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Abstract

A new suite of 173 clinopyroxene grains from heavy-mineral concentrates of the diamondiferous 
Novinka kimberlite (Upper Muna field, Yakutia) has been analyzed for major and minor elements 
with an electron microprobe to perform a thermobarometric study and model the thermal structure 
of the Archean Upper Muna lithospheric mantle. Scrupulous evaluation of propagation of analyti-
cal uncertainties on pressure estimates revealed that (1) the single-clinopyroxene geobarometer can 
be very sensitive to analytical uncertainties for particular clinopyroxene compositions, and that (2) 
most clinopyroxenes from Novinka have compositions that are sensitive to analytical uncertainties, 
notwithstanding their apparent compositional suitability for single-clinopyroxene thermobarometry 
based on previously proposed application limits. A test on various mantle clinopyroxenes containing 
different proportions of the sensitive elements Cr, Na, and Al allowed us to identify clinopyroxene 
compositions that produce unacceptably high propagated errors and to define appropriate analytical 
conditions (i.e., higher beam currents and longer counting times for specific elements) that allow 
precise P-T estimates to be obtained for sensitive compositions. Based on the results of our analytical 
test, and taking into account the intrinsic limitations of the single-clinopyroxene thermobarometer, we 
have designed a new protocol for optimum thermobarometry, which uses partly revised compositional 
filters. The new protocol permits precise computation of the conductive paleogeotherm at Novinka 
with the single-clinopyroxene thermobarometer of Nimis and Taylor (2000). Thermal modeling of 
the resulting P-T estimates indicates a ~34 mW/m2 surface heat flow, a thermal lithosphere thickness 
of ~225 km, and an over 100 km thick “diamond window” beneath Novinka in the middle Paleozoic 
(344–361 Ma). We estimate that appropriate analytical conditions may extend the applicability of 
single-clinopyroxene thermobarometry to over 90% of clinopyroxene-bearing garnet peridotites and 
pyroxenites and to ~70% of chromian-diopside inclusions in diamonds. In all cases, application to 
clinopyroxenes with Cr/(Cr+Al)mol < 0.1 is not recommended. We confirm the tendency of the single-
clinopyroxene barometer to progressively underestimate pressure at P > 4.5 GPa.
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Introduction

Over the last few decades, thermobarometry of rocks and 
minerals derived from Earth’s mantle has represented a funda-
mental tool for the evaluation of the thermal state and structure of 
sub-craton and off-craton lithospheric sections (e.g., Boyd 1973, 
1984; O’Reilly and Griffin 1985; Boyd et al. 1997; Kopylova 
et al. 1998; Griffin et al. 1999, 2002, 2004; Lazarov et al. 2009; 
Janney et al. 2010), as well as for the assessment of their diamond 
potential (e.g., Read et al. 2004; Read and Janse 2009; Cooken-
boo and Grütter 2010). Deep-seated mantle samples mostly 
occur as discrete xenoliths or xenocrysts in alkaline magmatic 
rocks, as isolated grains in sediments derived from their weath-
ering and disruption, and as monomineralic or polymineralic 

inclusions in kimberlite- and lamproite-borne diamonds. Only 
the relatively rare discrete xenoliths and polymineralic inclu-
sions in diamonds may be suitable for conventional, two-phase 
thermobarometry. Single-mineral thermometer–barometer pairs, 
such as those available for peridotitic garnet and clinopyroxene 
(Ryan et al. 1996; Nimis and Taylor 2000; Grütter et al. 2006), 
permit thermobarometric surveys to extend across copious data 
for mantle-derived xenocrysts. Although with some limitations 
concerning their reliability and applicability (e.g., Cookenboo 
and Grütter 2010), the single-mineral methods have enabled the 
vertical and horizontal mapping of the lithospheric mantle to an 
extent far beyond that achievable with xenoliths alone (e.g., Grif-
fin et al. 1999, 2002, 2004; Malkovets et al. 2007; Ashchepkov 
et al. 2008; Grütter and Tuer 2009; Lehtonen et al. 2009; Nimis 
et al. 2009; Zozulya et al. 2009).

The single-clinopyroxene thermobarometer of Nimis and 
Taylor (2000) is one of the most used and most reliable single-
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mineral methods for thermobarometry of disaggregated mantle 
xenoliths (Nimis 2002; Putirka 2008; Grütter 2009; Nimis and 
Grütter 2010), though its application requires judicious filtering 
of appropriate clinopyroxene compositions, as well as careful 
evaluation of the errors associated with calculated temperatures 
and pressures. Empirically determined compositional filters 
for single-clinopyroxene thermobarometry were proposed 
by Nimis and Taylor (2000) and endorsed by Grütter (2009), 
and low-quality microprobe data were highlighted as respon-
sible for unreliable clinopyroxene thermobarometry outcomes 
(Grütter 2009; Mather et al. 2011). However, the source of the 
decreased reliability of single-clinopyroxene thermobarometry 
for particular compositions has never been investigated in detail. 
In this contribution, we assess the various sources of error that 
may affect single-clinopyroxene barometry and propose a new 
protocol for optimal single-clinopyroxene thermobarometry that 
specifically considers analytical errors and uses partly revised 
compositional filters. We then use our results to define a precise 
conductive geotherm for the diamondiferous Novinka kimberlite, 
Yakutia, based on high-quality electron microprobe analyses 
of 97 chromian diopside xenocrysts, selected out of an initial 
suite of 173 chromian diopside grains. We show that previously 
proposed compositional filters are sufficient for routine evalu-
ation of mantle geotherms using data for large populations of 
mantle-derived clinopyroxenes, but that high-quality chemical 
analyses significantly improve the precision of the individual P-T 
estimates for fairly common chromian diopside compositions.

Geological outline and preliminary sample 
selection

The Upper Muna kimberlite field is located at the northern 
limb of the Markha Terrane, in the central part of the Siberian 
Craton, and is 1 of the 13 fields that form the SW–NE Dal-
dyn–Olenek kimberlite corridor (Fig. 1). This kimberlite field 
is composed of 20 kimberlite bodies intruded in the Upper 
Cambrian limestones of the sedimentary cover of the Siberian 
Platform and is related to the Late Devonian-Early Carboniferous 
episode of kimberlite magmatism on the Siberian platform (Davis 
et al. 1980; Agashev et al. 2004; Sun et al. 2014). Recent age 
determinations gave a narrow interval of kimberlite formation 
from 361 to 344 Ma (Griffin et al. 1999; Levchenkov et al. 2005; 
Lepekhina et al. 2008a, 2008b; V.G. Malkovets, unpublished 
data). For the Novinka kimberlite, SHRIMP analyses of ground-
mass perovskites gave a U–Pb age of 355 ± 11 Ma (Lepekhina 
et al. 2008b). One of the striking features of the Upper Muna 
kimberlite field is that most of the bodies are diamondiferous. 
All the kimberlite bodies are characterized by abundant fresh 
deep-seated xenocrysts and xenoliths, but eclogite and crustal 
xenoliths are very rare.

The samples for this study were collected from five sites in 
the quarry left after bulk sampling inside the contour of the pipe 
at the present surface and are believed to be a representative 
mixture of all exposed kimberlite types presently recognized at 
Novinka. A total of 173 fresh green clinopyroxene grains were 
picked from the 0.3–1.5 mm fraction of heavy-mineral concen-
trates separated using bromoform at the VS Sobolev Institute of 
Geology and Mineralogy, Siberian Branch Russian Academy of 
Sciences, Novosibirsk, Russia. Preliminary major element analy-

ses were performed on these grains using a JEOL Superprobe 
JXA-8200 electron microprobe (hereafter, EMP) housed at the 
Max Planck Institute for Chemistry, Mainz, Germany. Operating 
conditions and compositions for all 173 grains are reported in 
the Supplementary1 Table 1.

Optimized protocol for precise  
single-clinopyroxene thermobarometry

Source of errors and compositional filters
The single-clinopyroxene thermobarometer uses a combina-

tion of the enstatite-in-clinopyroxene (En-in-Cpx) thermom-
eter and Cr-in-Cpx barometer (Nimis and Taylor 2000). The 
enstatite-in-Cpx thermometer has proved a top-quality method 
when compared to other mantle geothermometers (Nimis and 
Grütter 2010) and has limited sensitivity to analytical uncertain-
ties (Nimis 2002). The Cr-in-Cpx barometer suffers from two 
major drawbacks: (1) evaluations against experiments have 
shown progressive underestimation of the equilibrium pressures 
above ca. 4.5 GPa (up to 0.6–1.0 GPa at 7.0 GPa; Nimis 2002); 
(2) deviations from results of orthopyroxene–garnet barometry 
on the same xenolith samples can be very large for clinopyrox-
enes characterized by low values of aCr = Cr – 0.81·(Na+K)·Cr/
(Cr+Al) atoms per 6-oxygen formula unit (hereafter apfu), which 
is the main building block in the barometer formulation (Fig. 2). 

Figure 1. Sketch tectonic map of the Siberian platform with major 
kimberlite fields. Terranes are outlined by dashed curves and are named 
in italic. Modified after Griffin et al. (1999). (Color online.)

1Deposit item AM-16-105540, Supplemental Tables and Appendix. Deposit items 
are free to all readers and found on the MSA web site, via the specific issue’s Table 
of Contents (go to http://www.minsocam.org/MSA/AmMin/TOC/).
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Low aCr values at high P/T ratios in the calibration database, 
a molar volume change for the reaction involving garnet and 
clinopyroxene (cf. Eq. 1 in Nimis and Taylor 2000) less than 
one-half that of common orthopyroxene-based barometers (cf. 
Brey and Köhler 1990), and the intrinsic limitations of being an 
empirical single-mineral method account for the lower precision 
of the Cr-in-Cpx barometer (cf. Figs. 1c and 1d in Grütter 2009). 
More generally, these drawbacks may explain why P-T estimates 
using the single-clinopyroxene methods are often more scattered 
compared to those using conventional thermobarometers (cf. 
Stachel and Harris 2008; Eaton et al. 2009; Shirey et al. 2013).

Apart from the above issues, safe application of the single-
clinopyroxene method requires a careful selection of the samples, 
to exclude compositions outside the range used for the calibra-
tion or too sensitive to analytical uncertainties. Grütter (2009) 
compiled and partly modified compositional and related filters 
designed by various authors that serve as a useful “cookbook” to 
eliminate unwarranted data from consideration for P-T calcula-
tions. The filters include: (1) total cations per 6 O atoms in the 
range 3.96–4.04, slightly more permissive than the 3.98–4.02 
range advised by Nimis and Taylor (2000); (2) Cr2O3 vs. Al2O3 
relationships within the garnet-peridotite field of Ramsay and 
Tompkins (1994); (3) Al2O3 vs. MgO relationships within the 
high-Al field of Nimis (1998); (4) Cr# in the range 0.06–0.50; (5) 
aCr ≥ 0.003 apfu. Filter 1 serves to exclude obviously poor-quality 
analyses, which may result from poor EMP standardization, bad 
sample preparation, contamination from inclusions, etc. In this 
work, we revert to the more restrictive 3.98–4.02 cation range to 
promote high-quality P-T estimates for individual clinopyroxene 
grains. Filters 2 and 3 serve to exclude clinopyroxenes that may 
not have been in equilibrium with garnet. Filters 4 and 5 exclude 
compositions falling well outside the range of the experiments 
used for the calibration of the Cr-in-Cpx barometer, which includ-
ed clinopyroxenes with Cr# = 0.09–0.44, and aCr = 0.003–0.087 

apfu (Nimis and Taylor 2000). As originally suggested by Nimis 
and Taylor (2000), the removal of clinopyroxenes with aCr < 
0.003 apfu should also help to exclude compositions that are 
too sensitive to propagation of analytical errors. We will show 
that filters 4 and 5 require revision.

Figure 2 shows that the threshold aCr ≥ 0.003 apfu suggested 
by Nimis and Taylor (2000) and adopted by Grütter (2009) 
may be too optimistic: at aCr = 0.010 apfu, deviations from 
the orthopyroxene–garnet pressures calculated for the same 
well-equilibrated mantle xenoliths may be as high as ±1.0 GPa, 
reaching ±3.0 GPa for aCr < 0.003 apfu. This shortcoming is 
particularly relevant for the study of Novinka chromian diop-
sides. Based on preliminary microprobe analyses of 173 grains 
(Supplementary1 Table S1), 118 grains satisfy the compositional 
criteria for derivation from garnet peridotite [i.e., filters 2 and 3], 
with 39 of 118 (33%) having aCr ≤ 0.003 apfu, and 107 of 118 
(91%) having aCr ≤ 0.010 apfu. Observing the latter threshold 
would therefore render most of our Novinka samples unsafe for 
thermobarometry. In principle, the decreased precision of the 
Cr-in-Cpx barometer at low aCr may be due to an oversimplified 
treatment of Cr equilibria between clinopyroxene and garnet or 
it may reflect an excessive sensitivity of the method to analytical 
errors or to departures from chemical equilibrium. Mather et al. 
(2011) made a semi-quantitative evaluation of the influence of 
analytical errors, but they did not account for their dependence 
on absolute element concentrations and analytical conditions 
(cf. Potts et al. 1983 and Appendix1 of this work). In the present 
work, we have made an analytical test to quantitatively assess 
the propagation of analytical errors on pressure estimates (see 
Appendix1 for details). Multiple EMP analyses on composition-
ally diverse clinopyroxenes using different analytical conditions 
demonstrated that (1) the decreased precision of the Cr-in-Cpx 
barometer for clinopyroxenes with low aCr values is largely re-
lated to propagation of analytical errors; (2) the analytical errors, 

Figure 2. Discrepancies between the Cr-in-Cpx barometer (Nimis and Taylor 2000; PNT00) and the orthopyroxene-garnet barometer (PCa91; 
Nickel and Green 1985, as modified by Carswell 1991) vs. the clinopyroxene parameter aCr. Clinopyroxene compositions are from the compilation 
of well-equilibrated garnet peridotite and pyroxenite xenoliths of Nimis and Grütter (2010). In a the entire data set has been included, while in b 
only clinopyroxene plotting in the high-Al field of Nimis (1998) [Al2O3 ≥ 0.7 wt%; Al2O3 ≥ 12.175 – 0.6375·MgO wt%] and having Cr# between 
0.06 and 0.50 (Grütter 2009) have been plotted. The overall shift of high-P clinopyroxenes toward negative values can be ascribed to the known 
underestimation of PNT00 at high P (cf. Nimis 2002).
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as expected, increase smoothly with decreasing beam current 
and counting times; and (3) the propagated P uncertainties are 
negatively correlated with the clinopyroxene aCr parameter and 
positively correlated with the clinopyroxene Cr/(Cr+Al) molar 
ratio (Cr#) (Fig. 3). Therefore, the aCr/Cr# parameter, rather than 
the previously used aCr parameter, is a more reliable indicator 
of the sensitivity of single-clinopyroxene barometry to analyti-
cal uncertainties. Minimum conditions for electron microprobe 
analysis were thus defined for different values of the aCr/Cr# 
parameter (Appendix1 Table 2), which maintain propagation of 
analytical uncertainties within acceptable limits (defined here 
as ±0.25 GPa).

A further assessment of the importance of analytical errors on 
Cr-in-Cpx P estimates can be made using mantle xenoliths as test 
cases. Based on the results of our analytical tests (see Appendix1), 
we have refined the database of well-equilibrated xenoliths of Ni-
mis and Grütter (2010) by excluding those clinopyroxene analy-
ses for which the estimated P uncertainties were unsatisfactorily 
high. For each record, the analytical errors on Al, Cr, and Na 
concentrations in the clinopyroxene were calculated taking into 
account the analytical conditions used for the analysis as reported 
in the source papers, and the corresponding P uncertainties were 
calculated through error propagation. If the reported analytical 
conditions did not match exactly any of those utilized here, the 
errors were estimated by interpolation of values obtained by as-
suming lower and higher beam currents or counting times. For 
records for which analytical details had not been reported, we 
cautiously assumed the beam current and counting times to be 
the lowest (i.e., 15 nA, 10 s peak, 10 s background). The records 
for which the model P uncertainties were greater than ±0.25 
GPa were discarded. Clearly, the model P uncertainties may not 
be strictly accurate, since different analytical equipments were 
used for the analyses. However, the above screening certainly 
excluded most of the records for which single-clinopyroxene 

P-T estimates are probably unreliable. Figure 4 shows that the 
discrepancies between Cr-in-Cpx and orthopyroxene–garnet 
pressures are greatly reduced for the refined database, espe-
cially at pressures above 3 GPa, thus supporting the major role 
of propagation of analytical errors on P uncertainties. At lower 
pressures, significant deviations are still observed only for a few 
samples with Cr# < 0.1 (Fig. 4b), which suggests poor reliability 
of the Cr-in-Cpx barometer for these low-Cr# compositions. 
This may be related to the fact that the Cr-in-Cpx barometer was 
calibrated on 120 experimental clinopyroxenes with Cr# in the 
range 0.09–0.44, with only 6 of them having Cr# < 0.1 (Nimis and 
Taylor 2000). The original minimum threshold of 0.06 for Cr# 
suggested by Grütter (2009) thus appears to be too permissive. 
Examination of Figure 4b also reveals that clinopyroxenes with 
Cr# as high as 0.65 do not show any systematic deviation from 
orthopyroxene–garnet P. This suggests that the upper limit for 
Cr# of 0.50 proposed by Grütter (2009) is excessively restrictive, 
despite the fact that the Cr-in-Cpx barometer was calibrated on 
clinopyroxenes with Cr# ≤ 0.44.

An additional problem when investigating loose mineral 
grains is to assess whether the clinopyroxene was in equilibrium 
with orthopyroxene, a condition necessary for single-clinopy-
roxene thermometry. Recognition of orthopyroxene-saturated 
samples is not straightforward and was not explicitly addressed 
by Grütter (2009). Based on the above considerations, we propose 
a partly revised protocol for sample selection, which takes into 
account both the intrinsic limitations of the single-clinopyroxene 
thermobarometers and the uncertainties related to propagation 
of analytical errors.

(1) General quality test of EMP analysis. Total cations 
per 6 O atoms in the range 3.98–4.02. Less restrictive limits, 
such as those suggested by Grütter (2009), might be adopted in 
some cases, but a possible increase of scatter around geotherms 
should be considered.

Figure 3. Calculated P uncertainties (σ) vs. aCr for clinopyroxenes from well-equilibrated garnet peridotites and pyroxenites (database of 
Nimis and Grütter 2010). The P uncertainties were calculated from normal propagation of T uncertainties (±40 °C) and analytical errors derived 
from equations reported in Appendix1 Table 4 assuming (a) the lowest beam current (15 nA) and counting times (10 s peak, 5 + 5 s background) 
and (b) the highest beam current (40 nA) and counting times (40 s peak, 20 + 20 s background).
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(2) General equilibrium test. Grains exhibiting significant 
zoning, suggesting disequilibrium, should generally be discarded.

(3) Verification of equilibrium with garnet. Cr2O3 vs. Al2O3 
relationships within the garnet-peridotite field of Ramsay and 
Tompkins (1994), i.e., Cr2O3 > 0.5 wt% and Al2O3 ≤ 4.0 wt% 
(if Cr2O3 < 2.25 wt%) or ≤5.0 wt% (if Cr2O3 > 2.25 wt%). This 
restriction may produce false negatives. The reliability of single-
clinopyroxene methods for anomalously Cr2O3-rich compositions 
(Cr2O3 > 5.0 wt%) is unknown and therefore these compositions 
should be used with caution.

(4) Further refinement of step 3. Al2O3 vs. MgO relation-
ships within the high-Al field of Nimis (1998), i.e., Al2O3 ≥ 0.7 
wt% and Al2O3 ≥ 12.175 – 0.6375·MgO wt% (this parametri-
zation is taken directly from Fig. 3 in Nimis 1998; the slightly 
different formula suggested by Grütter 2009 provides almost 
identical results). False negatives may be produced also in this 
case, especially among diamond-facies samples (cf. Fig. 3 in 
Nimis 1998).

(5) Rejection of compositions with “unsafe” Cr# values. 
Cr# in the range 0.10–0.65 (replacing the range 0.06–0.50 of 
Grütter 2009); Cr# values in the range 0.50–0.65 should still 
be used with caution because of limited testing in this compo-
sitional range.

(6) Recognition of compositions sensitive to analytical 
uncertainties. aCr/Cr# > x, where x is a function of EMP analyti-
cal conditions. Appendix1 Table 2 provides a general guideline 
for determining x, although its value may be varied for different 
analytical equipments based on personal experience. This filter 
replaces the filter aCr ≥ 0.003 apfu of Nimis and Taylor (2000) 
and Grütter (2009). If aCr/Cr# ≤ 0.011 apfu, the clinopyroxenes 
should generally be discarded; if 0.011 < aCr/Cr# ≤ 0.024 apfu, 
high-quality analyses are recommended; if aCr/Cr# > 0.024, 

propagation of analytical errors is predictably small and there-
fore routine analyses can safely be used. The range for aCr/Cr# 
in the experiments used to calibrate the Cr-in-Cpx barometer of 
Nimis and Taylor (2000) was 0.016–0.393, therefore excluding 
compositions with aCr/Cr# ≤ 0.011 apfu will also avoid large 
extrapolations outside the calibration range.

(7) Verification of equilibrium with orthopyroxene. This 
cannot be obtained through simple compositional filters. In 
general, Ca/(Ca+Mg)mol ratios >0.5 should be considered as 
suspicious, as a very small proportion of orthopyroxene-saturated 
chromian diopsides (ca. 1%) lie above this value. A very low 
estimated T (e.g., <600 °C) would also be a strong indication 
that the diopside was not in equilibrium with orthopyroxene, 
which implies underestimation of T using the enstatite-in-Cpx 
thermometer and, consequently, underestimation of the Cr-in-
Cpx P. Following Nimis and Grütter (2010), a cut-off at T > 
700 °C provides a safer selection of clinopyroxenes for which 
enstatite-in-Cpx temperatures should be sufficiently reliable.

(8) Identification of potential outliers. As recommended by 
Grütter (2009), final examination of P-T plots for a given locality 
may help to distinguish outliers departing off the general trend, 
which may conveniently be excluded for the determination of 
mantle geotherms.

Application to Novinka clinopyroxenes
For the purposes of this study, we used the preliminary 

analyses of Novinka clinopyroxenes (Jeol Superprobe, Mainz; 
Supplementary1 Table S1) only for a first compositional 
screening aimed to eliminate obviously unsuitable analyses. 
We excluded 55 clinopyroxenes plotting outside the “garnet 
peridotite” field of Ramsay and Tompkins (1994), which may 
not be equilibrated with garnet, and 5 clinopyroxenes showing 

Figure 4. P estimates using the Cr-in-Cpx barometer (Nimis and Taylor 2000; PNT00) plotted vs. P estimates using the orthopyroxene–garnet 
barometer of Nickel and Green (1985, as modified by Carswell 1991; PCa91) for (a) the entire data set of well-equilibrated garnet peridotites and 
pyroxenites of Nimis and Grütter (2010) and (b) the same data set excluding samples with calculated Cr-in-Cpx pressure uncertainties greater than 
±0.25 GPa. (Color online.)
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very low enstatite contents [Ca/(Ca+Mg)mol > 0.5], which are 
unlikely to be equilibrated with orthopyroxene. In addition, 16 
grains that contained abundant melt inclusions, which likely 
indicate severe interaction with the host kimberlite magma, 
were also discarded.

The remaining 97 grains were re-analyzed using a CAMECA 
SX-50 electron microprobe (EMP; IGG–CNR, Padua, Italy) 
(see Appendix1 for details). Compositional data were first col-
lected using a routine analytical procedure, which employed 
an accelerating voltage of 20 kV, a beam current of 15 nA, and 
counting times of 10 s for peak and 10 s for background (i.e., 
5 s on each side of the peak), for all elements. Further filtering 
based on the newly revised protocol was then applied to the 
results of the routine analyses. We discarded five grains show-
ing significant zoning, nine grains plotting outside the high-Al 
field of Nimis (1998) and nine grains showing aCr/Cr# < 0.011. 
We then re-analyzed 56 clinopyroxenes with 0.011 < aCr/Cr# ≤ 
0.024 using higher beam current (40 nA) and counting times (40 s 
for both peak and background) for Al, Cr, and Na, and routine 
EMP conditions for the other elements. Pressures and tempera-
tures were calculated with the thermobarometers of Nimis and 
Taylor (2000) using the averages of five point analyses. The 
major element compositions of the peridotitic clinopyroxenes 
determined using both the routine and the optimized analytical 
conditions and the relative P-T estimates are reported in the 
Supplementary1 Table S2.

Results

Based on the preliminary analyses of the 173 clinopyroxenes 
(Supplementary1 Table S1), the majority of the grains (68%) 
fall into the low-Al, “garnet peridotite” field of Ramsay and 
Tompkins (1994). About one fourth of these, however, show re-
lationships between Al2O3 and MgO contents that are compatible 
also with an origin from garnet-free, metasomatized lherzolites 

(cf. Nimis 1998). Another 4% fraction of the “garnet peridotite” 
grains shows high CaO contents (>22 wt%), high Ca/(Ca+Mg)mol 
ratios (>0.5) and excessively low estimated T (<500 °C) and can 
be classified as “wehrlitic.” A relatively large number of the 
studied grains (29%) have Cr2O3 contents lower than 0.5 wt%, 
which would classify them as either “eclogitic” or “megacrystic” 
(Ramsay and Tompkins 1994). The Na2O content in these low-Cr 
grains is generally low to very low (mostly <2.5 wt%), which is 
more consistent with a megacrystic/pyroxenitic origin. A very 
small number of grains (2%) have relatively high Al2O3 contents 
(4.6–5.4 wt%) and fall in the spinel peridotite field of Ramsay 
and Tompkins (1994).

Gray symbols in Figure 5a show the results of the thermo-
barometric study of the 97 selected clinopyroxenes using the 
routine analyses obtained with the CAMECA SX50 (Padua). As 
expected from the low aCr values of most clinopyroxenes, the 
P-T estimates obtained using routine analyses show considerable 
scatter, especially at P > 5.0 GPa (Fig. 5a). Depending on the 
preferred model geotherm shape, minor to very large thermal 
perturbations (up to several hundred degrees) may be inferred 
near the base of the lithosphere. Adopting the revised filtering 
protocol proposed in this work and using 56 high-quality analyses 
for clinopyroxenes with 0.011 < aCr/Cr# ≤ 0.024, the P-T scatter 
is considerably reduced (black symbols in Fig. 5a). Ten samples 
with Cr# > 0.50 and as high as 0.63 do not show any deviation 
from the overall trend, which supports the reliability of single 
clinopyroxene thermobarometry for these compositions (cf. also 
Fig. 4). The refined thermobarometric estimates (N = 74) span 
the P-T range 2.3–6.5 GPa and 660–1390 °C, with the majority 
of the clinopyroxenes falling in the diamond stability field (Fig. 
5a). Trimming the data at T > 700 °C does not produce any reduc-
tion in the overall scatter. A gap is observed in the pressure range 
3.3–3.9 GPa, which could be related to a sampling bias of the 
kimberlite or to absence of clinopyroxene-saturated assemblages 

Figure 5. Results of single-clinopyroxene thermobarometry (Nimis and Taylor 2000) for the Novinka kimberlite. In a, the accepted analyses 
have been selected on the basis of the revised protocol for single-clinopyroxene thermobarometry (this work), which takes into account the results 
of our analytical test (Appendix1). For comparison, plot b shows the results of the filtering protocol of Grütter (2009) applied on the same initial 
data set (97 routine analyses; see text). Dashed curves are classical reference conductive geotherms for different surface heat-flows (mW/m2) after 
Pollack and Chapman (1977). The graphite-diamond (G-D) boundary (solid curve) is after Day (2012).
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in the mantle in this pressure interval.
For the sake of comparison, Figure 5b shows the results of 

the thermobarometric study of the same 97 clinopyroxenes, but 
adopting Grütter’s (2009) original filters for Cr# (0.06 < Cr# 
< 0.5) and aCr (≥0.003 apfu) and using routine analyses for all 
samples. The results show a marginal increase of scatter and 
an overall shift of the high-P samples (>4.0 GPa) to slightly 
higher P, the average difference being ca. 0.2 GPa. However, 
differences in P-T estimates for individual grains (routine vs. 
high-quality analyses) are as high as +0.5 GPa and +50 °C and 
the total number of “accepted” clinopyroxenes is reduced to 67.

Thermal state and thickness of the Upper Muna 
lithospheric mantle

Much of what is known about the thermal state of the 
mantle beneath the Siberian craton comes from studies of xe-
noliths from the Daldyn field (Fig. 1), and in particular from 
the Udachnaya kimberlite. Conventional thermobarometry of 
mantle xenoliths from this kimberlite indicates low geothermal 
gradients, corresponding to a surface heat flow of 35–40 mW/
m2 based on the conductive model of Pollack and Chapman 
(1977) (hereafter PC77), and deep lithospheric mantle roots 
(~220 km) (Griffin et al. 1996; Boyd et al. 1997; Pokhilenko 
et al. 1999; Ionov et al. 2010; Goncharov et al. 2012; Aga-
shev et al. 2013; Doucet et al. 2013). Variations in available 
estimates of the (conductive) mantle geotherm depend in part 
on the different combinations of thermobarometers used by 
the different authors and in part on a significant scatter in the 
reported P-T estimates.

Additional slices of information on the Daldyn field and 
on the nearby Alakit and Upper Muna fields (Fig. 1) were 
provided by Griffin et al. (1999), who applied the Ni-in-garnet 
thermometer and Cr-in-garnet barometer (Ryan et al. 1996) to 
large suites of garnet xenocrysts. Their results suggest a cool 
geotherm (35 mW/m2) and a chemical lithosphere thickness 
of ~240 km for the Alakit mantle section, similar to that in 
the Daldyn mantle section, but a slightly higher geotherm (38 
mW/m2) and a thinner lithosphere (~210 km) for the more 
northeasterly Upper Muna mantle section. The main limitation 
of the garnet-based method is that reliable pressure estimates 
can only be retrieved for Cr-saturated garnets (i.e., garnets 
in equilibrium with chromite). If this condition is not satis-
fied, only minimum pressures can be estimated. Therefore, a 
geotherm is typically obtained by interpolating maximum P 
estimates determined for each T recorded by a large number 
of grains. Scatter of individual P-T points and intrinsic uncer-
tainties in the empirical thermobarometer calibrations (Ryan 
et al. 1996; Canil 1999), however, may limit the accuracy of 
the interpolation. Moreover, since Cr-saturated garnets are 
relatively rare in kimberlites and their vertical distribution is 
not uniform (Griffin et al. 2002; Malkovets et al. 2007), local-
ized thermal perturbations are not easily recognized. More 
recent P-T estimates for the Upper Muna field were provided 
by Ashchepkov et al. (2010) using combinations of different 
thermobarometers. The results were ambiguous because of the 
very large scatter of P-T estimates and evident inconsistencies 
among the different thermobarometers used (see Figs. 18–20 
in Ashchepkov et al. 2010).

Our P-T data for clinopyroxenes provide independent con-
straints on the thermal state of the Upper Muna lithospheric 
mantle at the time of eruption of the Novinka kimberlite. Figure 
5 shows that the low-T (<1100 °C) clinopyroxenes align along 
the 40 mW/m2 model conductive geotherm of PC77, which is 
slightly warmer than the “garnet geotherm” defined by Grif-
fin et al. (1999) for the Upper Muna field (38 mW/m2). This 
is consistent with the observations of Grütter et al. (2006), 
who demonstrated that the Ni-in-garnet method of Ryan et al. 
(1996) adopted by Griffin et al. (1999) tends to underestimate 
mantle geotherms by ~2 mW/m2. An apparent inflection of the 
geotherm is observed at T > 1100 °C and P > 5.5 GPa, with 
P-T data plotting on or slightly above the 44 mW/m2 model 
conductive geotherm (Fig. 5a). This apparent inflection may 
partly be an artifact caused by the known P underestimation 
at high pressures of the Cr-in-Cpx geobarometer (cf. Nimis 
2002; see also next Section). More importantly, the still widely 
used PC77 reference model predicts a stronger curvature of 
geotherms compared with recent thermal models (cf. Hasterok 
and Chapman 2011; Mather et al. 2011), and could suggest 
deviation from a conductive thermal gradient even in unper-
turbed mantle sections.

To derive a robust geotherm for the Upper Muna field, we 
have fitted the clinopyroxene P-T data using the FITPLOT 
program (McKenzie and Bickle 1988; McKenzie et al. 2005), 
as upgraded by and described in Mather et al. (2011). Differ-
ent from the PC77 reference geotherms, this program allows 
computing the change in temperature with depth within the 
thermal boundary layer, allows varying the crustal thickness 
and heat production in the crust and mantle, and includes 
updated models for the temperature dependence of thermal 
conductivity. Moreover, the surface heat flow is an output of 
the fitting procedure and not a fixed input value that is used 
to generate a geotherm. We assumed a crustal thickness of 56 
km based on Manakov’s (2002) seismic model for the Siberian 
craton. The mean heat production in the crust was assumed to 
be 0.36 μW/m3, in agreement with data reported in Rosen et al. 
(2009) for the Anabar shield. The heat production rate in the 
upper mantle was imposed at 0.0 μW/m3 and the potential T 
for the asthenospheric isentrope was set at 1315 °C, following 
Mather et al. (2011). The thermal conductivity was assumed to 
be 2.5 W/m·K throughout the crust. In the mantle, we used the 
thermal conductivity for olivine at (P, T) of Osako et al. (2004).

Comparison of the clinopyroxene P-T data with the calcu-
lated geotherm (Fig. 6a) shows an excellent agreement in the 
intermediate P-T region, with a residual “inflection” at high 
P-T. The magnitude of this inflection is compatible with the 
above-mentioned underestimation of the Cr-in-Cpx barometer 
at high P (Nimis 2002; see also next Section). Therefore, we 
interpret the smooth high P-T inflection as an artifact. To mini-
mize the potential bias due to P underestimation at high P and 
derive a more refined geotherm, we have re-fitted the P-T data 
by excluding data plotting above 5.5 GPa. Trimming the data 
did not produce significant changes in the model geotherm, 
excepting for an obvious significant reduction of the xenolith 
misfit and a very slight increase in the calculated lithospheric 
thickness, as defined by the intersection of the conductive 
geotherm with the mantle isentrope (Fig. 6b). The agreement 
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between the trimmed P-T data and the model is excellent. The 
resulting surface heat flow is 34 mW/m2 and the base of the 
thermal lithosphere is at 225 km, corresponding to a T of 1436 
°C. The base of the Mechanical Boundary Layer (McKenzie 
and Bickle 1988) is at 204 km depth, corresponding to a T of 
1355 °C. Hasterok and Chapman’s (2011) geotherm model, 
which uses a more generalized heat production model for the 
continental lithosphere, would also provide a good fit to the 
P-T data and would only suggest a slightly higher surface heat 
flux of 37 mW/m2. The computed heat flow is slightly lower 
than that estimated by simple visual comparison with the PC77 
model geotherms (Fig. 6), but it is still significantly higher than 
the present-day value of ~27 mW/m2 (Duchkov and Sokolova 
1997). Adopting different cut-off thresholds at high and low 
P-T did not result in significant modification of the calculated 
geotherm. The combination of lithosphere thickness and geo-

thermal gradient indicates a large “diamond window” beneath 
Novinka, extending from ca. 110 to over 200 km depth in the 
middle Paleozoic (344–361 Ma).

Comparison with thermobarometric data for the nearby, 
broadly coeval (342–360 Ma; Davis et al. 1980) Daldyn kim-
berlite field (Figs. 6c–6e) is hampered by the recognized tem-
perature gap between ca. 900 and 1200 °C in P-T estimates for 
xenoliths from Udachnaya (Doucet et al. 2013), which reduces 
the robustness of geotherm fitting, and by non-optimized ana-
lytical procedures in the literature data. Additional ambiguity 
derives from minor inconsistencies between estimates obtained 
using different thermobarometer pairs (cf. Doucet et al. 2013). 
If the same single-clinopyroxene thermobarometers are used for 
both data sets, the P-T data for Udachnaya appear to be broadly 
consistent with the Upper Muna calculated geotherm, although 
somewhat more scattered at high T (Fig. 6e).

Figure 6. Model palaeogeotherms calculated using the program FITPLOT (McKenzie et al. 2005). The palaeogeotherm for Novinka are 
calculated (a) using all P-T estimates based on optimized clinopyroxene analyses and (b) excluding data plotting above 5.5 GPa. The smaller plots 
show P-T data for Udachnaya xenoliths, calculated using the geothermometer of Nimis and Taylor (2000; TNT00) in combination with (c) the Nickel 
and Green (1985; PNG85) geobarometer, (d) its modification by Carswell (1991; PCa91), and (e) the Cr-in-Cpx geobarometer of Nimis and Taylor 
(2000; PNT00). Gray symbols in e indicate clinopyroxenes for which the calculated σP > 0.25 GPa (taking into account the analytical conditions used 
for the analysis as reported in the source papers). Source mineral compositions for Udachnaya are from Boyd (1984), Pokhilenko et al. (1993), 
Shimizu et al. (1997), Ionov et al. (2010), Goncharov et al. (2012), and Doucet et al. (2013).
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General implications on xenolith 
thermobarometry and geotherm evaluation

We have shown that careful compositional screening and 
high-quality analysis of peridotitic clinopyroxenes from the 
Novinka kimberlite (Upper Muna field, Yakutia) have allowed 
to reduce thermobarometric uncertainties and made a good as-
sessment of the thermal state of the lithospheric mantle at the 
time of kimberlite eruption. It is worth noting, however, that 
EMP analytical conditions employed in studies of garnet perido-
tites or diamond inclusions are often not optimized for reliable 
thermobarometry. Moreover, in many cases, the analytical condi-
tions are not reported or only partial documentation is given. Of 
22 published papers in which the Cr-in-Cpx barometer is applied 
and documentation of EMP analytical conditions is provided, 20 
used relatively low beam currents (≤20 nA) and/or low counting 
times (≤20 s for peak) (e.g., Wang and Gasparik 2001; Menzies 
et al. 2004; Donnelly et al. 2007; Faryad et al. 2009; Nimis et 
al. 2009; Doucet et al. 2013; Chen et al. 2014). This casts doubts 
on the reliability of many existing single-clinopyroxene thermo-
barometric data and demands proper evaluation of propagation 
of analytical errors on P estimates.

Although analytical uncertainties will obviously depend 
not only on the adopted analytical conditions but also on the 
performance of the equipment and quality of the standardization 
routines, simplified thresholds based on compositional param-
eters reported in Appendix1 Table 2 can be used in common 
practice to define the most appropriate analytical conditions for 
thermobarometric applications or to help select the most reliable 
analyses from published data sets. If low beam current and short 
counting times are used (e.g., 15 nA, 10 s peak, 10 s background), 
the safety threshold of aCr/Cr# > 0.024 apfu would cut off 19% 
of the 764 records in the mantle xenolith database of Nimis and 
Grütter (2010) and 46% of reported clinopyroxene inclusions 
in peridotitic and websteritic diamonds (cf. Stachel and Harris 
2008). Using higher beam current and longer counting times (e.g., 
40 nA, 40 s peak, 40 s background) the threshold may decrease 
to 0.011 apfu, thus cutting off only 4% of the xenoliths and 15% 
of the inclusions. The Cr# threshold of 0.1 proposed here cuts 
off further 5% of the xenoliths (mostly pyroxenites) and 17% 
of the inclusions (almost all from websteritic diamonds). Note 
that the aCr/Cr# ratio decreases with increasing P/T ratio (Fig. 
7). Therefore, clinopyroxenes with compositions that are the 
most sensitive to propagation of analytical errors on estimated 
P (i.e., those with the lowest aCr/Cr#) are those equilbrated 
under conditions corresponding to the highest P/T ratios. This 
indicates that clinopyroxene geotherms will tend to be less pre-
cise for cold cratonic mantle sections if EMP analyses are not 
of sufficient quality.

The effect of poor-quality analyses will tend to average out 
when a large population of chromian diopsides from a certain 
locality is used. Therefore, definition of mantle thermal state 
and diamond potential using the sample selection and analyti-
cal strategies proposed here may show only marginal improve-
ment with respect to previously proposed protocols (cf. Grütter 
2009). Nonetheless, the proportion of “accepted” samples can 
be increased, the precision of individual P-T estimates can be 
improved, and “unsafe” compositions are more effectively 
recognized (Fig. 5). This represents an advantage when the 

available population of clinopyroxene data are restricted for 
some reason (e.g., inclusions in diamonds), or when a detailed 
comparison between individual P-T estimates is required.

It should be emphasized that high-quality analyses and appro-
priate compositional screening will considerably reduce scatter of 
P-T estimates, but they will not eliminate systematic deviations 
of Cr-in-Cpx pressures due to inconsistencies in its calibration. 
In fact, the progressive negative deviation of Cr-in-Cpx P esti-
mates relative to orthopyroxene–garnet P estimates at P > 4.5 
GPa (Fig. 4) confirms the tendency of the Cr-in-Cpx barometer 
to underestimate at high P (by ca. 1 GPa at 7 GPa), which was 
previously observed against a limited set of experimental data 
(cf. Nimis 2002). Moreover, a slight positive deviation of the Cr-
in-Cpx pressures (<0.5 GPa on average) is observed at P around 
3 GPa (Fig. 4), which partly confirms observations by Grütter 
and Moore (2003) and Grütter (2009). It is unclear if this small 
discrepancy at moderate P is due to inaccuracy of the Cr-in-Cpx 
barometer, of the orthopyroxene–garnet barometer, or of both. 
Owing to these systematic deviations, mantle palaeogeotherms 
calculated on the basis of single-Cpx thermobarometry will tend 
to show slightly different shapes than those based on orthopy-
roxene–garnet barometry. The most important discrepancies will 
affect the deepest portion of the lithosphere, where clinopyroxene 
geotherms will tend to show slightly overestimated T-P gradients. 
As discussed by Nimis (2002), this drawback will not hamper 
recognition of samples coming from the diamond window.

Figure 7. Relationships between P-T gradients, aCr/Cr# in 
clinopyroxene, and uncertainties of Cr-in-Cpx pressure propagated from 
analytical errors. Filled circles are aCr/Cr# values of the experimental 
clinopyroxenes used for the calibration of the Cr-in-Cpx barometer 
(Nimis and Taylor 2000), empty squares are aCr/Cr# values of natural 
clinopyroxenes from well-equilibrated peridotites (Nimis and Grütter 
2010), and crosses are calculated P uncertainties for the same data set 
(see Fig. 3 and text for calculation methods). Natural clinopyroxenes 
with Cr# < 0.1, which are considered usnsuitable for geobarometry (see 
text), were excluded from the plot. The approximate correspondence 
between P-T gradients and steady-state continental geotherms (Pollack 
and Chapman 1977) is also indicated at the top of the plot. Geobarometry 
of clinopyroxenes from relatively cold mantle sections (<40 mW/m2) is 
clearly more sensitive to propagation of analytical errors. (Color online.)
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