~ 100 kyr from a magmatic temperature 1189 °C  (TREE) to 
a subsolidus temperature 761 °C  (TMg) for the Bushveld 
UUMZ in the Eastern Limb. Interestingly, the inferred 
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cooling time ~ 100 kyr for the Bushveld UUMZ is compati-
ble with that for solidification of the whole Bushveld Com-
plex derived from thermal modeling (180 kyr; Cawthorn 
and Webb 2013).

The Sept Iles cumulates show a wider range of Mg clo-
sure temperatures (712–960 °C, excluding four anoma-
lies > 1200 °C), suggesting normalized cooling rates of 
5 × 10− 5 to 0.1 °C/yr  ·  mm2, i.e., 2 × 10− 4 to 0.4 °C/yr for 
a 0.5 mm grain radius. The troctolites at the bottom of the 
Sept Iles intrusion appear to have the slowest cooling rate 
(~ 2 × 10− 4 °C/yr). Given their initial crystallization tem-
peratures (1088–1123 °C) and Mg closure temperatures 
(718–721 °C), the estimated cooling rate indicates a maxi-
mum cooling time of ~ 1.4 Myr from magma emplacement 
to 721 °C. In UBS, sample M-07-22 appears to have the 
lowest Mg closure temperature 819 °C and hence the slow-
est cooling rate 6 × 10− 4 °C/yr  mm2, i.e., 2 × 10− 3 °C/yr for 
a 0.5  mm grain radius. Accordingly, the estimated maxi-
mum cooling time of UBS is only ~ 87 kyr from initial crys-
tallization (1025 °C) to 819 °C.

Overall, the initial applications of the regime diagrams 
to the compiled volcanic and cumulate rocks support the 
conclusion that the new REE-in-plagioclase–clinopyroxene 
thermometer records crystallization or near-crystallization 
temperatures of coexisting plagioclase and clinopyroxene 
and also demonstrate that a combination of the REE- and 
Mg-exchange thermometers can place constraints on ther-
mal and magmatic histories of crustal magma bodies.

Summary and conclusions

Crystallization temperatures of plagioclase-bearing igne-
ous rocks are fundamental to understanding magmatic 
processes in crustal environments. However, magma tem-
peratures of cumulate rocks remain difficult to constrain 
particularly for those derived from open magma chamber 
processes. We developed a new thermometer based on REE 
exchange between plagioclase and clinopyroxene. The tem-
perature and composition effects were quantified through 
applications of the lattice strain model to plagioclase-melt 
and clinopyroxene-melt REE partitioning (Sun and Liang 
2012; Sun et  al. 2017). Several factors may influence the 
accuracy of this REE-exchange thermometer, including 
analytical errors of REE in plagioclase, uncertainties in 
the estimated pressure and water content, and interpreta-
tions of the crystallization sequence. Among those, the 
last one appears to have the most significant effect for 
samples from highly evolved magmas, which demands 
careful petrographic analyses and in  situ core/rim chemi-
cal analyses. An in plagioclase and Mg# in clinopyroxene 
from cumulate rocks usually display a systematic co-vari-
ation (e.g., Ashwal et al. 2005) that may be used to test the 

co-crystallization of plagioclase and clinopyroxene; how-
ever, such co-variation likely depends on the parental melt 
compositions (see Fig. 7 in Charlier et al. 2013) and has to 
be used with caution.

For volcanic phenocrysts from basalt, andesite, rhyolite, 
and phonolitic trachyte with various amounts of water, tem-
peratures derived from the new REE-based thermometer 
agree well with those determined by existing plagioclase-
melt thermometers. The agreement between the two differ-
ent types of thermometers lends confidence to the applica-
tion of the REE-in-plagioclase-clinopyroxene thermometer 
to felsic and hydrous systems. For mafic cumulate rocks 
crystalized from a single magma composition, tempera-
tures derived from the REE-exchange thermometer are con-
sistent with the empirical An-based thermometer that was 
calibrated for specific parental magma compositions. The 
overall agreements between temperatures recorded by the 
REE-exchange thermometer and independently constrained 
crystallization temperatures for volcanic rocks and cumu-
late rocks demonstrate that the REE-in-plagioclase-clino-
pyroxene thermometer provides crystallization or near-
crystallization temperatures of co-saturated plagioclase and 
clinopyroxene in shallow-level magma bodies.

Comparing with the plagioclase–clinopyroxene Mg-
exchange thermometer of Faak et al. (2013), the new REE-
exchange thermometer provides similar temperatures for 
volcanic rocks but yields systematically larger temperatures 
for cumulate rocks. The systematic differences in tempera-
ture derived from the two thermometers are related to the 
closure temperatures of Mg and REE in the coexisting 
plagioclase and clinopyroxene and are characterized by 
two cooling regimes. During rapid cooling (e.g., volcanic 
rocks), both Mg and REE thermometers tend to record the 
initial temperatures of mineral crystallization. During rela-
tively slow cooling (e.g., cumulate rocks), REE in coexist-
ing plagioclase and clinopyroxene still preserve the record 
of initial magmatic or near magmatic temperatures, but Mg 
in the bi-mineralic aggregate is reset by subsolidus diffu-
sive re-equilibration. The distinct diffusive responses of 
REE and Mg to temperature changes enable quantitative 
constraints on thermal histories of plagioclase- and clino-
pyroxene-bearing igneous rocks through application of the 
REE- and Mg-exchange thermometers and diffusion mod-
eling. Although the present study focuses on igneous rocks, 
the REE-in-plagioclase-clinopyroxene thermometer should 
also be applicable for estimating the early thermal histories 
of metamorphic rocks and planetary materials, a subject of 
future work.
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