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Abstract
The temperature-dependent exchange of Ni and Mg between garnet and olivine in mantle peridotite is an important geother-
mometer for determining temperature variations in the upper mantle and the diamond potential of kimberlites. Existing cali-
brations of the Ni-in-garnet geothermometer show considerable differences in estimated temperature above and below 
1100 °C hindering its confident application. In this study, we present the results from new synthesis experiments conducted 
on a piston cylinder apparatus at 2.25–4.5 GPa and 1100–1325 °C. Our experimental approach was to equilibrate a Ni-free 
Cr-pyrope-rich garnet starting mixture made from sintered oxides with natural olivine capsules (Niolv ≅ 3000 ppm) to produce 
an experimental charge comprised entirely of peridotitic pyrope garnet with trace abundances of Ni (10–100 s of ppm). 
Experimental runs products were analysed by wave-length dispersive electron probe microanalysis (EPMA) and laser abla-
tion inductively coupled plasma mass spectrometry (LA-ICP-MS). We use the partition coefficient for the distribution of Ni 
between our garnet experimental charge and the olivine capsule 
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(Ca + Fe + Mg)), and the Cr mole fraction in garnet ( XCr
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; Cr/(Cr + Al)) to develop a new formulation of the Ni-in-garnet 

geothermometer that performs more reliably on experimental and natural datasets than existing calibrations. Our updated 
Ni-in-garnet geothermometer is defined here as:
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, Ni is in ppm, XCa

grt
 = Ca/(Ca + Fe + Mg) in garnet, and XCr

grt
 = Cr/(Cr + Al) in garnet. Our updated Ni-

in-garnet geothermometer can be applied to garnet peridotite xenoliths or monomineralic garnet xenocrysts derived from 
disaggregation of a peridotite source. Our calibration can be used as a single grain geothermometer by assuming an average 
mantle olivine Ni concentration of 3000 ppm. To maximise the reliability of temperature estimates made from our Ni-in-
garnet geothermometer, we provide users with a data quality protocol method which can be applied to all garnet EPMA and 
LA-ICP-MS analyses prior to Ni-in-garnet geothermometry. The temperature uncertainty of our updated calibration has 
been rigorously propagated by incorporating all analytical and experimental uncertainties. We have found that our Ni-in-
garnet temperature estimates have a maximum associated uncertainty of ± 55 °C. The improved performance of our updated 
calibration is demonstrated through its application to previously published experimental datasets and on natural, well-
characterised garnet peridotite xenoliths from a variety of published datasets, including the diamondiferous Diavik and Ekati 
kimberlite pipes from the Lac de Gras kimberlite field, Canada. Our new calibration better aligns temperature estimates using 
the Ni-in-garnet geothermometer with those estimated by the widely used (Nimis and Taylor, Contrib Mineral Petrol 139:541–
554, 2000) enstatite-in-clinopyroxene geothermometer, and confirms an improvement in performance of the new calibration 
relative to existing versions of the Ni-in-garnet geothermometer.
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Introduction

The partitioning of Ni between garnet and olivine in peri-
dotite is strongly dependent on temperature and has been 
used to formulate several empirical (Griffin et al. 1989; 
Ryan et al. 1996) and experimental (Canil 1994, 1999) 
geothermometers. Since its first formulation, the Ni-in-
garnet geothermometer has been an important tool for 
studying the nature of the upper mantle (e.g. Griffin et al. 
1999, 2004) and for determining the diamond potential of 
kimberlites (Griffin and Ryan 1995). The different calibra-
tions of the Ni-in-garnet geothermometer provide similar 
temperature estimates between 1050 and 1150 °C but dif-
fer considerably outside of this range (Fig. 1). The empiri-
cal Ni-in-garnet geothermometer of Ryan et al. (1996) was 
calibrated using the O’Neill and Wood (1979) olivine-gar-
net Fe–Mg exchange geothermometer applied to natural 
peridotite xenoliths; whereas, the Canil (1999) Ni-in-gar-
net geothermometer was experimentally calibrated using 
natural and Ni-doped starting materials at near solidus 
and sub-solidus temperatures, typically at high pressure 
(> 4 GPa). Above 1200 °C the Ryan et al. (1996) empiri-
cal calibration provides a higher estimated temperature 
than the Canil (1999) experimental calibration; whereas, 
below 900 °C the Ryan et al. (1996) calibration provides 
a lower equilibration temperature than the experimental 
calibration. The Ryan et al. (1996) calibration likely incor-
porates many of the well-known problems associated with 
the O’Neill and Wood (1979) geothermometer (see below 
for “Discussion”). Despite this both calibrations of the 
Ni-in-garnet geothermometer continue to be used in stud-
ies of garnet xenocrysts to estimate mantle temperatures, 
with the Ryan et al. (1996) calibration commonly preferred 
in studies assessing the diamond potential of kimberlites.

In the following study we revisit the Ni-in-garnet geo-
thermometer using a novel experimental and analytical 
approach. We present the results for nine new Ni partition-
ing experiments conducted between a Ni-free Cr-pyrope-
rich garnet sintered oxide starting mixture and a natural Ni-
bearing olivine capsule. Our experiments were conducted 
at pressures (P) and temperatures (T) from 2.25 to 4.5 GPa 
and 1100 to 1325 °C. The experimental run products were 
analysed by EPMA and high precision LA-ICP-MS. The 
results have been used to formulate an updated Ni-in-garnet 
geothermometer with improved reliability relative to the 
existing calibrations and better alignment with temperature 
estimates from pyroxene geothermometry.

Methods

Experimental methods

A Ni-free Cr-pyrope-rich garnet composition was used as 
the starting material for all experiments (Table 1). This start-
ing material is based on the composition of a model man-
tle peridotite (MORB-Pyrolite) garnet, but recalculated to 
contain no Ni (Green 2015; Sudholz et al. 2021). Because 
our garnet starting composition did not contain Ni, it was 
anticipated that the Ni-free garnet starting mixture and the 
olivine capsule would equilibrate to produce an experimen-
tal charge comprised entirely of monomineralic garnet with 
trace levels of Ni. Our ‘synthesis’ approach based on dif-
fusion to calibrating the Ni-in-garnet thermometer differs 
from the original experimental method presented in Canil 
(1994, 1999) in that we do not use equilibrium brackets 
as experimental reversals using our technique poses addi-
tional experimental difficulties. The Ni-free garnet starting 

Fig. 1   Comparison between 
the Canil (1999) and Ryan 
et al. (1996) Ni-in-garnet 
geothermometer calibrations. 
Temperature for Canil (1999) 
geothermometer was calculated 
using a Ni olivine concentration 
of 3250 ppm, 3000 ppm, and 
2750 ppm
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composition was prepared by grinding sintered oxide (FeO, 
SiO2, Al2O3, TiO2, MgO, MnO, Cr2O3) and carbonate 
(Na2CO3, CaCO3) powders under acetone and then firing at 
1000 °C to decarbonate the mix (Yaxley and Green 1998). 
Only the oxide components listed in Table 1 were included 
in our Ni-free garnet starting composition. The Ni-free gar-
net starting composition was loaded into a capsule fabricated 
from gem-quality commercial San Carlos olivine which 
naturally contained approximately 2800–3200 ppm Ni. A 
typical major element composition of the San Carlos olivine 
used for our capsules is listed in Table 1. The outside diam-
eter (OD) of the olivine capsule was 2.3 mm and the inside 
diameter of the bore containing the garnet starting material 
was 1 mm. The height of the olivine capsule was typically 
2.5 mm. The bore within the olivine capsule that contained 
the garnet starting composition was typically 0.5–1 mm 
deep. An olivine disk was used as a lid with a typical thick-
ness of 0.5 mm. The olivine capsule assembly was placed 
within a 3.5 mm OD Ag0.5Pd0.5 or Pt capsule, which was 
arc-welded shut on both ends. The length of the metal cap-
sule was typically < 4 mm. A half-inch NaCl ± Pyrex assem-
bly with a graphite furnace was used for all experiments. 
Further details of this assembly are given in Sudholz et al. 
(2021). An illustration of the experimental assembly used 
in this study is shown in Fig. 2. A 200-tonne end-loaded 
piston cylinder apparatus was used for all experiments. The 
experimental pressure and temperature of this apparatus 
has been calibrated by the quartz–coesite transition (Bose 
and Ganguly 1995). Experimental temperature was meas-
ured using a type-B Pt–Rh thermocouple. The temperature 
and pressure of experiments ranged between 1100–1325 °C 
and 2.25–4.5 GPa. The run duration of all experiments was 

120 h. The oxygen fugacity of all experiments was buffered 
to the graphite furnace and is thus approximately equivalent 
to the graphite–oxygen (CCO) buffer reaction. Under these 
conditions the oxygen fugacity of our experiments was too 
low for appreciable oxidation of Fe2+ in the Ni-free garnet 
starting composition (Holloway et al. 1992). The run con-
ditions and assemblages for each experiment are listed in 
Table 2. In preparation for imaging and quantitative analy-
sis, the metal capsules were removed from their assemblies, 
mounted in epoxy resin and polished down to expose the 
garnet experimental charge and the olivine capsule. They 
were re-impregnated with epoxy under vacuum to seal any 
cracks. Capsules were polished down to a ¼ μm grit using 
a diamond lap and coated with a thin film of carbon for 
EPMA. This film was removed for analysis by LA-ICP-MS.  

Table 1   Composition of the Ni-free pyrolite garnet starting mixture 
used in all experiments reported in this study, and a representative 
analysis of the San Carlos olivine used as capsule in this study

Mg# = Mg/(Mg + Fe) × 100

Oxide (wt%) Ni-free Cr-pyrope-rich garnet 
starting composition

San Carlos oli-
vine capsule

SiO2 42.2 39.66
TiO2 0.28 < 0.01
Al2O3 22.84 < 0.01
FeO 6.88 10.04
MnO 0.19 0.13
MgO 20.51 49.90
CaO 5.36 0.07
Na2O 0.04 < 0.01
Cr2O3 1.70 0.02
NiO 0.00 0.38
Total 100.00 100.23
Mg# 84 89

Fig. 2   Simplified illustration of the experimental assembly used in 
this study. The exact dimensions of assembly interior are not to scale. 
The typical length and orientation of a LA-ICP-MS traverse for each 
experiment is label as A”–B” (see text for discussion)

Table 2   Summary of experimental run conditions

Experiment T °C P GPa Duration 
(hours)

Metal capsule

NIMPY5 1100 3 120 Ag0.5Pd0.5

NIMPY4 1150 3.5 120 Ag0.5Pd0.5

NIMPY9 1175 4 120 Ag0.5Pd0.5

NIMPY27 1175 2.5 120 Pt
NIMPY10 1200 3 120 Ag0.5Pd0.5

NIMPY7 1225 4 120 Ag0.5Pd0.5

NIMPY28 1275 4.5 120 Pt
NIMPY12 1300 4 120 Pt
NIMPY13 1325 4 120 Pt
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Analytical methods

The concentration of major elements in the olivine capsule 
and garnet experimental charge were measured on a JEOL 
JXA-8530F + EPMA at the Centre for Advanced Micros-
copy, The Australian National University. An accelerating 
voltage of 10 or 15 kV, a beam current of 20 nA, and a beam 
diameter less than 1 µm were used routinely for most analy-
ses. Analytical standards were a mix of synthetic and natural 
ASTIMEX Mineralogy standards as follows: Na (albite), Mg 
(periclase and olivine), Al (sanidine and pyrope), Si (sani-
dine and diopside), Ca (diopside), Ti (rutile), Cr (chromite), 
Mn (rhodonite), Fe (hematite and magnetite), and Ni (pent-
landite). Counting times were typically 20 s (peak and back-
ground) for major elements and 30–40 s for minor elements 
with a total analytical time of approximately 2–3 min. The 
data correction was done using the ‘PAP model’ (Pouchou 
and Pichoir 1991). Approximately 15–25 analyses were per-
formed on garnet grains within the experimental charge of 
each sample. Similarly, 5–30 analyses were typically per-
formed on the olivine capsule within each sample. Olivine 
analyses were performed across the entire capsule, and gar-
net analyses were performed across the entire experimental 
charge. Most garnet grains synthesised from our Ni-free gar-
net starting mixture were well-equilibrated based on stoichi-
ometry. However, to ensure only homogenous garnet com-
positions were included in our experimental dataset, garnet 
analyses with totals < 98 wt% and > 101 wt %, and cation 
totals < 7.96 and > 8.04 (calculated on the basis of twelve 
oxygens in garnet) were rejected. This filtering resulted in 
the removal of less than two or three garnet analyses in each 
experiment.

The concentrations of trace elements in the garnet experi-
mental charge were measured by LA-ICP-MS on an Agilent 
Technologies 7700 quadrupole mass spectrometer coupled 
to a Lambda Physik (λ = 193 nm) laser ablation system at the 
Research School of Earth Sciences, The Australian National 
University. All samples were ablated in a Helix sample cell 
with the laser operating at a 5 Hz pulse rate, 80 mJ output 
energy, and 22 μm diameter spot. Data acquisition involved 
a background (Ar-gas blank) pre- and post- ablation for 
25 s. A traverse across the entire garnet experimental charge 
was used to maximise the total ablation time. The ablation 
profile typically commenced within the olivine capsule, 
passing through the entire garnet experimental charge and 
back out into the olivine capsule at the opposite end of the 
assembly (see Fig. 2). The length of each LA-ICP-MS trav-
erse was typically between 500 and 1500 µm. The garnet 
experimental charge was comprised of numerous individual 
garnet grains of varying size. A typical LA-ICP-MS trav-
erse through our experiments is labelled on Fig. 2 by the 
A”–B” notation. The isotopes measured within the garnet 
experimental change were: 23Na, 27Al, 55Mn, 45Sc, 49Ti, 51V, 

53Cr, 55Mn, 59Co, 60Ni and 71Ga. Garnet Al concentrations 
determined by EPMA were used as the internal standard 
and the NIST reference glass SRM 612 (NIST 612) (Jochum 
et al. 2011) was used as the primary standard. Reference 
glasses BCR-2G and NIST 610 were monitored as secondary 
standards. Standard measurements bracketed each traverse 
across the garnet experimental charge. Several traverses 
were completed across each sample, typically in varying 
directions. Each traverse contained between 50 and 400 
individual ablations points across the garnet experimental 
charge. The data obtained were reduced using the Iolite v2.3 
software package (Paton et al. 2011). The Ni concentrations 
in garnet used in our calibration were taken from the aver-
ages of representative sections of the LA-ICP-MS traverse 
across the garnet experimental charge. These representative 
sections did not include analyses on the olivine capsule, 
nor any garnet analyses that were in close proximity to the 
boundary with the olivine capsule, or regions of the traverse 
that intersected epoxy-filled cracks within the charge. The 
representative sections of each traverse were assessed based 
on homogenous Al and Ni concentrations in garnet. A typi-
cal LA-ICP-MS traverse across the experimental charge for 
sample NIMPY10 is shown in Fig. 3. The slope between the 
garnet experimental charge and olivine capsule observed on 
Fig. 3 were a result of minor laser overlap and were observed 
within all experiments: these portions of each LA-ICP-MS 
traverse (and the olivine capsule analyses to the far right and 
left) were not used as part of our calibration.

Results

Our experiments were successful at synthesising an experi-
mental charge comprised entirely of monomineralic Cr-
pyrope garnet with trace levels (10–100 s of ppm) of Ni. 
The experimental charge was positioned within the olivine 
capsule (Fig. 4) and was made up of numerous garnet grains 
that ranged in size from 10 to > 35 um. Garnet grains pre-
sented well-formed crystal faces that were typically free of 
zoning. Some garnets in a few runs showed minor core to 
rim chemical zonation (Fig. 5). Analyses showed that the 
zonation was predominantly caused by minor variation in the 
concentration of Cr and Ti, which approached equilibrium 
at a slower rate due to the slower diffusion rates of these 
elements with respect to the divalent cations (e.g. Carlson 
2012). A representative analysis on the core and rim of a 
zoned garnet from experiment NIMPY9 is highlighted in 
Table 3. The olivine capsule retained its original shape and 
did not display evidence of compositional variation in back-
scattered electron images. The high-temperature experiments 
at 4 GPa contained a very minor amount of an additional 
phase, found along the grain boundaries of olivine and occa-
sionally alongside garnet at the interface with the olivine 
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capsule. The grains were typically too small (< 3 μm) for 
precise WDS analyses; however, energy-dispersive spectra 
confirmed that it contained Mg, Fe and Ca. We interpret this 
material as Fe-bearing dolomite, indicative of the presence 
of minor carbon in our experiments. The source of carbon is 
unknown but may relate to traces of residual organic vola-
tiles associated with the preparation of the sintered oxide 

garnet mix. The averages of the major oxide concentrations 
measured by EPMA in garnet for each experiment are listed 
in Table 3. The concentration of MgO and NiO in garnet 
measured by EPMA increased with increasing temperature; 
whereas, CaO, TiO2 and FeO decreased with increasing 
temperature. The concentration of FeO and MgO in garnet 
ranged between 5.9–7.5 wt% and 20.7–23.6 wt% respec-
tively. The concentration of Cr2O3 typically ranged between 
1.50 and 1.85 wt% and decreased marginally from the start-
ing composition (< 0.30 wt%). The concentration of CaO 
in garnet typically ranged between 4.0 and 5.0 wt% in the 

Fig. 3   Representative LA-ICP-
MS traverse showing the change 
in Al and Ni concentration 
between the garnet experimental 
charge and the olivine capsule 
(labelled). LA-ICP-MS traverse 
is for experiment NIMPY10. 
Individual points represent a 
single LA-ICP-MS ablation 
measurement
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Fig. 4   Back-scattered electron image of the monomineralic garnet 
experimental charge, olivine capsule, and metal (Ag0.5Pd0.5) capsule 
for sample NIMPY4. Note scale of 100 μm. Bright inclusions across 
the interior of Fig. 4 are pieces of the metal (Ag0.5Pd0.5) capsule that 
were etched into the sample during polishing. These metal pieces 
were avoided and did not affect the quality of EPMA and/or LA-ICP-
MS analyses

Fig. 5   Back-scattered electron image of the interface between the gar-
net experimental charge and the olivine capsule. Note scale of 10 μm
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experiments at ~ 3 GPa and the lower temperature (1175 °C) 
experiment at 4 GPa. The CaO concentration in garnet in the 
4 GPa experiments showed a marked decrease to < 3 wt% 
CaO in the high-temperature experiments (NIMPY28, 
NIMPY12, NIMPY13). Garnet from these experiments 
also exhibited slightly lower TiO2, FeO, as well as higher 
concentrations of MgO, and Cr2O3. The small changes in 
CaO abundance in garnet with increasing temperature were 
presumably accommodated by undetectable (using EPMA) 
changes in CaO abundance in the much more voluminous 
olivine capsule for the ~ 3 GPa experiments. LA-ICP-MS 
was used to measure the trace concentration of eleven ele-
ments in the garnet experimental charge (see “Analytical 
methods”). The majority of the trace elements were not 
included in the starting oxide composition and have been 
incorporated into the garnet experimental charge through 
a series of exchange reactions with the olivine capsule 
during the experimental runs. The concentration of Ni in 
garnet ranged from 67 to 180 ppm and increased linearly 
with increasing temperature. The concentration of Ni within 
most samples varied by ± 25 ppm. The concentration of Ga 
ranged from < 5 to > 15 ppm and decreased with increasing 
temperature. The concentration of Co and Sc varied from 24 
to 100 ppm and 4 to 70 ppm respectively. The concentration 
of Ti varied from 300 to 1200 ppm and decreased strongly 
with increasing temperature. The average concentration of 
trace elements in garnet for each representative section of 
the LA-ICP-MS traverse for each experiment, along with 
their standard deviations are shown in Table 4.

The concentrations of major and minor oxides in the 
olivine capsule were measured by EPMA only. The con-
centration of MgO and FeO in olivine ranged from 49 to 
51 wt% and 8 to 10 wt%, respectively. The concentration 
of FeO decreased marginally with increasing experimental 
temperature. The variation in the concentration of MgO in 
the olivine capsules did not deviate with temperature. The 
X

Mg

olv
 varied between approximately 0.89 and 0.92. The oli-

vine adjacent to the metal capsule did not show any major 
variations in the concentration of FeO which suggest that our 
experiments were not affected by zoning within the olivine. 
The concentration of Al2O3 and Cr2O3 in the olivine both 
increased with increasing temperature. The concentration of 
NiO typically ranged between 0.37 and 0.42 wt%, equivalent 
to 2800 and 3200 ppm, and did not show any systematic 
variation with changing experimental temperature, nor with 
position across the capsule. The averages of the major oxide 
concentrations measured by EPMA of the olivine used for 
the capsule assemblage and the capsule for each experiment 
are listed in Table 5.

A close approach to chemical equilibrium between the 
garnet experimental charge and olivine capsule in terms of 
Ni partitioning is indicated in our experiments by the uni-
form Ni concentrations in the olivine and garnets in each Ta
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Table 4   Average concentration of trace elements in garnet for the representative portions of the LA-ICPMS traverses for each experiment used 
in our updated calibration of the Ni-in-garnet geothermometer

Experiment P GPa n Ni SD Ti SD Mn SD Na SD Co SD

NIMPY5 3 1100 34 67.31 18 1363 157 1631 111 542 142 23.86 4.62
NIMPY4 3.5 1150 40 89.55 19 950 113 1789 93 317 86 32.70 4.74
NIMPY4 3.5 1150 18 94.53 21 1019 115 1765 106 506 155 31.81 5.69
NIMPY9 4 1175 30 92.58 23 1374 195 1672 94 1296 847 28.18 4.36
NIMPY9 4 1175 24 97.80 24 1412 204 1742 158 1437 342 28.44 5.82
NIMPY27 2.5 1175 33 95.02 22 732 136 1658 107 112 86 26.66 4.64
NIMPY27 2.5 1175 33 89.04 22 732 147 1674 131 174 96 28.32 5.00
NIMPY27 2.5 1175 31 84.46 21 722 125 1704 108 95 61 28.01 5.10
NIMPY10 3 1200 62 99.31 26 1206 159 1665 90 370 104 31.23 4.09
NIMPY10 3 1200 252 104.9 29 1238 204 1648 122 468 179 30.42 5.74
NIMPY10 3 1200 22 102.6 27 1222 183 1704 106 562 139 30.37 6.79
NIMPY7 4 1225 291 124.2 26 1094 155 1753 111 2771 965 36.64 5.96
NIMPY7 4 1225 73 128.0 22 1077 141 1745 89 2756 699 36.42 5.41
NIMPY7 4 1225 57 126.7 23 1080 151 1737 100 2098 515 36.56 6.49
NIMPY28 4.5 1275 66 132.5 26 1015 176 1785 93 442 510 31.74 5.68
NIMPY28 4.5 1275 37 125.6 25 913 140 1857 209 124 71 35.99 5.43
NIMPY28 4.5 1275 50 116.8 29 1016 147 1788 190 330 337 34.06 6.54
NIMPY12 4 1300 19 175.9 28 1151 199 1954 242 1596 277 47.37 5.55
NIMPY12 4 1300 27 170.2 32 1104 208 1979 176 1143 496 50.99 8.61
NIMPY12 4 1300 47 173.6 32 1045 206 1862 154 4552 721 48.07 7.69
NIMPY13 4 1325 44 172.0 40 367 74 374 24 878 428 101.67 9.75
NIMPY13 4 1325 39 181.9 35 335 61 367 39 550 291 108.91 18.71
NIMPY13 4 1325 42 179.8 41 304 52 341 25 1553 693 130.09 23.13

Experiment Sc SD V SD Cr SD Ga SD

NIMPY5 7.70 4.00 33.60 7.43 11,089 762 11.10 5.25
NIMPY4 11.95 3.75 27.51 4.61 10,305 487 13.40 4.53
NIMPY4 9.56 3.31 27.39 3.55 10,377 365 13.95 6.63
NIMPY9 4.15 4.38 29.45 6.07 10,752 732 13.53 5.15
NIMPY9 7.50 4.57 30.51 6.12 10,884 878 14.70 6.26
NIMPY27 13.08 5.88 34.25 5.78 10,697 690 6.57 6.20
NIMPY27 8.61 4.26 28.08 6.80 10,166 688 8.20 3.62
NIMPY27 12.13 4.40 29.53 7.24 9755 628 6.97 4.10
NIMPY10 11.53 5.25 36.29 5.59 11,101 820 11.66 5.28
NIMPY10 10.37 4.89 38.87 9.35 10,900 952 11.61 5.42
NIMPY10 9.56 4.66 33.00 5.18 10,945 749 12.58 5.38
NIMPY7 16.96 6.18 32.37 6.65 10,149 798 12.42 5.47
NIMPY7 16.76 5.83 32.08 5.74 9934 732 12.76 4.81
NIMPY7 14.34 5.87 38.15 17.88 10,275 731 14.13 5.83
NIMPY28 6.95 3.09 31.26 6.54 11,128 3106 15.08 5.91
NIMPY28 20.53 6.18 38.76 5.96 10,429 787 9.93 4.12
NIMPY28 8.79 4.03 34.79 8.34 11,399 1183 11.43 5.60
NIMPY12 36.79 7.32 43.01 8.93 10,020 538 8.28 3.45
NIMPY12 31.56 8.90 49.76 9.09 10,334 717 9.29 5.44
NIMPY12 31.72 7.14 41.57 9.02 10,271 706 8.72 4.15
NIMPY13 42.86 12.73 86.45 18.88 370.37 29.68 30.70 11.29
NIMPY13 48.99 16.34 86.77 39.27 355.80 42.14 31.25 14.73
NIMPY13 69.41 20.26 100.15 20.41 331.50 29.45 37.52 20.74



	 Contributions to Mineralogy and Petrology (2021) 176:32

1 3

32  Page 8 of 16

charge, revealed by the LA-ICPMS traverses across the sam-
ples (Fig. 3). Our results are in excellent agreement with the 
previous experimental Ni-partitioning results of Canil (1994, 
1999) (see below), which used a different experimental 
technique. The Canil (1999) Ni-in-garnet geothermometer 
applied to our experimental run products gave temperature 
estimates typically within ± 25 °C of the experimental tem-
perature (Table 6). The largest discrepancies (ca. ± 50 °C) 
between the calculated and experimental temperatures were 
typically observed in our high-temperature (> 1300 °C) 
experiments (Table 6). An additional indicator of equilib-
rium in our experiments is the concentration of Al2O3 in 
the olivine capsules. Equilibration temperatures calculated 
using the experimentally calibrated Al-in-olivine geother-
mometer of Bussweiler et al. (2017) typically reproduced 
our experimental temperatures to better than 50 °C for the 
runs at temperatures ≥ 1200 °C and better than 100 °C for 
the lower temperature runs (where the EPMA analyses of 
Al2O3 in olivine were subject to larger errors). This indicates 
equilibrium was also achieved in terms of partitioning of 
Al from the garnet in the charge into the enclosing olivine 
capsule. In addition, equilibrium in terms of Fe–Mg parti-
tioning between olivine and garnet is indicated for our lower 
temperature experiments using the O’Neill and Wood (1979) 
garnet–olivine Fe–Mg geothermometer. Larger differences 
(≥ 200 °C) between the estimated and our experimental tem-
perature were observed in our highest temperature experi-
ments. The reason for this is not clear but could reflect a 
small amount of Fe-loss or the presence of minor Fe3+. 
Previous studies have shown that the Fe–Mg olivine–gar-
net geothermometer reproduces experimental temperatures 
(e.g. Brey and Köhler 1990) to ±  ~ 110  °C (Canil and 
O’Neill 1996) but larger differences (~ 200 °C) can occur, 
especially in natural peridotites when compared with other 
(pyroxene) geothermometers due to the presence of Fe3+ in 
garnet (Canil and O’Neill 1996; Nimis and Grütter, 2010; 
Matjuschkin et al. 2014). The presence of significant Fe3+ 
in our experimental garnets is unlikely as they do not show 
any major cation deficits or excesses on the X2+ or X3+ crys-
tallographic sites, and our experiments equilibrated under 
oxygen fugacity conditions (buffered by the graphite fur-
nace to ≈CCO) not conducive to appreciable Fe2+ oxidation. 
However, we cannot rule out the presence of trace or minor 
amounts of Fe3+ in the garnets. Another possible reason for 
the apparent departures from olivine–garnet Fe–Mg equilib-
rium in some of our higher temperature experiments might 
be a small amount of Fe loss to the Pt capsule. This is sug-
gested in several of our higher temperature runs where both 

the garnet and olivine have lower FeO (higher Mg-value) 
than their starting compositions (notably NIMPY28). How-
ever, the good agreement between our experimental results 
and those of Canil (1999) using different experimental tech-
niques, coupled with the partitioning of Al between garnet 
and the olivine capsule, even for the samples suspected of 
minor Fe loss, indicates that equilibrium was maintained 
with respect to Ni (and Al) partitioning regardless.

Discussion

The temperature-dependent exchange of Ni and Mg 
between garnet and olivine in peridotite is defined by 
Eq. (2), whereby pyrope reacts with Ni–olivine to produce 
Ni–pyrope and forsterite:

Or

Assuming ideal mixing, the partitioning of Ni and Mg 
between garnet and olivine can be expressed as DNi∕Mg

grt∕olv
 

(Eq. 3):

where Ni and Mg are in ppm.
As expected the DNi∕Mg

grt∕olv
 for our experiments contains a 

strong temperature dependence with no resolvable pres-
sure dependence. The latter observation for our experi-
ments is consistent with the small volume change for the 
exchange reaction defining the geothermometer of ~ 0.13 J/
bar (Canil 1994). The small variation in the concentration 
of MgO in garnet and olivine for our experiments allow 
D

Ni∕Mg

grt∕olv
 to be simplified to of DNi

grt∕olv
 . The concentrations of 

CaO and Cr2O3 in garnet are expected to have some minor 
influence on Ni partitioning between garnet and olivine in 
peridotite. We have accounted for the effects of CaO and 
Cr2O3 in garnet for the following reasons. Calcium has a 
significant impact on the Fe–Mg partitioning between oli-
vine and garnet (O’Neill and Wood 1979). CaO solubility 
in olivine in garnet peridotites is temperature- (and pres-
sure) dependent (Köhler and Brey 1990; De Hoog et al. 
2010) and, most importantly, our experiments and those 
of Canil (1999) show a linear dependence of DNi

grt∕olv
 with 

(2)
2Mg3Al2Si3O12 + 3Ni2SiO4 = 2Ni3Al2Si3O12 + 3Mg2SiO4,

Pyrope + Ni − olivine = Ni − pyrope + Forsterite.

(3)D
Ni∕Mg

grt∕olv
=

(Ni∕Mg)grt

(Ni∕Mg)olv
,

Table 4   (continued)
Note several traverses were performed across each sample
SD standard deviation at a 1σ level, n number of individual ablation analyses along a LA-ICP-MS traverse



Contributions to Mineralogy and Petrology (2021) 176:32	

1 3

Page 9 of 16  32

XCa
grt

 . This strong linear association between DNi
grt∕olv

 and XCa
grt

 
is likely a result of interactions of Ca on Ni–Mg partition-
ing between garnet and olivine. Similarly, our experimen-
tal data also show a correlation between XCr

grt
 and lnDNi

grt∕olv
 . 

This correlation is due to the close association between 
XCa

grt
 and XCr

grt
 in garnet-bearing peridotites (Grütter et al. 

2004) and reflects additional mixing interactions taking 
place within garnet. Cr2O3 substitution in olivine has been 
shown to be inversely correlated with temperature in both 
natural peridotites (De Hoog et al. 2010) and in high-pres-
sure experimental studies of fertile peridotite composition 
(Bussweiler et  al. 2017). The pressure dependence of 
Cr2O3 and CaO in peridotitic garnet has previously been 
discussed by Grütter et al. (2004 and refs therein) and, 
thus, including XCa

grt
 and XCr

grt
 in the Ni-in-garnet geother-

mometer formulation should help account for any minor 
unresolved pressure dependence on lnDNi

grt∕olv
 and result in 

an  improved ca l ibra t ion  of  the  Ni- in-gar net 
geothermometer.

The temperature dependence of lnDNi
grt∕olv

 for our experi-
ments can be rearranged into an expression for temperature 
through multiple linear regression of XCa

grt
 and XCr

grt
 and 1/T 

(K). We found the following expression for T (°C) best 
reproduced the temperature of our experimental dataset:

where DNi
grt∕olv

=
Nigrt

Niolv
, Ni is in ppm, XCa

grt
 = Ca/(Ca + Fe + Mg) 

in garnet, and XCr
grt

 = Cr/(Cr + Al) in garnet.
Our geothermometer equation (Eq. 4) was fit to our 

experimental data with an R2 of 0.97 which, on average, 
reproduced the experimental temperature of our dataset 
within 12 °C at a 1σ standard deviation of 10 °C. Our 
updated calibration (Eq. 4) performed well when applied 
to the Canil (1994, 1999) experimental datasets, repro-
ducing the experimental temperature of these experiments 
within 75 °C (Fig. 6), in some cases better than the Canil 
(1999) calibration. Large differences (± 100 °C) between 
our Ni-in-garnet estimated temperature and the Canil 
(1994, 1999) experimental temperature were most com-
monly observed at high temperature (> 1300 °C). These 
experiments were also poorly reproduced by the Canil 
(1999) Ni-in-garnet geothermometer. Incorporation of 
the Canil (1994 and 1999) experimental datasets into our 
calibration model did not improve the overall fit of our 
regression equation and these were therefore not included 
in the final regression equation.

(4)

T(◦C) =
−8254.568

(

(

XCa
grt

× 3.023
)

+
(

XCr
grt

× 2.307
)

+

(

lnDNi
grt

olv

− 2.639

))

− 273 ± 55,
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Propagation of uncertainties

The experimental temperature, EPMA and LA-ICP-
MS analyses used to calibrate our updated Ni-in-garnet 
geothermometer are all subject to small but cumulative 
uncertainties. To accurately assess the true uncertainty on 
temperature estimates made by our Ni-in-garnet geother-
mometer we have propagated all experimental and analyti-
cal uncertainties. This approach provides a more robust 
and realistic uncertainty value compared to the common 
practise of compounding EPMA standard deviation values 

(see Sudholz et al. 2021). In Eq. (4) uncertainties exist 
in the experimental temperature measured by the Pt–Rh 
thermocouple, the analysis of CaO, FeO, MgO, Cr2O3, and 
Al2O3 in garnet by WDS on EPMA, and the analysis of Ni 
by LA-ICP-MS. The Pt–Rh thermocouple used to meas-
ure the temperature of our experiments has an uncertainty 
of ~ 1%. Using the conventional WDS EPMA analytical 
procedure described above, the maximum uncertainty in 
the measured major oxide concentrations of CaO, FeO, 
MgO, Cr2O3, and Al2O3 in garnet were 0.58%, 0.63%, 
0.37%, 3.62%, and 0.44%, respectively. These uncer-
tainty values were obtained by performing ten repeated 

Table 6   Comparison of 
calculated temperature 
of equilibration for our 
experimental run products using 
various single grain and two-
phase geothermometers

All geothermometer temperature estimates are reported in T °C
Geothermometers. OW = O’Neill and Wood (1979) garnet–olivine Fe–Mg geothermometer; Canil = Ni-
in-garnet geothermometer (Canil 1999); Buss = Bussweiler et al. (2017); Ryan = Ryan et al. (1996) Ni-in-
garnet geothermometer. Temperature estimates for OW, and Buss geothermometers were determined using 
garnet and olivine EPMA data reported in Tables  3 and 5. Temperature estimates for the Canil (1999) 
Ni-in-garnet geothermometer used Ni garnet data reported in Table  4, using a Ni olivine concentration 
3000 ppm. The Ni-in-garnet temperature estimate for each sample are presented as averages from estimates 
made using Table 5 data

Experiment Experimental 
T °C

Experimental 
P GPa

T Buss T Canil T Ryan T OW

NIMPY5 1100 3 1148 1101 1134 1191
NIMPY4 1150 3.5 1283 1177 1262 1207
NIMPY9 1175 4 1326 1172 1277 1166
NIMPY27 1175 2.5 1248 1178 1249 1354
NIMPY10 1200 3 1155 1195 1311 1452
NIMPY7 1225 4 1339 1225 1417 1510
NIMPY28 1275 4.5 1235 1286 1411 1455
NIMPY12 1300 4 1298 1347 1607 1582
NIMPY13 1325 4 1276 1384 1625 1705

Fig. 6   Application of our 
updated Ni-in-garnet geother-
mometer to the experimental 
datasets of Canil (1994) and 
Canil (1999). Our Ni-in-garnet 
geothermometer has been 
applied to all Canil (1994, 
1999) experiments that have 
a reported value for lnDNi

grt∕olv
, 

regardless of the Ni concentra-
tion in garnet. Dashed line is 
± 100 °C of the experimental 
temperature. Error on Ni-in-
garnet temperature estimates are 
± 55 °C
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measurements on an ASTIMEX Mineralogy pyrope stand-
ard. The uncertainty for each major oxide was determined 
by dividing the standard deviation by the average con-
centration (σ1 level). The measurement of trace levels 
(10–100 s of ppm) of Ni in garnet using LA-ICP-MS is 
subject to an extremely low degree of uncertainty (< 1%). 
The uncertainty (in percentage) in estimated temperature 
for our updated Ni-in-garnet geothermometer calibration 
was determined by taking the square root of the sum of the 
squares of these errors (in percentage), which is defined by 
the following equation:

where Texp = experimental temperature, and � = uncertainty 
in percentage.

This approach results in a temperature estimate uncer-
tainty of 4.02%, which is equivalent to a maximum tempera-
ture uncertainty of ± 55 °C.

�T =

√

(�Texp)2 + (�CaO)2 + (�FeO)2 + (�MgO)2 + (�Cr2O3)
2 + (�Al2O3)

2 + (�Ni)2,

Data quality protocols

To maximise the reliability of our updated Ni-in-garnet geo-
thermometer we recommend applying the following data 
quality protocols to garnet analyses prior to performing Ni-
in-garnet geothermometry:

1)	 Quality of EPMA data
	   Garnet analyses with oxide totals below 98 wt% or 

above 102 wt%, or with cation totals less than 7.97 or 
greater than 8.03 cpfu (per 12 oxygen atoms) should be 

excluded from Ni-in-garnet temperature calculations. As 
well as avoiding inferior analyses a limit of 8.03 cations 
should exclude garnets with high Fe3+ which may be 
metasomatised as most mantle garnets have Fe3+/total 
Fe of 0.02–0.15 (e.g. Luth et al. 1990).

Fig. 7   Comparison between 
enstatite-in-clinopyroxene geo-
thermometer temperature esti-
mates (Nimis and Taylor 2000) 
with the Ni-in-garnet geother-
mometer temperature estimates 
for 117 xenoliths (see text for 
discussion) using the Ryan et al. 
(1996) calibration (a), Canil 
(1999) calibration (b), and the 
updated calibration presented in 
this study (c). Dashed lines rep-
resent ± 100 °C. NT00 = Nimis 
and Taylor (2000) enstatite-in-
clinopyroxene geothermom-
eter; R96 = Ryan et al. (1996) 
Ni-in-garnet geothermometer; 
C99 = Canil (1999) Ni-in-garnet 
geothermometer; S21 = updated 
Ni-in-garnet geothermometer 
presented in this study. Nimis 
and Taylor temperature esti-
mates were calculated through 
iteration using the pressure 
estimates of the Sudholz et al. 
(2021) geobarometer
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2)	 Equilibration with olivine
	   Our updated Ni-in-garnet geothermometer should 

only be applied to garnet grains which equilibrated in the 
presence of olivine. For garnet xenocrysts, we recom-
mend applying the Grütter et al. (2004) ‘G-number clas-
sification’ to ensure that eclogitic and pyroxenitic garnet 
analyses are omitted from any Ni-in-garnet temperature 
calculations. Ni-in-garnet temperature estimates on sin-
gle-grain garnet xenocryst that contain less than 1 wt% 
Cr2O3 and/or fall within fields G0, G4, and G3 of Fig. 7 
of Grütter et al. (2004) should be interpreted with cau-
tion.

3)	 Temperature range
	   Ni-in-garnet temperature estimates that are exten-

sively outside of the range of the original calibration 
should be interpreted with caution. In particular, Ni-in-
in-garnet temperature estimates below 700 °C and above 
1400 °C should be carefully assessed.

4)	 Ni garnet concentration range
	   Garnet Ni concentrations below 10 ppm and above 

200 ppm should be excluded from Ni-in-garnet tempera-
ture calculations. In addition, we recommend that the 
concentration of Ni in garnet should preferentially be 
measured by LA-ICP-MS, particularly for xenolith sam-
ples which may be affected by secondary fluorescence 
from Ni in adjacent olivine grains. An EPMA may be 
used to measure the concentration of Ni in single-grain 
garnet xenocrysts, however a prolonged counting time 
and higher beam current is recommended.

Application to mantle peridotite xenolith 
suites

To evaluate the performance of our updated calibration of 
the Ni-in-garnet geothermometer against the Ryan et al. 
(1996) and Canil (1999) calibrations, we have compiled a 
large dataset of LA-ICP-MS and EPMA analyses for garnet 
and clinopyroxene derived from peridotite xenoliths. Our 
dataset includes 117 xenoliths, which includes samples from 
Udachnaya (Ionov et al. 2010; Yaxley et al. 2012; Agashev 
et al. 2013; Doucet et al. 2015), Diavik, (Creighton et al. 
2010), Letlhakane (Van Achterbergh et al. 2001) Wesselton 
(Hanger et al. 2015), Finsch (Gibson et al. 2008), Dalnyaya 
(Ashchepkov et al. 2017), Vitim (Ionov 2004), Zagadonch-
naya (Ziberna et al. 2013), Premier (Viljoen et al. 2009) and 
several pipes throughout eastern China (Zheng et al. 2006) 
and the Kaapvaal Craton (Grégoire et al. 2003; Viljoen et al. 
2005; Le Roex and Class 2016). The garnet in our data-
set were typically lherzolitic in origin (G9 of Grütter et al. 
2004). For each sample, we have calculated the equilibration 
temperature for garnet using the Ryan et al. (1996), Canil 
(1999), and our updated calibration (Eq. 4). All Ni-in-garnet 

temperature estimates for the Canil (1999) calibration and 
our updated calibration (Eq. 4) were made assuming a fixed 
olivine concentration of 3000 ppm, which is similar to the 
value proposed by Ryan et al. (1996) of 2900 ± 360 ppm as 
representative of the Ni concentration in olivine from typi-
cal cratonic mantle peridotite. We have also calculated the 
equilibration pressure and temperature for clinopyroxene in 
each xenolith using the widely used Nimis and Taylor (2000) 
enstatite-in-clinopyroxene geothermometer and the recently 
experimentally recalibrated chromium-in-clinopyroxene 
geobarometer (Sudholz et al. 2021) which improves the per-
formance of the geobarometer at pressures above 4.5 GPa. 
The Nimis and Taylor (2000) enstatite-in-clinopyroxene geo-
thermometer is regarded as one of the most reliable geother-
mometers for garnet peridotite xenoliths (Nimis and Grüt-
ter 2010) and has an estimated uncertainty of ± 30°C. All 
clinopyroxene analyses and pressure–temperature estimates 
used in our dataset were filtered according to protocols rec-
ommended by Sudholz et al. (2021). The clinopyroxene and 
garnet analyses for the xenoliths in our dataset, as well as the 
pressure and temperature estimates using the geothermoba-
rometers are provided in Supplementary File 1.

The Nimis and Taylor (2000) and Sudholz et al. (2021) 
pressure and temperature estimates for our dataset ranged 
from 1.75 GPa to above 8 GPa, and 800 to 1360 °C. The 
majority of pressure and temperature estimates were between 
4–6 GPa and 1000–1200 °C. The temperature difference 
between the Ryan et al. (1996) calibration of the Ni-in-garnet 
geothermometer and the Nimis and Taylor (2000) enstatite-
in-clinopyroxene geothermometer (NT00-R96) varied 
from < 10 °C to > 250 °C (Fig. 7a). No systematic variation 
is evident with the Ryan et al (1996) temperatures. The vari-
ation in NT00-R96 did not show any resolvable correlation 
with pressure. The temperature difference between the Canil 
(1999) calibration and the Nimis and Taylor (2000) enstatite-
in-clinopyroxene geothermometer (NT00-C99) was typically 
± 150 °C (Fig. 7b). Between 850–1350 °C the NT00-C99 
exhibited a distinct positive slope. At face value this slope 
suggests that the Canil (1999) geothermometer calibration 
potentially slightly overestimates temperature below 850 °C 
and underestimates temperature above 1150 °C relative to 
NT00. Differences at low temperatures between the tem-
peratures derived from the Ni-in-garnet geothermometer and 
the enstatite-in-clinopyroxene geothermometer may reflect 
in part different ‘blocking temperatures’ of the different geo-
thermometers. The magnitude of NT00-C99 also exhibited a 
minor negative correlation with the concentration of Al2O3 
in garnet. Large negative and positive NT00-C99 values 
were observed for high- and low-pressure xenolith samples, 
which may suggest a possible overestimation of tempera-
ture below 4 GPa and underestimation of temperature above 
5 GPa. These variations may be due to biases associated 
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with the high-pressure, high-temperature experiments used 
to calibrate the Canil (1999) geothermometer.

The temperature difference between our updated calibra-
tion (Eq. 4) and the Nimis and Taylor (2000) enstatite-in-
clinopyroxene geothermometer (NT00-S21) were typically 
± 100 °C for most garnet grains. Temperature estimates 
between 1050 and 1400 °C exhibited minimal scatter, and 
typically correlated linearly with the Nimis and Taylor 
(2000) temperature estimates. Most were within ± 50 °C of 
the Nimis and Taylor (2000) temperature (Fig. 7c). Between 

800 and 1000 °C our updated calibration typically provided 
temperature estimates within 150°C of the Nimis and Taylor 
(2000) temperature. Temperature estimates made from our 
updated calibration between 800 and 1000 °C were typically 
higher than those calculated using the Nimis and Taylor 
(2000) geothermometer. This trend may be a result of several 
factors including a slower up-take of Ni in garnet at lower 
temperature, or problems associated with blocking tempera-
tures. The NT00-S21 for our updated calibration does not 
present any systematic correlation with the concentration of 

Fig. 8   Histogram showing the 
calculated temperature using 
our revised calibration of the 
Ni-in-garnet geothermometer 
(this study) (a), and the Nimis 
and Taylor (2000) enstatite-in-
clinopyroxene geothermometer 
(b). Temperature estimates are 
made on garnet and clinopy-
roxene xenocryst populations 
from the Diavik and Ekati 
kimberlite pipes (see text for 
discussion). Ni-in-garnet tem-
perature estimates made using 
our updated calibration used a 
fixed Ni olivine concentration 
of 3000 ppm. NT00 = Nimis 
and Taylor (2000) enstatite-in-
clinopyroxene geothermometer; 
S21 = updated Ni-in-garnet geo-
thermometer presented in this 
study. A statistically significant 
bin size of 50 °C was used for 
each histogram in Fig. 8
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major oxides in garnet. In addition, the variation in NT00-
S21 does not exhibit any resolvable correlation with pres-
sure, which confirms that our updated calibration can be 
confidently applied to compositionally diverse peridotitic 
garnet xenocrysts and xenoliths derived from the mantle at 
pressures of ~ 2 GPa to > 7 GPa.

Application to single‑grain garnet 
xenocrysts

To further evaluate our new calibration of the Ni-in-garnet 
geothermometer we calculate the Ni-in-garnet equilibration 
temperature for a large population of single-grain garnet 
xenocrysts derived from mantle peridotite xenoliths from 
the diamondiferous Eocene (50–55 Ma) Diavik and Ekati 
kimberlite pipes of the Lac de Gras kimberlite field in the 
Northwest Territories of Canada. These pipes provide an 
ideal test of the Ni-in-garnet geothermometer because they 
have been extensively characterised over the past two dec-
ades (Bostock 1998; Griffin et al. 1999, 2004; Creighton 
et al. 2010; Aulbach et al. 2013; Snyder et al. 2014), such 
that the equilibration temperature and pressure of xenoliths 
and xenocryst are well-established. Mineral analyses for 
garnet have been taken from Griffin et al. (2004) and an 
unpublished dataset of Diavik garnet concentrate listed in 
Supplementary File 2 (Yaxley, unpubl.). The combined data-
sets contain over 800 garnet analyses. We have calculated 
the equilibration temperature for garnet using our updated 
calibration (Eq. 4) using a fixed olivine Ni concentration of 
3000 ppm. Equilibration pressure and temperature were also 
calculated for a large population of single-grain clinopyrox-
ene xenocrysts using the Nimis and Taylor (2000) enstatite-
in-clinopyroxene geothermometer and the recent experimen-
tally recalibrated chromium-in-clinopyroxene geobarometer 

(Sudholz et al. 2021). Clinopyroxene xenocryst PT estimates 
are taken from the published datasets discussed in Sudholz 
et al. (2021). This dataset contains approximately 190 PT 
estimates (Sudholz et al. 2021 references therein).

The estimated equilibration temperature for the Dia-
vik–Ekati garnet and clinopyroxene xenocrysts are approxi-
mately evenly distributed for each of the two geothermom-
eter calibrations (Fig. 8a: This study; Fig. 8b: Nimis and 
Taylor 2000). Both calibrations exhibited a similar tempera-
ture range (maximum temperature-minimum temperature) 
between 673 and 679 °C. The kurtosis and skewness for 
the calibrations ranged between 0.27–0.29 and − 0.60 to 
− 0.32, respectively. A summary of the descriptive statistics 
for Fig. 8 are shown in Table 7. The ranges in temperature 
estimates for our updated calibration (758–1432 °C) and the 
Nimis and Taylor (2000) enstatite-in-clinopyroxene geother-
mometer (712–1391 °C) are very similar and thus should 
enable confident use of temperature estimates derived from 
the updated Ni-in-garnet geothermometer with those from 
pyroxene geothermometry.

Conclusion

Experimental methods have been used to revisit Ni partition-
ing between garnet and olivine in peridotite. LA-ICP-MS 
and EPMA data for nine new piston cylinder diffusion exper-
iments conducted at 2.25–4.5 GPa and 1100–1325 °C have 
been used to recalibrate the Ni-in-garnet geothermometer. 
Our updated Ni-in-garnet geothermometer uses the Ni con-
centration (ppm) in garnet and olivine and includes 
XCa

grt
and XCr

grt
 to account for the effect of CaO and Cr2O3 in 

garnet to solve for temperature. Application of our updated 
calibration confirms the earlier experimental calibration of 
the Ni-in-garnet geothermometer by Canil (1994, 1999). 
Comparison with the experimental datasets and several large 
natural peridotite xenolith datasets shows an improvement 
in precision and accuracy of our revised calibration of the 
Ni-in-garnet geothermometer relative to existing versions of 
the geothermometer. Our updated calibration can be used as 
a single grain geothermometer on garnet xenocrysts derived 
from disaggregated peridotitic source rocks by assuming a 
fixed olivine Ni concentration of 3000 ppm. We anticipate 
that our revised calibration will enable more confident use 
of the Ni-in-garnet geothermometer in studies of the nature 
of the upper mantle and assessment of its diamond 
potential.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00410-​021-​01791-8.
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