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abstract

Efforts to map the vertical distribution of mafic and ultramafic igneous rocks in the Earth’s crust and 
uppermost mantle have long been hampered by the lack of precise geobarometers for the appropriate 
mineral assemblages. The average P (avP) method (Powell and Holland 1994) is a multiple-reaction 
approach that uses a least-squares minimization to average the pressures derived from individual 
mineral equilibria, taking into account both their uncertainties and correlations. We applied average P 
to a carefully selected database of published phase-equilibrium experiments in dry to H2O-saturated, 
andesitic to basaltic and peridotitic systems at P = 0.6–9.3 kbar, T = 940–1240 °C, with log fO2 from 
NNO-2.6 to NNO+3.6 log units (where NNO is nickel-nickel oxide buffer). We made minor modifi-
cations to the thermodynamic models of clinopyroxene, spinel, and olivine to improve the accuracy 
and precision of the results given by the avP method. Tests on the experimental database, using the 
modified thermodynamic models and spinel + clinopyroxene + olivine + plagioclase equilibria, showed 
that average P can reproduce the experimental P, within the calculated 1s uncertainties (0.9–2.6 kbar; 
1.6 kbar on average), for 67% of the database. No systematic deviations of the calculated pressure 
(P) with temperature (T) or mineral compositions are observed. Given the large compositional range 
of the experimental database, these results suggest that the method can be applied to any gabbroic, 
pyroxenitic, or peridotitic rocks that contain the appropriate phase assemblage clinopyroxene + olivine 
+ plagioclase ± spinel. For assemblages equilibrated at P < 5 kbar, the calculated P shows a slight 
dependence on T, which therefore needs to be well constrained to keep the overall P uncertainties as 
low as possible. T can be estimated using either available independently calibrated geothermometers 
or a simple calculation routine suggested in this work. Application of average P to gabbroic xenoliths 
from Dominica, Lesser Antilles, and to gabbroic and peridotitic xenoliths from Wikieup, Arizona, 
demonstrates the ability of the method to produce precise P estimates for natural assemblages equili-
brated at both mid- and lower crustal conditions, respectively. Depending on the errors on mineral 
composition, appropriateness of the T estimate, and attainment of equilibrium of the assemblage, P 
uncertainty for natural rocks is ≤1.0 kbar. Such a level of precision can help to discriminate between 
rival petrogenetic processes in subduction zone, intra-plate, and mid-oceanic ridge settings.

Keywords: Geobarometry, phase equilibria, mafic crust, gabbros, peridotites; Rates and Depths 
of Magma Ascent on Earth

introduction

Estimating the pressure (P) and temperature (T) of formation 
of mafic and ultramafic igneous rocks is a fundamental step in 
studying the evolution of magmatic systems and the thermal and 
lithological structure of the crust and crust-mantle transition zone. 
Developing accurate and precise thermobarometric methods 
for such rocks is therefore critically important. Conventional 
methods use phase compositions combined in either empirical 
or theoretical formulations to derive expressions for P and T, 
with the fundamental assumption that the assemblage of inter-
est attained equilibrium. Commonly used geothermometers and 
geobarometers for gabbroic and peridotitic rocks are based on 
single reactions between mineral end-members, often derived 
by simple regressions of experimental data. Examples include 

two-pyroxene thermometers (e.g., Wells 1977; Putirka 2008) 
and barometers (Putirka 2008), olivine-pyroxenes-plagioclase 
barometers (e.g., Fumagalli et al. 2017), hornblende-plagioclase 
thermobarometers (e.g., Holland and Blundy 1994; Molina et al. 
2015), and magnetite-ilmenite thermometers (e.g., Ghiorso and 
Evans 2008). Empirical methods based on the composition of 
a single mineral phase, such as clinopyroxene barometers (e.g., 
Nimis 1995; Putirka 2008) and amphibole thermobarometers 
(e.g., Ridolfi and Renzulli 2012), are also available for gabbroic 
as well as basaltic and andesitic rocks. Mineral-melt thermoba-
rometers potentially produce precise pressure and temperature 
estimates (Falloon et al. 2007; Putirka 2008, 2016a; Neave and 
Putirka 2017), but their application to gabbroic or peridotitic 
rocks is limited to assemblages containing melt in equilibrium 
with the solid phases (interstitial melt or trapped melt inclusions).

For any given plutonic suite, a barometer or thermometer 
should meet the following conditions: (1) sufficient preci-
sion to discriminate between rival petrogenetic processes; 
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(2) applicability over the P-T range of interest; (3) calibration 
for the compositions of interest; and (4) consistency across 
the entire suite. Depending on the assemblage, criterion 1 can 
often be met for temperature, as model errors can be as low as 
40 °C (e.g., Putirka 2008), which is small relative to the range 
of formation of mafic/ultramafic plutonic rocks (800–1300 °C). 
However, for existing barometers that are applicable to sub-
solidus gabbroic assemblages [e.g., two-pyroxene or single-
clinopyroxene barometers of Putirka (2008), single-amphibole 
barometer of Ridolfi and Renzulli (2012)], typical model errors 
are 3–4 kbar [inferred from experimental data not used in the 
calibration; see Putirka (2008, 2016b) and Erdmann et al. (2014) 
for a review]. This is unacceptably high considering the typical 
pressure range to be investigated (e.g., <7 kbar for island arcs 
and intra-oceanic settings). For empirical or semi-empirical 
single-reaction thermobarometers, condition 2 is usually met, as 
calibrant phase-equilibrium experiments generally cover a wide 
range of P and T (e.g., 0–20 kbar, 800–1400 °C). Condition 3 is 
particularly critical when adopting empirical or semi-empirical 
thermobarometry, because relationships that are too simplified 
or that have no thermodynamic basis become unreliable when 
applied outside the range of the calibration data. For the same 
reason, some empirical thermobarometers may be sensitive to the 
buffering effect of phases that are not involved in the reaction, 
but are present in the assemblage, hampering the application to 
natural samples with phase assemblages that differ from those in 
the calibration data set. This issue may be particularly important 
when single-phase empirical thermobarometers calibrated using 
suprasolidus (i.e., melt-present) experiments (e.g., Ridolfi and 
Renzulli 2012) are applied to plutonic rocks equilibrated at sub-
solidus (i.e., melt-absent) conditions. Finally, condition 4 may 
be difficult to meet when the rock suite includes samples with 
different mineral assemblages, requiring the adoption of differ-
ent, potentially inconsistent, single-reaction thermobarometers 
calibrated on different experimental data sets.

A potential solution that fulfills all of the above conditions for 
pressure determination is multiple-reaction barometry, employ-
ing an internally consistent data set of thermodynamic data for 
mineral end-members (e.g., Berman 1988; Holland and Powell 
1998, 2011), along with a set of activity-composition (a–x) rela-
tions calibrated for use with the same end-member data set1. The 
multiple-reaction method allows all of the P and T information 
in a mineral assemblage to be used simultaneously, provided 
the necessary thermodynamic models exist, via an independent 
set of reactions among the end-members of the phases (Berman 
1991; Gordon 1992; Powell and Holland 1988, 1994, 2008). 
End-member thermodynamic data and activity-composition (a–x) 
relations are now available for the majority of rock-forming miner-
als of the crust and shallow mantle (e.g., Ghiorso and Sack 1995; 
Holland and Powell 2011; Diener et al. 2007; Green et al. 2007, 
2012, 2016; Gualda et al. 2012; White et al. 2014; Jennings and 
Holland 2015), thus potentially allowing the method to be applied 
consistently to rock suites across a wide range of mineralogy and 
composition.

A single reaction among the end-members of phases is suf-
ficient to calculate the value of P at given T. However, in a robust 
application of multiple-reaction barometry, there are several reac-
tions forming an independent set, and the P values are statistically 

over-determined. Owing to the uncertainties in thermodynamic 
models and in analyzed mineral compositions, the reactions do 
not, in general, intersect at the same P-T. Therefore, a statistical 
approach is needed to calculate the optimal P. Such an approach 
must be weighted by the uncertainties affecting each reaction in 
the independent set, and this weighting must also take into ac-
count the correlated influence of these uncertainties on reactions 
that share end-members (Powell 1985; Powell and Holland 1994). 
The average P (avP) method (Powell and Holland 1988, 1994, 
2008), is one of the few available algorithms for multiple-reaction 
thermobarometry that uses a rigorous statistical approach to 
handle both uncertainties and correlations. The algorithm is ac-
cessible via the software thermocalc, using the Holland and 
Powell (1985, 1990, 1998, 2011) internally consistent data set of 
end-members and, in principle, any suitably encoded a–x rela-
tions with the modified regular solution formulations described 
in Powell and Holland (1993) and Holland and Powell (2003).

The avP algorithm in thermocalc has historically been 
applied to metamorphic rocks, and the development of a–x rela-
tions suitable for their use has concentrated on the metamorphic 
domain. However, following the work of Jennings and Holland 
(2015) and Green et al. (2016), a set of a–x relations is, for the 
first time, available for the phases expected in hydrous igneous 
rocks under crustal and upper mantle conditions. Given the 
potential of average P to fulfil all the conditions for optimal 
geobarometry, we evaluated the accuracy of the method and 
accompanying a–x relations for mafic and ultramafic rocks 
using a data set of phase-equilibrium experiments in basaltic 
and peridotitic systems, together with well-equilibrated natural 
samples, as a test case.

MethodoLoGicaL overview and rationaLe
Our aim is to develop a procedure for reliably applying multiple-reaction 

barometry to crustal-depth mafic and ultramafic igneous rocks. A database of 
phase-equilibrium experiments (Supplementary2 Material 1) was used to evalu-
ate the results obtained with thermocalc’s avP algorithm (Powell and Holland 
1988, 1994, 2008) and a selection of published thermodynamic models for mineral 
phases. The thermodynamic models were then refined, where necessary, to mini-
mize systematic discrepancies between the avP calculations and the experimental 
database. Prior estimates of T and analytical or model uncertainty were explored, 
both for the experimental database, and for natural samples. Our work focused on 
rocks containing the assemblage SCOlP (see Table 1 for abbreviations). This as-
semblage is common in mafic and ultramafic plutonic rocks from various tectonic 
settings, and appears in a relatively large number of experimental runs. We further 
tested avP calculations using the sub-assemblage COlP. This yields only three 
independent reactions, compared with six for SCOlP, and is therefore potentially 
less robust. However, COlP can be applied to a larger number of experiments and 
natural samples, including plagioclase peridotites.

Refinement of the thermodynamic models allows the average P approach to 
satisfy criteria 1 to 3 above. Regarding criterion 4, the method is devised such 
that it is possible to apply mutually consistent barometers across a suite of rocks, 
simply by adding further sets of well-calibrated a–x relations to those for olivine, 
clinopyroxene, plagioclase, and spinel, using the same internally consistent data set 
of end-member thermodynamic properties (Holland and Powell 2011).

Supplementary2 Material 2 describes how to obtain software and input files for 
applying the average P approach to SCOlP and COlP assemblages, and provides 
an example calculation.

experiMentaL database

We assembled a database of published phase-equilibrium 
experiments in natural andesitic to basaltic and peridotitic sys-
tems whose run products contain, at least, olivine, clinopyroxene, 
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and plagioclase. Some experimental data sets were excluded, 
despite containing the right assemblage, either because: (1) the 
experiments show clear evidence of disequilibrium (e.g., large 
compositional inhomogeneity of the run products, significant 
Fe loss), or (2) run duration was very short (i.e., <2 h) or (3) 
mineral compositions were not reported. A reference list of 
experiments that satisfied these requirements is reported in 
Supplementary2 Material 1 and their P-T conditions are shown 
in Figure 1. Clinopyroxenes in most of the experiments at P ≥ 
9 kbar and T ≥ 1150 °C have low-Ca contents (≥0.38 atoms per 
formula unit, apfu; Bartels et al. 1991; Draper and Johnston 
1992; Kinzler and Grove 1992; Fig. 2a). The closure of the 
solvus separating low- and high-Ca pyroxene compositions is 
difficult to capture accurately in a–x modeling and, moreover, 
such low-Ca clinopyroxenes are rare in natural igneous rocks. 
We therefore excluded the experiments containing these clino-
pyroxenes from the data set. Additionally, clinopyroxenes from 
atmospheric pressure experiments (0.001 kbar) show a range of 
tetrahedral aluminum (AlIV = 2 – Si [apfu]) contents that exceeds 
that at higher pressures (Fig. 3), suggestive of a complex cation 
partitioning for 1-atm clinopyroxenes. Existing geobarometers 
involving Al- and Na-in-clinopyroxene components systemati-
cally fail to predict pressure for 1-atm experiments. This has 
been ascribed to Na-loss during the experiment (Putirka 2008), 
although, conversely, Mollo et al. (2010) showed that fast-
growing clinopyroxene crystals contain excessive Na and Al, 
compensating for depletions in Si, Ca, and Mg relative to the 
equilibrium composition. Considering that some equilibria used 
in this work involve Al and Na partitioning, we therefore removed 
all 1-atm experiments from the average P data set. Additional 

filtering based on the quality of microprobe analyses and possible 
presence of aberrant data (see Supplementary2 Material 1) yielded 
a final data set of 209 experiments with the COlP assemblage, 
of which 62 also contain the SCOlP assemblage.

The conditions covered by the refined experimental database 
are P = 0.5–9.3 kbar, T = 935–1240 °C (Fig. 1), and log fO2 from 
NNO-2.6 to NNO+3.6 log units. Compositions of olivine, spinel, 
clinopyroxene, and plagioclase are shown in Figure 2. Olivines 
are almost pure solid solutions of forsterite and fayalite, with 
only minor or trace amounts of Ca and Mn components (Ca 
<0.025 apfu; Mn <0.024 apfu). Plagioclases are solid solutions 
of albite and anorthite, with only minor amounts of K (<0.12 
apfu) and Fetot (<0.09 apfu) components. Spinels show a wide 
range of composition including magnetites, ulvospinels, and 
spinels sensu-stricto, with variable amounts of Cr (Fig. 2c) and 
mg# in the range 0.11–0.89. Clinopyroxenes are augites with 
variable Al (0.08–0.39 apfu) and Ti (0.00–0.10 apfu) and low 
Na (0.01–0.08 apfu). The 62 experiments containing the subset 
SCOlP cover roughly the same range of P-T conditions and 
mineral compositions (e.g., Figs. 1, 2a, and 2b), with log fO2  
from NNO-0.1 to NNO+3.6.

averaGe-pressure caLcuLations: MethodoLoGy

Overview of the avP method
An optimal value of P, P may be found by least-squares 

averaging of multiple independent phase equilibrium constraints, 
each of which can be formulated as a reaction between end-
members. To find the optimal value is not simply a matter of 
averaging the values of the Pr, the pressures obtained from each 
reaction r in the set, because some end-members appear in more 
than one reaction. If the pressures of the reactions are adjusted 
to coincide at P, the implication is that the calculated chemical 
potentials of the end-members are being adjusted. Adjustments 
to chemical potentials must be applied consistently across each 
of the end-member reactions, meaning that the reactions must be 

Table 1.  Abbreviations used in this work
SCOlP Spinel + Clinopyroxene + Olivine + Plagioclase, where “spinel”
  may refer to either magnetite or Cr/Al-spinel.
COlP Clinopyroxene + Olivine + Plagioclase
apfu atoms per formula unit
mg# Mg/(Mg+Fe2+)
NNO nickel-nickel oxide buffer
Pexp, Texp measured pressure, temperature of the experiment
P0, T0 initial guesses of pressure and temperature
DG r° Gibbs free energy difference in kJ for the reaction r among
  the pure end-members
ni reaction coefficient for end-member i, at P, T
mi total chemical potential for end-member i
mi° chemical potential of the pure end-member at P, T
R gas constant (0.0083144 kJ/K·mol)
W j

(m,n) pairwise interaction energy representing non-ideal enthalpy 
 of mixing between end-members m and n in phase j
aj activity of end-member i
Kr equilibrium constant for reaction r
DHr enthalpy change for reaction r, at P, T
DSr entropy change for reaction r, at P, T
DVr volume change for reaction r, at P, T
Pr pressure at T0 for reaction r
P average pressure (at T0) calculated through the avP algorithm
sP calculated 1s uncertainty for P
sfit diagnostic value that measures the appropriateness of the
  average, with s2

fit distributed as χ2

e*i uncertainty-normalized residuals in log (activity) for
 end-member i
H*i uncertainty-normalized residuals in the enthalpy for
 end-member i
hi hat value, i.e., degree of influence of the end-member i on
 the least-square results
Tsfit T0 that produces the avP result with the minimum 
 value of sfit

SEE standard error of the estimate

FiGure 1. P-T conditions of phase-equilibrium experiments 
in basaltic and peridotitic systems that contain at least olivine, 
clinopyroxene, and plagioclase in their phase assemblages. Source 
references for this database are reported in Supplementary2 Material 1.
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moved in a suitably correlated way in P space to coincide at P. 
The approach is most powerful if applied via using a set of fully 
thermodynamic models for the phases, in which the chemical 
potentials of end-members are constructed from parameters rep-
resenting other physical properties, such as standard enthalpies, 

within some uncertainty. In this case, the correlated adjustments 
to the Pr required to achieve coincidence at P, can be made by 
adjusting the end-member properties, based on a covariance ma-
trix that is known a priori. The method amounts to “least-squares 
adjustment of indirect observations” (e.g., Mikhail 1976). Such a 
method, the avP algorithm, is described in detail by Powell and 
Holland (1988, 1994, 2008), and exploits the Holland and Pow-
ell (1990, 1998, 2011) data set of end-member thermodynamic 
properties, combined with a set of a–x relations for each solid 
solution to describe the thermodynamics of mixing (Gordon 1992 
discussed a similar procedure). The TWEEQU thermobarometric 
method of Berman (1991) is of the same type, but does not ac-
count for the correlations in the adjustments applied to the Pr.

A statement of equilibrium for each multiphase reaction, r, 
can be written as

∑inimi = ∑nimi
0 = + RTlnKr = DGr° + RTlnKr = 0 (1)

where, for end-member i in a phase j of specified crystal structure, 
ni is the reaction coefficient, mi is the total chemical potential, and 
mi

0 is the chemical potential of the pure end-member at P-T. DGr° 
is the Gibbs free energy difference in kilojoules for the reaction 
among the pure end-members, R is the gas constant (0.0083144 
kJ/K·mol), and Kr is the equilibrium constant, which is given by

Kr = Pi(ai)ni (2)

ai being the activity of end-member i.
The avP algorithm, as implemented in thermocalc (Powell 

and Holland 1988), finds the activities of end-members given 
the observed compositions of the phases, at a likely P0 and T0 
(initial estimates of pressure and temperature), to compute each 
equilibrium constant Kr. Taking the corresponding expression 
for DGr° from the Holland and Powell (1985, 1990, 1998, 2011) 
data set, it linearizes expression 1 at T0, P0, to form the equation 
from which P is obtained (Fig. 4):

FiGure 2. Composition of the mineral phases used for avP 

calculations on experimental and natural samples. (a) Pyroxene 
quadrilateral projection (Morimoto et al. 1988). (b) Forsterite content in 
olivine plotted vs. anorthite content in plagioclase. (c) Trivalent cation 
plot for spinels [Fe3+ = Fe3+/(Fe3++Al+Cr), Al = Al/(Fe3++Al+Cr), Cr = 
Cr/(Fe3++Al+Cr)]. (Color online.)

FiGure 3. Variation of AlIV in clinopyroxene with pressure in the 
experimental database. Note the wide range of AlIV for the experiments 
at 0.001 kbar, which is larger than the variations for the entire data set 
at higher pressures.
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a + bT0 + cP + RT0lnKr = 0. (3)

The a, b, and c terms represent the end-member enthalpy, 
entropy, and volume changes, DHr, DSr, and DVr, respectively, 
for the reaction.

Uncertainties in Equation 3 are derived from uncertainties in 
the properties of individual end-members involved in the reac-
tion. Only the enthalpies and activities of the end-members are 
considered to be uncertain, since the Holland and Powell data set 
treats end-member entropies and volumetric properties as exact. 
The uncertainties in the end-member enthalpies are correlated 
with each other, and their standard deviations and correlation 
coefficients are extracted from the Holland and Powell data set. 
The uncertainties in the activities of end-members are assumed to 

be independent of each other, and are propagated through from: 
(1) the analytical uncertainties in the compositional variables, 
and (2) the uncertainties in the a–x relations, treated simply as 
uncertainties in the values of W j

(m,n).
As described in Powell and Holland (1988), the uncertainties 

in the enthalpies and activities of end-members can be converted 
into uncertainties on the a and lnKr terms of Equation 3, taking 
into account the reaction coefficient of each end-member. A 
full covariance matrix can ultimately be derived, describing the 
uncertainties and correlations among the estimates of P from 
each of the independent reactions (Pr).

Using the reactions and the corresponding covariance matrix, 
the avP algorithm finds an optimal least-squares average of the 
Pr values, P, with a well-defined uncertainty sP(T0). Figure C2 
from Powell and Holland (1988) illustrates graphically how two 
correlated pressures (Pr) are combined to give P.

Several diagnostic values are displayed following the avP 
procedure (see Supplementary2 Material 2 and Powell and Hol-
land 1994), to assist meaningful application of the method. The 
diagnostic value sfit is particularly helpful, providing a measure 
of how appropriately the pressure information in the independent 
set of reactions can be combined. If sfit lies within the cut-off 
value provided by the c2 test, representing 95% confidence, then 
it is reasonable to assume that the selected phases are indeed in 
thermodynamic equilibrium, given realistic uncertainties in the 
mineral analyses and thermodynamic models.

Independent reactions used in this work
For each of the two assemblages (SCOlP and COlP) consid-

ered, we specified the independent set of reactions to be used by 
the avP algorithm. These were chosen to have generally low un-
certainties in their individual pressure estimations, Pr, implying 
that they are sensitive to pressure, and also to lie reliably within 
20 kbar of the experimental pressures during model refinement. 
The choice of independent reactions affects the calculated P, 
but the variation in P is of the order of sP. For the assemblage 
SCOlP, the selected reactions are (see example in Supplementary2 
Material 2 for DHr, DSr, and DVr for each reaction): 

cenh + cats = fo + an (r1) 
Mg2Si2O6 + CaAl2SiO6 = Mg2SiO4 + CaAl2Si2O8

cfs + cats = fa + an (r2) 
Fe2Si2O6 + CaAl2SiO6 = Fe2SiO4 + CaAl2Si2O8

cenh + jd = fo + abh (r3) 
Mg2Si2O6 + NaAlSi2O6 = Mg2SiO4 + NaAlSi3O8

cenh + 2 cats = di + an + sp (r4) 
Mg2Si2O6 + 2 CaAl2SiO6 = CaMgSi2O6 + CaAl2Si2O8 + MgAl2O4

cenh + jd + 2 herc = fa + abh + 2 sp (r5) 
Mg2Si2O6 + NaAlSi2O6 + 2 FeAl2O4 = 
   Fe2SiO4 + NaAlSi3O8 + 2 MgAl2O4

2 cfs + 2 acm + herc = 2 fa + 2 abh + mt (r6) 
2 Fe2Si2O6 + 2 NaFeSi2O6 + FeAl2O4 = 
   2 Fe2SiO4 + 2 NaAlSi3O8 + Fe3O4

FiGure 4. Independent set of reactions and avP results at T0 
= 870 °C for the spinel + clinopyroxene + olivine + plagioclase 
(SCOlP) assemblage in olivine-gabbronorite DC90 (Dominica, Lesser 
Antilles). The reactions are linearized at T0 = 870 °C and P0 = 4 kbar. 
In the minimization procedure, avP makes minimal adjustments to 
the enthalpies and activities of end-members, given their covariance 
matrices, in order for the reactions to coincide at P. Reactions derived 
from the initial input data, i.e., the data set enthalpies and the activities 
at the measured compositions, are shown as solid curves. Reactions after 
minimization are shown as dashed curves. The box at the bottom shows 
the pressures initially obtained from each individual reaction with their 
associated uncertainties, at T0 = 870 °C. For end-member abbreviations 
see Table 2. A detailed step-by-step demonstration of the same calculation 
is reported in the Supplementary2 Material 2. (Color online.)
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where the number of independent reactions is equal to s – c, 
with s being the number of end-members and c the number of 
components involved in mixing (see Table 2).

For COlP, an independent set contains three reactions. The 
natural choice is simply those of the set of reactions 1–6 that do 
not involve end-members of spinel solid solution, i.e., reactions 
1, 2, and 3.

Thermodynamic models
We employed the internally consistent thermodynamic data 

set of Holland and Powell (2011) and an initial selection of 
published a–x relations that are appropriate for use with this 
data set: the models for plagioclase, clinopyroxene, olivine, and 
spinel were taken, respectively from Holland and Powell (2003), 
Green et al. (2016), Hackler and Wood (1989), and Bryndzia 
and Wood (1990). Specifically, these a–x relations are regular 
solution models (one-parameter Margules solutions), with mix-
ing on sites, allowing for asymmetry introduced via a van Laar 
parameter applied to each end-member.

During our development of a procedure for application of av-
erage P to igneous rocks, a major requirement was to make modi-
fications to the thermodynamic models (end-member properties 
and/or a–x relations) to achieve accurate estimation of P values 
for our experimental database. Many of these modifications 
involved the adjustment of end-member Gibbs energy functions 
from the data set, Gds(P,T), by functions DGmod(P,T), such that 
for end-member i, Gi(P,T) = G i

ds(P,T) +DGi
mod(P,T) = Gi

ds(P,T) 
+ a + bT + cP (the constants a, b, and c may be considered to 
represent enthalpy, entropy, and volume terms, respectively). Ad-
ditionally we made minor structural changes to the a–x relations 
and adjusted some of the interaction energies, W(m,n).

By repeatedly assessing the results of average P run on the 
experimental database as described below, we adopted the fol-
lowing thermodynamic models for clinopyroxene, olivine, and 
spinel. We did not modify the Holland and Powell (2003) models 
for plagioclase, an asymmetric solution between high-albite, 
anorthite, and sanidine. Model end-members are listed in Table 2, 

and a full description of the a–x relations and end-member ther-
modynamic data can be found in the Supplementary2 Material 3.

Clinopyroxene. The starting point for the clinopyroxene a–x 
relations was the “augite model” of Green et al. (2016) that entails 
mixing of [Mg, Fe2+, Al, Fe3+] on the M1, [Na, Ca, Mg, Fe2+] on 
the M2, and [Si, Al] on the tetrahedral sites. The end-members 
high-temperature clinoenstatite (cenh) and clinoferrosilite (cfs) 
do not appear in the Holland and Powell (2011) data set, but are 
constructed by adding DGi

trans(P,T) terms to the Gibbs energy 
functions for ortho-enstatite (en) and ortho-ferrosilite (fs), respec-
tively (Green et al. 2016), where DGi

trans(P,T) represents the Gibbs 
energy change of the Pbca–C2/c transition. The model incorpo-
rates order-disorder of Fe2+-Mg across M1 and M2, expressed 
via the proportions of an end-member fmc, FeM2MgM1Si2O6. Like 
the cenh and cfs end-members, the fmc end-member does not 
appear in the data set, but has a Gibbs energy function that can 
be expressed as ½[Gcenh(P,T) + Gcfs(P,T)] + DGod

fms = ½[Gds
en(P,T) + 

Gds
fs(P,T) + DGen

trans(P,T) + DGfs
trans(P,T)] + DGod

fms, where DGod
fms is the 

Gibbs energy change of ordering to form fmc from a disordered 
1:1 mixture of cenh and cfs. The model also includes Si-Al order-
disorder on the tetrahedral site, but whereas in Green et al. (2016) 
this order-disorder was expressed explicitly, by including both 
an ordered and a disordered Ca-Tschermaks end-member in the 
solid solution, we here made a minor simplification by replac-
ing the ordered and disordered Ca-Tschermaks end-members 
with a single end-member, cats, from the Holland and Powell 
(2011) data set, for which the thermodynamic properties reflect 
disordering with temperature. This makes negligible difference 
to the calculations.

Three problems that emerged during testing of the avP pro-
cedure were linked to the clinopyroxene model:

(1) Calculations on the COlP assemblage tended to produce 
P estimates that exceeded experimental pressures by ~5 kbar.

(2) The avP diagnostics (see Supplementary2 Material 2) 
for the calculations on the SCOlP assemblage suggested that 
the clinopyroxene end-members Ca-Tschermaks and jadeite 
were particularly likely to exhibit large, uncertainty-normalized 
residuals in activity, e*, and that cenh strongly influenced P.

(3) When P was calculated over a range of T0, values of sfit 
and sP were typically smaller for small values of temperature, 
with minima occurring at temperatures < Texp. This showed that 
the models’ temperature-dependences were poorly calibrated. 
This is a significant observation since the method of calculat-
ing P at multiple T0 may be used to estimate the equilibration 
temperature of a sample, as discussed below.

In response to problem 3, we investigated the model reaction 
Mg2SiO4 (fo) + Fe2Si2O6 (cfs) = Fe2SiO4 (fa) + Mg2Si2O6 (cenh), 
which is not included explicitly among our reactions, but appears 
implicitly since it is obtained by subtracting reaction 2 from reac-
tion 1. Taking both our own database and that of Loucks (1996), 
we recalibrated the clinopyroxene and olivine models, treating 
fo + cfs = fa + cenh as a single-reaction thermometer. The key 
changes made to the clinopyroxene model through this approach 
were to DG cen

tran (P,T) and DGcfs
tran (P,T), which were recalibrated 

while preserving their fit to the estimated transition curves in P-T 
space [taken from Boyd et al. (1964), as interpreted by Gasparik 
(1990), for enstatite-clinoenstatite; and from Lindsley (1981), for 
ferrosilite-clinoferrosilite]. We also decreased the value of DGod

fmc 

Table 2. Solid solutions and compositional end-members used in 
this work

Solid solution End-member Abbreviation Formula SCOlP COlP
Olivine Forsterite fo Mg2SiO4 x x
 Fayalite fa Fe2SiO4 x x
Spinel Spinel sp MgAl2O4 x 
 Hercynite herc FeAl2O4 x 
 Magnetite mt Fe3O4 x 
 Picrochromitea picr MgCr2O4  
 Ulvöspinela usp Fe2TiO4  
Clinopyroxene Diopside di CaMgSi2O6 x 
 Clinoenstatite cenh Mg2Si2O6 x x
 Clinoferrosilite cfs Fe2Si2O6 x x
 Jadeite jd NaAlSi2O6 x x
 Acmite acm NaFeSi2O6 x 
 Ca-tschermak cats CaAl2SiO6 x x
Plagioclase High-albite abh NaAlSi3O8 x x
 Anorthite an CaAl2Si2O8 x x
 Sanidinea san KAlSi3O8  
Notes: Columns SCOlP and COlP show which end-members are included in the 
avP calculations using the SCOlP and COlP equilibria, respectively. End-members 
are described in the Holland and Powell (2011) data set, using the abbreviations 
shown, with the exception of cenh and cfs.
a End-members for which balanced reactions cannot be written. Note that these 
end-members are still considered in the calculations of the activities of the end-
members involved in the reactions.
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(P,T) from –4.4 to –6.5 kJ/mol. Minor adjustments were made to 
the relatively well-known interaction energies in the CaO–FeO–
MgO–SiO2 system, W(di,cfs), W(di,fmc), W(cenh,cfs), and W(cfs,fmc), while 
respecting the experimental constraints placed on them (Turnock 
and Lindsley 1981; Lindsley 1983; see Green et al. 2016). The 
revised values are considered to be better constrained than the 
originals. The modified models continue to predict temperatures 
for the fo + cfs = fa + cenh reaction with a large scatter, but now 
with a reasonable standard error of estimate of ±71 °C.

We made further adjustments to many of the less well-
constrained interaction energies, with reference to both the fo + 
cfs = fa + cenh reaction and the results of avP calculations on 
the experimental database. These adjustments involved reducing 
the size of the interaction energies by ~40%. In modifying the 
interaction energies, we treated them as falling into groups that 
should retain similar values: (1) the W([cenh,cfs,fmc],[jd,acm]) 
parameters (notation indicates interaction energies between each 
of the end-members in the first brackets with each of the end-
members in the second); (2) the W([cenh,cfs,fmc],[cats]) param-
eters; (3) the W([jd,acm],[cats]) parameters. W([di],[cats]) was 
adjusted independently. These modifications greatly reduced the 
excessive average P estimates for COlP (Fig. 5b), and removed 
the high residuals associated with acats and ajd when SCOlP is 
used. Furthermore, values of sfit for the experiments typically 
decreased, with fewer experiments failing the c2 test; this was 
a valuable indication that the adjustments tended to make the 
models, as a set, predict a more mutually consistent set of inde-
pendent reactions given the experimental phase compositions.

Individual changes made to the poorly constrained interaction 
energies should not necessarily be regarded as improvements to 
the original a–x relations, since average P in general demands 
less accurate a–x relations than the forward-modeling calcula-
tions for which the Green et al. (2016) clinopyroxene model was 
developed. However, it is interesting that a much less non-ideal 
model was required to produce good average P results, espe-
cially considering that the pressure information in reactions 1–3 
is related primarily to formation of aluminous pyroxene from 
plagioclase (i.e., Ca-tschermak + Quartz = Anorthite). The ther-
modynamics of the key pyroxene and plagioclase end-members 
in the Holland and Powell (2011) data set, including the crucial 
volumetric parameters, are expected to be well known.

Olivine. We initially followed Jennings and Holland (2015) 
in adopting a simple symmetric model for a forsterite-fayalite 
solid solution, with Mg–Fe mixing on two identical M sites, as 
per Hackler and Wood (1989), with W(fo,fa) = 8 kJ/mol. During 
refitting of the reaction fo + cfs = fa + cenh, we found it neces-
sary to introduce order-disorder, via an ordered end-member 
FeM1MgM2SiO4 (olfm; compare with discussion of ordered 
end-member fmc above; see also Supplementary2 Materials 3), 
with a Gibbs energy function given by Golfm(P,T) = ½[Gfo(P,T) 
+ Gfa(P,T)] + DGod

olfm (P,T), and DGod
olfm (P,T) = (–8 + 0.003T + 

0.02 P) kJ/mol. This expression yields –3.8 kJ/mol at 1100 °C 
and 5 kbar, and remains negative, i.e., favoring ordering, below 
2300 °C within the pressure range of interest. DGod

olfm (P,T) is 
thus of a physically plausible size over the P-T range of inter-
est, comparable with DGod

fmc (P,T). We stress, however, that our 
calibration does not provide unique constraints on the a, b, and 
c terms of DGod

olfm (P,T) and they should be considered essen-

tially as fit parameters, compensating for other difficulties in 
modeling Fe-Mg exchange between olivine and clinopyroxene 
in natural systems.

Spinel. Jennings and Holland (2015) used the spinel a–x rela-
tions of Bryndzia and Wood (1990), in the system MgO–FeO–
Fe2O3–Al2O3–Cr2O3, in which all cations mix on three identical 
sites. Such a model greatly simplifies the mixing behavior of 
spinel, by neglecting cation and magnetic disordering. Neverthe-
less, Bryndzia and Wood (1990) applied it successfully to oxy-
barometry of spinel peridotites, and it performed convincingly in 
the forward calculations of Jennings and Holland (2015), also on 
peridotite. Therefore, we initially adopted the Bryndzia and Wood 
(1990) a–x relations, extended to include TiO2 by T.J.B. Holland 
(personal communication; see Supplementary2 Material 3).

For the majority of experiments that contained magnetite 
rather than Cr/Al-spinel, we found that avP calculations with 
SCOlP had a tendency to underestimate experimental pres-
sures, even when calculations with COlP tended to overestimate 
them. Modifications to the clinopyroxene model, as described 
above, reduced P estimates for both assemblages. To overcome 
this discrepancy between the assemblages, and following the 
observation that the end-members sp and herc showed large 
uncertainty-normalized residuals in activity (as suggested by 
the avP diagnostics), we were obliged to add large DGi

mod(P,T) 
terms, of 5 kJ/mol, to the sp and herc end-members. These terms 
may be crudely compensating for the highly simplified form of 
the spinel a–x relations, and indeed any unidentified weaknesses 
elsewhere in the set of thermodynamic models, that compensate 
for each other in COlP. Additionally, we found that pressures 
for experiments containing Cr/Al-spinel were routinely overes-
timated. We were able to prevent this by adjusting the value of 
Wsp-picr from 39 to 23 kJ/mol, and that of Wherc-picr from 27 to 16 
kJ/mol. The modifications also allowed most of the experiments 
to pass the c2 test, whereas, using the original spinel model, most 
of SCOlP calculations failed, with sfit >> 1.49.

Inputs for avP: Compositions, uncertainties, P0, and T0

Mineral formulas for the SCOlP/COlP phases in the ex-
perimental runs and natural samples were recalculated from the 
compositions determined by electron microprobe. Iron was as-
sumed to be all ferrous in olivine and all ferric in plagioclase. Fe3+ 
in clinopyroxene and spinel was calculated from stoichiometry 
following the method of Droop (1987). Mineral formulas were 
then converted into compositional variables suitable for the a–x 
relations (Supplementary2 Material 2). thermocalc (Powell and 
Holland 1988) version 3.47i was used to run the avP algorithm 
on these data, generating a value of P based on each assemblage 
for each experiment. The results obtained from the avP algorithm 
are sensitive to the relative size of uncertainties specified for the 
compositional variables, and also to those applied to the interac-
tion energies, W(m,n), in the a–x relations.

Since rigorous error propagation is not applicable to our ex-
perimental database (see Supplementary2 Material 4), uncertain-
ties on most of the compositional variables for the experimental 
samples have been simply set to ±0.01 apfu, a default value typi-
cally adopted in average P (Powell and Holland 2008). Given the 
difficulty of quantifying realistic uncertainties on the spinel a–x 
model, which does not account for cation ordering, uncertainties 
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on xsp [Fe2+/(Fe2++Mg)] and f sp [Fe3+] have been set to 0.04 apfu, 
with the aim of accounting for the possible oversimplification 
of spinel a–x relations. This simplified set of compositional 
uncertainties was then compared with the true uncertainties, 
derived from partial error propagation, during trial calculations 
on the refined experimental database using SCOlP equilibria. No 
significant difference was found in the results. In this test, we 
also noted that the maximum variations of P between different 

uncertainties assumptions are on the order of sP, as suggested 
by Powell and Holland (2008).

For the natural samples, the mineral compositions used for 
thermobarometry are taken from individual spot analyses of 
adjacent crystal rims, since adjacent rims are assumed to most 
closely represent the equilibrium assemblage. The compositional 
errors are initially derived from counting statistics of the electron 
microprobe (Supplementary2 Table 5). Given that such errors 

FiGure 5. Results of avP calculations on the refined database of experiments containing the subset SCOlP in their run products. Calculations 
have been performed with either (a) SCOlP equilibria (i.e., 6 reactions) or (b) COlP equilibria (3 reactions), using the thermodynamic model refined 
in this work. Error bars are sP (see text). The labels on the x-axes are the experiment index numbers, ordered as in the Supplementary Material2 
1 (i.e., increasing Pexp).
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are small and weakly correlated, partial error propagation is as-
sumed to yield sufficiently realistic uncertainties for most of the 
a–x model compositional variables. However, after applying the 
partial error, uncertainties on compositional variables xsp and f sp 
(Supplementary2 Material 2) have been increased by a factor of 4, 
consistent with the modifications adopted for the experimental 
samples described above.

By default, in thermocalc uncertainties on the interaction 
energies are set to ±2 kJ/mol (Powell and Holland 2008). For the 
a–x models used here, uncertainties on many interaction energies 
are not well constrained and therefore we chose initially to retain 
this approximation during the assessment of avP calculations 
on the experimental database. Once the final set of modified 
a–x models had been selected, we noted that avP calculations 
produced low sfit (<<1.0) for many experimental runs and natural 
samples, implying that the overall input uncertainties were in 
many cases excessive. We therefore reduced the uncertainties 
on interaction energies to ±1 kJ/mol, which increased to sfit 
values generally closer to 1.0 (Supplementary2 Material 1 and 
Table 3) and decreased sP by about 0.2 kbar. Such generalized 
uncertainties on interaction energies were adopted as they rep-
resent the best compromise to simultaneously obtain low sP and 
successfully prediction of experimental pressures. In fact, this 
might be a realistic estimate of the uncertainties on the most 
critical parameters, but many of the less influential parameters 
are much less well known.

During avP calculations applied to experimental samples, 
the values of P0 and T0 were set to Texp and Pexp (we note that 
uncertainties in the measured pressure and temperature of the 
experimental runs can be as high as ±0.5 kbar and ±20 °C). In 
the case of natural samples, P0 was set to 4 kbar, representing the 
middle of the range of crustal pressure. For both experimental 
and natural samples, the window within which the average P 
algorithm should search for the Pr values was set to P0 ± 20 
kbar. Methods for choosing T0 for natural samples are discussed 
in a later section.

avP caLcuLations on the experiMentaL database

In this section, we report the results of avP calculations on the 
experimental database using the refined thermodynamic models 
and the associated uncertainties adopted in this work.

AvP output: P, σP, and σfit

Spinel + clinopyroxene + olivine + plagioclase equilibria 
(SCOlP). The results of calculations using SCOlP on the 62 
experimental samples are good, as shown in Figure 5a (see also 
Supplementary2 Material 1). 65% of the calculations passed the 
c2 test (i.e., sfit < 1.49), which indicates that the experimental 
mineral compositions and the thermodynamic data, with their 
associated uncertainties, can be safely combined in the averaging 
procedure. Slightly higher sfit values (no more than 20% higher 
than the cut-off imposed by the c2 test) might still be considered 
acceptable, especially since sP is increased by a factor equal to 
sfit when the c2 test is failed. This would increase the propor-
tion of acceptable calculations to 82%. For the calculations that 
passed the c2 test, sP varies between 0.80 and 2.10 kbar, with 
a mean value of 1.24 kbar. Considering all the calculations, the 
experimental pressures are predicted within sP for 67% of the 

samples, consistent with the expectation that the interval P ± sP 
will encompass the experimental pressure 68% of the time. The 
accuracy of average P can also be demonstrated by calculating 
SEE for P. For the selected experimental data set the calculated P 
yields a SEE of ±1.37 kbar (±1.20 kbar considering only calcula-
tions with c2 test passed), which is small relative to the typical 
values obtained by the existing geobarometers for gabbroic 
assemblages. For example, the clinopyroxene-orthopyroxene 
barometer of Putirka (2008) (his Eq. 39) has SEE = ± 2.8 kbar 
using his experimental database and SEE = ±2.7 kbar using our 
filtered experimental database (see Supplementary2 Material 1) 
in the P range 0.5–10 kbar.

No dependence of the pressure residuals DP (P – Pexp) on Pexp 
(Fig. 5a) or Texp (Fig. 6a) is observed, suggesting that the P- and 
T-dependency of the adopted a–x relations is appropriate for 
the purpose of avP calculations. Furthermore, the residuals are 
not dependent on the composition of plagioclase (An = 25–94 
mol%), olivine (Fo = 61–95 mol%) or spinel (Fe3+/[Fe3++Al+Cr] 
= 0.00–0.90; Fig. 6b). For clinopyroxene, the residuals do not 
appear to vary with composition, although a slight dependence 
of sP with mg# might be inferred (Fig. 6c), given the appar-
ent higher values of sP when mg# < 0.80. No correlations or 
systematic deviations in DP are observed between hydrous and 
nominallyanhydrous experiments (Supplementary2 Material 1). 
Overall, the application of average P to SCOlP with the adopted 
thermodynamic model produces satisfactory results for a wide 
range of experimental compositions, and can therefore be applied 
with confidence to natural mafic and ultramafic rocks that contain 
spinel, clinopyroxene, olivine, and plagioclase. More accurate 
Fe3+/SFe estimations for clinopyroxene and spinel would likely 
increase the accuracy of the calculated pressures. However, the 
good avP results obtained in our calculations suggest that the 
errors related to Fe3+ calculated from stoichiometry do not gener-
ally have a significant deleterious effect on P.

Clinopyroxene + olivine + plagioclase equilibria (COlP). 
Figure 5b shows the results of avP calculations with COlP 
equilibria on the same experimental data set used for SCOlP. 
Most of the calculations passed the c2 test (sfit < 1.73) and sP 
varies between 0.93 and 3.20 kbar. Results for samples at Pexp ≥ 
5 kbar show a good agreement with the experimental pressures 
and low calculated uncertainties (Fig. 5b). However, pressures 
are overall predicted within the uncertainties for a smaller pro-
portion of experiments (54%), which is linked to a systematic 
overestimation of ~1.5 kbar for samples equilibrated at Pexp < 5 
kbar. Comparable results were obtained on the entire data set of 
209 experiments containing COlP (Supplementary2 Material 6). 
We suspect that the source of the overestimation at lower pres-
sures could be an excess amount of AlIV in clinopyroxene related 
to growth rate (Mollo et al. 2010), which is expected to have a 
relatively larger effect where equilibrium values for AlIV are low, 
i.e., at low pressures. This issue does not significantly influence 
the accuracy of P when reactions involving spinel end-members 
are included in the independent set (i.e., SCOlP).

AvP output: Residuals and correlations

In this section, we examine the results of the least-squares 
minimization for the individual end-members involved in the 
reactions and the correlation between the six SCOlP reactions. 
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The low-sfit values obtained for most of the calculations on the 
experimental database indicate that, in general, the calculated 
end-member activities and enthalpies do not have to be adjusted 
outside their uncertainties to obtain a consistent value of P (i.e., 
P) for the six reactions. In the average P diagnostics this is shown 

by the low uncertainty-normalized residuals in log (activity) 
(e*i) and the enthalpy (H*i) for each end-member i (see Supple-
mentary2 Material 2). For calculations that passed the c2 test, 
|e*i | is always <2.5 and |H*i| is always <1.0 for all end-members. 
No systematic outliers appear for the calculations on different 
samples, with both e*i and H*i scattering randomly around zero. 
The only exception is for the end-member acmite, which shows 
e*i varying between –0.1 and 2.5 and H*i between –0.2 and 1.4. 
Possibly, such systematic positive residuals indicate a slight 
systematic overestimation of Fe3+ in clinopyroxene as determined 
by stoichiometry. For calculations that did not pass the c2 test 
no end-member is identifiable that systematically shows high 
residuals (i.e., |e*i | > 2.5 and |H*i| > 1.0). The diagnostic hi (see 
Supplementary2 Material 2) shows that for most of the experi-
mental samples no single end-member has a prevailing influence 
on the calculated P. The end-members that are most likely to be 
influential are cats, cenh, sp, herc, and jd. However, in a typical 
calculation such as that illustrated in the Supplementary2 Mate-
rial 2, if the uncertainty on lnai of any single end-member i is 
doubled, the value of P changes by ≤0.2 kbar, except in the case 
of cats for which it is reduced by 0.4 kbar.

Supplementary2 Material 7 shows the correlation matrixes of 
the enthalpies of reactions (DHr), lnKr, and Pr, for the calcula-
tions on the experimental database. The matrix of DHr values is 
the same in each calculation. DHr values for the reaction pairs 
reactions 1–4 (0.729), reactions 2–4 (0.746), and reactions 3–5 
(0.741) are particularly highly correlated due to their shared 
end-members. These reaction pairs also show relatively highly 
correlated values of lnKr, but the magnitude of the correlations 
in lnKr, and consequently in Pr, are strongly dependent on phase 
compositions. In a calculation for which Pr3 and Pr5 have a cor-
relation coefficient of 0.99, these two reactions amount to a single 
independent constraint on how the end-member properties should 
be adjusted to attain a consistent P. However, in calculations 
involving other phase compositions these reactions show only 
weak to moderate correlation.

Sensitivity of AvP to P0 and T0

Calculations with avP require an initial estimate of pressure 
(P0) and temperature (T0) to be specified. These are needed for 
the initial calculation of end-member enthalpies and activities. 
We performed a test to investigate how different assumptions 
about P0 and T0 may influence the calculated SCOlP equilibria 
and the subsequent results of average P. Multiple calculations 
with average P on the selected experiments have been performed, 
first varying P0 in the range 0–15 kbar (with T0 = Texp) and then 
varying T0 in the range 600–1400 °C (with P0 = Pexp). The first 
tests showed a negligible effect of P0 on the calculated pressure. 
For the sample ShR658 (Pexp = 2.0 kbar, Texp = 1075 °C; Supple-
mentary2 Material 1), for example, a substantial difference of 15 
kbar in P0 produces a difference in the calculated P of 0.01 kbar 
(P = 2.94 ± 1.62 kbar if P0 = 0 kbar; P = 2.95 ± 1.62 kbar if P0 
= 15 kbar), with no difference in the quality of the fit. Similar 
results have been observed for other experimental samples in 
the data set.

On the other hand, different assumptions about T0 variably 
affect the calculated P. An example is reported in Figure 7, which 
shows the results for the same experiment ShR658. In this case, 

FiGure 6. Residuals in calculated P relative to Pexp, for SCOlP 
equilibria, plotted vs. (a) Texp, (b) spinel Fe3+/[Fe3++Al+Cr], and (c) 
clinopyroxene mg#. Data set and symbols as in Figure 5.
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the temperature dependence of P, dP/dT0, corresponds to –0.012 
kbar/°C. More generally the test on the experimental data set 
showed that dP/dT0 is always negative. Furthermore, the absolute 
value of the dependence of P on T0 is smaller for greater values of 
P, with dP/dT0 varying from –0.016 to –0.002 kbar/°C (Fig. 8). 
This indicates that, for natural assemblages equilibrated at high 
pressures, even errors related to crude temperature estimates (e.g., 
from geological/petrological inferences) will not significantly 
increase the uncertainty on the calculated pressure (i.e., additional 
±0.4–0.6 kbar for errors on T0 on the order ±150–200 °C).

For assemblages equilibrated at relatively low pressures (<5 
kbar), uncertainties on T0 on the order of 150–200 °C might 
increase the total pressure uncertainties by 1.5–2.5 kbar, which 
indicates the need of reliable methods to estimate equilibration 
temperature when applying average P to natural samples. One 
such a method is to carry out the average P procedure at multiple 
temperatures, and observe the variation in the value of sfit. If 
the variation of sfit with T0 follows a polynomial function of the 
type sfit = a′T 0

2 + b′T0 + c′ (where a′, b′, and c′ are constants and 
a′ > 0, b′ < 0), and a minimum of sfit is clearly identifiable (e.g., 
Fig. 7), then the value of T0 that gives the minimum value of sfit 
can be considered to give better estimates of T. Figure 7 shows 
a successful example of such a method, in which the estimated 
temperature (Tsfit; 1050 °C) is close to the measured experimen-
tal temperature, Texp (1075 °C). We applied such a method to the 
selected experimental data set, first to evaluate the reliability of 
the estimated temperatures and second to assess how the possible 
errors associated with these estimates affect the calculated P. For 
some experiments, the variation of sfit with T0 is such that a mini-
mum in sfit cannot be identified and therefore these experiments 
(n = 25) have been removed from the test data set. The results of 
the test are reported in Figure 9, which shows that Tsfit predicts 
the experimental temperatures with a SEE of ±93 °C (n = 37). 
Application of avP to the same experimental data set, adopting 
T0 = Tsfit instead of T0 = Texp, still produces acceptable calculated 
pressures (cf. Figs. 9b and 9d).

We note that sP also varies with T0, and the minima in sP 
and sfit do not generally occur at the same T0. This suggests that 
temperature is not strongly constrained in the sample. We find 
empirically that the optimal T0 is usually better predicted by the 
minimum in sfit, even when sfit passes the c2 test over a wide 
range of temperatures. The use of Tsfit as a possible T estimate 
can be justified in that sfit characterizes the compatibility of 
the different independent reactions, and T0 contributes to the 
formulation of those reactions without being formally included 
in the covariance matrix summarized by sP.

In conclusion, P0 does not have significant effects on the 
calculated P at any condition and therefore we suggest the initial 
estimate to be always set to 4 kbar (i.e., mid-crustal values). On 
the other hand, the effect of T0 might be in some cases significant, 
but it can be easily evaluated for each sample by running multiple 
avP calculations at different T0. If no other thermometer can be 
applied that gives T uncertainties <90 °C, then T0 = Tsfit can be 
used to produce the best estimate of P.

appLication to naturaL rocks

Given the success of tests on the experimental data set, we 
next applied the refined thermodynamic models to estimating 

the pressure of formation of igneous rocks, choosing samples 
containing spinel, clinopyroxene, olivine, and plagioclase. We 
carefully selected two groups of mafic/ultramafic xenoliths with 
texture, mineralogy, and mineral chemistry suggesting good at-
tainment of chemical equilibrium. Compositions of minerals in 
these natural samples are reported in Figure 2. The first group 
of xenoliths, from the island of Dominica, Lesser Antilles, pro-
vides an example of the application of avP to gabbroic rocks 
from a mid-upper island arc crust. The second group, which 
was described and analyzed by McGuire (1994) and McGuire 
and Mukasa (1997), is from the Wikieup volcanic field, Arizona, 
and provides an example of gabbroic and ultramafic xenoliths 
from the lower continental crust. Unless otherwise specified, the 
following discussion refers to calculations with SCOlP.

Gabbroic xenoliths from Dominica, Lesser Antilles
Background, sample description, and analyses. The 

Lesser Antilles is an active volcanic arc resulting from westward 
subduction of the South American plate beneath the Caribbean 
plate (Macdonald et al. 2000). The volcanic products, which 

FiGure 7. Results of multiple avP calculations at different 
temperatures T0 for the experimental sample ShR658 (Husen et al. 2016). 
P0 = Pexp for all the calculations. The temperature dependence of the 
calculated pressure (dP/dT0) for this sample is indicated in the top box. 
Tsfit is the value of T0 that produces the avP result with the lowest sfit 
(Psfit). Note, with reference to the uncertainty envelope (gray envelope 
in the top box), that outside the T range in which the c2 test is passed, 
the uncertainty is multiplied by sfit. (Color online.)



ZIBERNA ET AL.: SCOlP AND COlP GEOBAROMETERS2360

vary from basalts to andesites and dacites, host a large number 
of plutonic xenoliths showing various mineralogical composi-
tions (Arculus and Wills 1980; Tollan et al. 2012; Stamper et 
al. 2014b; Cooper et al. 2016). The ubiquity of these xenoliths 
provides an exceptional opportunity to investigate the nature of 
the crust and the evolution of magmatic systems in an island 
arc setting, but such an investigation requires precise estimates 
of the pressure of formation of the xenoliths. Given that the 
estimated thickness of the crust in the Lesser Antilles varies 
between 25 and 35 km (cf. Boynton et al. 1979; Christeson et 
al. 2008; Kopp et al. 2011), the gabbroic xenoliths are likely to 
have equilibrated at pressures between ~1 and ~8 kbar. Therefore, 
only geobarometric estimates with low associated uncertainties 
(<2 kbar) can provide useful insight into the vertical distribution 
of mafic lithologies in the crust.

Dominica, in the center of the arc, is mainly composed of 
Pliocene to recent volcanic rocks (Lindsay et al. 2005; Howe et al. 
2015). Plutonic xenoliths, mostly consisting of gabbroic assem-
blages with or without olivine, orthopyroxene, and hornblende, 
have been found as clasts in young, reworked sediments from 
the southern part of the island. For the purpose of testing the 
applicability of the avP method, we selected three xenoliths con-
taining the assemblage SCOlP, which have been collected from 
marine deposits close to the village of Petite Savanne (southern 
Dominica), on the edge of the Foundland volcanic center. A 
schematic description of these samples, highlighting the main 
textural and mineralogical features, is shown in Supplementary2 
Material 8. Note that xenolith DC93 is composed of two parts (a 
coarse-grained troctolite, DC93a, attached to a heterogranular 
Ol-gabbronorite, DC93b).

Details of electron microprobe analyses and results are re-
ported in the Supplementary2 Material 5. Compositions of oliv-
ine, spinel, clinopyroxene, and plagioclase (Fig. 2) are similar to 
those found in other cumulate xenoliths from the Lesser Antilles 
(e.g., Tollan et al. 2012; Stamper et al. 2014b; Cooper et al. 2016). 

FiGure 8. Temperature dependence of avP (dP/dT0) plotted vs. 
calculated pressures (at T0 = Texp), for the selected experimental data set 
used in this work. The higher the calculated value of P, the less sensitive 
this value is to the choice of T0.

FiGure 9. Temperature estimates derived by minimizing sfit (Tsfit) 
for the experimental data set and their effect on the calculated P. (a) 
Comparison between Tsfit and the true temperature Texp. (b,c) Test of P ± 
sP calculated using either (b) T0 = Tsfit or (c) T0 = Texp. In c, experiments 
shown in black are those for which Tsfit cannot be estimated, as no 
minimum in sfit as a function of T0 can be identified. In all cases P0 = 
Pexp. SEE = Standard error of estimate; Pred = percentage of calculations 
that predict Pexp within sP. (Color online.)
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Coexisting olivine and plagioclase show relatively low-forsterite 
contents (68–73 mol% Fo) and high-anorthite contents (87–93 
mol% An), respectively; clinopyroxenes are augites showing a 
limited range of mg# (78–82%); spinels are titanomagnetites 
with TiO2 contents of 7.6 to 9.2 wt%. Grain-to-grain and core-
rim variations for olivine, spinel, pyroxenes, and plagioclase 
are small, suggestive of well-equilibrated assemblages. The 
largest compositional variations are observed in samples DC91 
and DC93b (e.g., Al2O3

Cpx = 1.9–3.7 wt% for DC91). Clinopy-
roxene in DC93b shows a poikilitic texture with anhedral spinel 
inclusions and a slight patchy zoning mainly limited to AlIV 
(0.07–0.13 apfu) and Fe3+ (0.03–0.04 apfu). For the purpose of 
thermobarometry, only the compositions of adjacent crystal rims 
have been used (Fig. 10).

AvP calculations. Mineral compositions reported in Supple-
mentary2 Material 5 have been used to calculate P, adopting 
the thermodynamic models and calculation methods described 
above (see also Supplementary2 Material 2 for the example of 
an avP calculation on sample DC90). T0 has been estimated by 
running a calculation every 10 °C in the range 700–1200 °C, 
and selecting the temperature that produce the lowest sfit (Tsfit) 
(see above and Fig. 7). Temperatures calculated with this method 

(870–1000 °C) and results of avP calculations are reported in 
Table 3. All calculations produced low-sfit values (0.81–1.54) 
and sP values for each sample are low (0.91–1.55 kbar). The 
lowest sP is obtained for the Ol-gabbronorite DC90 (P = 3.58 ± 
0.91 kbar), which is the sample with the smallest compositional 
heterogeneities and best-equilibrated texture (e.g., ~120° grain 
boundaries). The Cpx-Amph-gabbronorite DC91 contains also 
minor orthopyroxene, which allowed for application of Cpx-
Opx thermometry (Putirka 2008; Table 3). T estimated with this 
method is in agreement with Tsfit (896 vs. 910 °C), although 
the observed KD(Fe-Mg)Cpx-Opx is below the range considered by 
Putirka (2008) to demonstrate equilibrium (i.e., 0.79 vs. 1.09 ± 
0.14). Pressure estimated for this sample (at T0 = Tsfit) is 1.94 ± 
1.09 kbar. For all four Dominica samples, uncertainty-normalized 
residuals are low (|e*acm| < 1.5, |H*acm| < 0.27), with acmite showing 
somewhat higher values (|e*acm| < 2.1, |H*acm| < 0.87), as observed 
for the calculations on the experimental database. End-members 
cats, cenh, and jd show the highest, but still acceptable, hi values 
(hcats = 0.26–0.30, hcenh = 0.12–0.18, hjd = 0.29–0.35). Calcula-
tions with COlP produced comparable pressure estimates and 
uncertainties, although P is systematically higher (by ≤1 kbar, 
Table 3), as previously observed in tests on the experimental 

FiGure 10. Photomicrographs (plane-polarized light) of the selected xenoliths from Dominica, with locations of the microprobe analyses used 
for avP calculations. Results of avP calculations with SCOlP equilibria are also reported in the boxes at the bottom-left corners. (Color online.)
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database at Pexp < 5 kbar.
The composite xenolith DC93 contains two assemblages 

(DC93a, DC93b; Supplementary2 Material 8 and Fig. 10) that 
show different textures and degrees of chemical and textural 
equilibrium despite likely forming at the same pressure. Ol-
gabbronorite DC93b show somewhat larger compositional het-
erogeneities and lower AlIV and Fe3+ in clinopyroxene compared 
to troctolite DC93a (Supplementary2 Material 5), which is most 
likely related to a difference in bulk composition. This provides 
an opportunity to test the effect of such heterogeneities on avP 
calculations with SCOlP. Calculated pressures for samples 
DC93a and DC93b are in good agreement (2.67 ± 1.35 vs. 2.81 
± 1.55 kbar), supporting the robustness of average P.

The geobarometric results obtained for these samples give 
an estimate of the pressures of magma storage and crystalliza-
tion in southern Dominica. Overall, the calculated pressures 
are in agreement with the range inferred by observational and 
experimental studies on magmas and cumulate rocks from 
the Lesser Antilles (i.e., mostly 1.0–5.0 kbar for gabbroic as-
semblages; cf. Pichavant and Macdonald 2007; Stamper et al. 
2014b; Melekhova et al. 2015; Cooper et al. 2016). Pressure 
calculated for the Cpx-Amph-gabbronorite DC91 (1.94 ± 1.09 
kbar) agree very well with the pressures of orthopyroxene and 
plagioclase crystallization in lavas from southern Dominica 
(~2 kbar; Gurenko et al. 2006), estimated using melt inclusion 
data and H2O-CO2 solubility models. Considering an average 
density (r) of the crust of 2800 kg/m3, the calculated P ± sP 
for this Cpx-Amph-gabbronorite corresponds to a depth of 
7.1 ± 4.0 km, which agrees with the estimated hypocenters of 
deep volcanic earthquakes in the nearby Plat Pays volcanic 
complex (2–6 km; Lindsay et al. 2003), thought to result from 
pressurization of the magma reservoirs. Note that application of 
the Cpx-Opx geobarometer of Putirka (2008; his Eq. 39) to the 
same sample DC91, which produces an estimated value of 1.6 
kbar (as stated above, KD[Fe-Mg]Cpx-Opx < 0.95 potentially flags 
incomplete equilibration), is accompanied by a model uncertainty 
of ±2.8 kbar (Putirka 2008). This corresponds to an uncertainty 
of ±10.2 km in the estimated depth of formation.

Pressures estimated for Ol-gabbronorite DC90 and troctolite 
DC93a correspond to depths of 13.0 ± 3.3 and 9.7 ± 4.9 km, re-

spectively. Based on the seismic reflectors identified for the crust 
north of Dominica (Kopp et al. 2011), such depths correspond 
to the middle-to-upper crust transition. Figure 11 shows how the 
thermobarometric results on all three xenoliths compare with 
the geophysical model of Kopp et al. (2011). Note that among 
the existing geobarometers calibrated for basaltic compositions, 
only the single-clinopyroxene formulations of Nimis (1995) and 
Putirka (2008) could be applied to these assemblages3. Applica-
tion of Equation 32a of Putirka (2008) produces P = 9.4 ± 3.1 
kbar for the sample DC90 and P = 9.9 ± 3.1 kbar for the sample 
DC93a, which corresponds to depths of 34.2 ± 11.3 and 36.0 ± 
11.3 km, respectively, exceeding the crustal thickness in this area 
(27 km; Kopp et al. 2011). Overall, the successful application of 
average P to these samples suggest that future studies on a more 
extensive xenolith suite from Dominica and elsewhere in the 
Lesser Antilles arc, combined with petrological and geophysical 
observations, may help to constrain the lithological structure of 
the crust with a precision not previously achievable.

Mafic and ultramafic xenoliths from Wikieup, Arizona
Background and sample selection. The Wikieup volcanic 

field is located in the Arizona Transition Zone (southwestern 
United States), between the Basin and Range Province (BRP), a 
region of thinned continental crust (20–30 km), and the Colorado 
Plateau (CP), characterized by a thicker crust (40–50 km) that 
remained tectonically stable over the Phanerozoic (e.g., Bashir 
et al. 2011). The Wikieup volcanics host a large number of mafic 
and ultramafic xenoliths thought to represent portions of the 
underlying deep crust and upper mantle. Some of the xenoliths 
analyzed by McGuire (1994) and later by McGuire and Mukasa 
(1997) contain the assemblage SCOlP, making them suitable for 
application of the avP method. Quantifying the thickness and 
nature of the crust in the Arizona Transition Zone is important 
to interpret the tectonic and magmatic events that shaped the 
lithosphere of the southwestern U.S. Consequently, a large 
number of geophysical investigations have been carried out in 
this area (e.g., Hauser et al. 1987; Parsons et al. 1992; Bashir 
et al. 2011, and reference therein), providing a context for our 
thermobarometric results. McGuire (1994) presented such an 
approach using gabbroic xenoliths, but due to the lack of reliable 
geobarometers for such assemblages, the estimated pressures 
were poorly constrained.

Of the xenoliths described and analyzed by McGuire (1994) 
and McGuire and Mukasa (1997) we used four samples, from 
Tertiary alkaline olivine-basalts (Wilshire 1990) on the eastern 
flank of the Hualuapai Mountains, that contain the assemblage 
SCOlP and for which mineral compositions are available. 
Samples WK2-9 and WKa-49a are Ol-gabbros; samples WK1-
24 and WK1-63 are plagioclase-peridotites. The latter show 
higher plagioclase and lower olivine contents with respect to 
typical mantle peridotites, but show compositional and textural 
features that distinguish them from the Ol-gabbros (McGuire 
and Mukasa 1997). Both Pl-peridotites and gabbros show 
allotriomorphic-granular textures but Pl-peridotites are also often 
foliated. Some textural evidence of early-stage reactions between 
plagioclase and olivine grains has been reported (McGuire and 
Mukasa 1997), but compositional heterogeneity is limited to 
some plagioclase grains that show slight normal zoning (<2% 

Table 3.  Results of avP calculations for the xenoliths from Dominica 
and Wikieup

 SCOlP equilibria COlP equilibria
Sample TCpx-Opx Tsfit P sP sfit Depth P sP sfit

 (°C) (°C) kbar kbar  (km) kbar kbar
Dominica

DC90 – 870 3.58 0.91 0.81 13.0 ± 3.3 4.21 0.98 0.36
DC91 896 910 1.94 1.09 0.94 7.1 ± 4.0 2.81 1.23 0.40
DC93a – 980 2.67 1.35 1.48 9.7 ± 4.9 3.66 0.97 0.92
DC93b – 1000 2.81 1.55 1.54 10.2 ± 5.6 3.76 1.41 1.31

Wikieup
WK2-9 887 940 6.53 0.97 0.40 23.8 ± 3.5 6.55 0.99 0.54
WK2-49a – 1000 6.20 1.00 0.74 22.6 ± 3.6 6.19 1.20 1.17
WK1-24 – 1150 6.54 0.95 0.55 23.8 ± 3.5 6.46 0.99 0.84
WK1-63 953 1150 6.88 0.97 0.48 25.0 ± 3.5 6.86 1.00 0.73
Notes: For all the calculations, P0 = 4.0 kbar and T0 = Tsfit. Uncertainties on 
compositional variables have been propagated from analytical errors, with 
the corrections adopted in this work (see Supplementary2 Material 5). TCpx-Opx 
refers to temperature calculated using Equation 37 in Putirka (2008). Depths of 
the xenoliths have been calculated from the estimated pressures, assuming an 
average density (r) of the overlying crust of 2800 g/cm3.
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An; McGuire and Mukasa 1997). Phase compositions are shown 
in Figure 2 and detailed microprobe analyses are reported in 
McGuire (1994) and McGuire and Mukasa (1997). Olivine 
shows a limited variation in composition (Fo77–79); spinel is 
Al-rich (Al/[Al+Cr+Fe3+] = 0.90–0.97) with low-TiO2 contents 
(0.11–0.45 wt%); clinopyroxenes are augites with Al2O3 contents 
varying from 6.91 to 7.49 wt%; and plagioclase varies between 
An52–53 (pl-peridotites) and An58–71 (ol-gabbros).

AvP calculations. All avP calculations passed the c2 test and 
the calculated uncertainties are notably low (0.95–1.00 kbar; 
Table 3). Estimated pressures are similar within the uncertainties 
for all four samples, but Ol-gabbros shows some apparent lower 
values than Pl-peridotites (Table 3). Similar estimates are ob-
tained using COlP, with no significant difference in the calculated 
uncertainties (Table 3), as previously observed at P > 5 kbar for 
our experimental test (cf. Figs. 5a and 5b). Note that Ol-gabbro 
WK2-9 and Pl-peridotite WK1-63 also contain orthopyroxene, 
allowing Tsfit to be compared with the results of Cpx-Opx ther-
mometry (Putirka 2008). Observed KD(Fe-Mg)Cpx-Opx (0.94–0.95) 
are within the range recommended for the application of such 
thermometer (Putirka 2008). Temperatures for the Ol-gabbro 
WK2-9 agree fairly well (940 vs. 887 °C), while temperatures 
for the Pl-peridotite WK1-63 disagree by about 200 °C (Table 3). 
However, calculations for WK1-63 using T0 estimated from 
Cpx-Opx thermometry (T0 = 953 °C instead of T0 = 1150 °C) 
produce relatively small differences in the calculated pressure 
(7.78 ± 0.86 vs. 6.88 ± 0.97 kbar).

When calculated pressures for all four samples are converted 
to depths (Table 3), the resulting values are consistent with those 
suggested by McGuire (1994) and McGuire and Mukasa (1997) 
based on: (1) the observation that many composite xenoliths show 
contact between gabbros and mantle peridotites, suggesting an 
origin from the crust-mantle boundary (McGuire 1994), and (2) 
projection of calculated temperatures onto the regional geotherm 
(100 mW/m2; McGuire and Mukasa 1997). Our calculations 

place more robust petrological constraints on the equilibration 
depths for comparison with recent geophysical investigations 
(Bashir et al. 2011). Figure 12 shows that the calculated depths 
for the Ol-gabbros and Pl-peridotites correspond closely to the 
lower crust levels in the integrated gravity and seismic model of 
Bashir et al. (2011). Note that the upper-lower crust and crust-
mantle boundaries sketched in Figure 12 should be viewed as 
transition zones and that the geophysical model has an associated 
uncertainty, which that is not easily quantifiable (Bashir et al. 
2011). The fact that both Ol-gabbros and Pl-peridotites show 
comparable depths of formation is in agreement with a model of 
the lower continental crust characterized by a network of dikes 
and sills of variably mafic lithologies (McGuire 1994; Parsons 
et al. 1992), that can be related to the magmatic episodes that 
brought the xenoliths to the surface. Further application of the 
avP method to a larger number of xenoliths, combined with 
detailed modal analyses and integrated geophysical-petrological 
models, may help to test this hypothesis.

iMpLications and FinaL recoMMendations

Application of average P to experimental phase equilibria 
and well-equilibrated natural rocks has shown, for the first time, 
that this method can be used to reliably estimate the pressure 
of formation for mafic and ultramafic igneous rocks. The least-
squares minimization procedure in average P makes it possible 
to exploit the power of internally consistent thermodynamic data 
sets and mutually compatible a–x relations, taking into account 
both uncertainties and correlations in end-member properties. It 
represents an optimal method to deal with the inevitable inac-
curacy of thermodynamic models and uncertainties on mineral 
compositions. We demonstrated that calculations on SCOlP 
equilibria, using the models refined in this work, yield: (1) good 

FiGure 11. Calculated depths for the three xenoliths from Dominica, 
Lesser Antilles, compared with the seismic model of Kopp et al. (2011). 
Depths calculated as in Table 3. Numbers in the figure refer to vp velocities 
(km/s). (Color online.)

FiGure 12. Calculated depths (as Table 3) for the Ol-gabbro and 
Pl-peridotite xenoliths from Wikieup, shown in comparison to the density 
profile across the Arizona Transition Zone (Bashir et al. 2011). BR = 
Basin and Range; CP = Colorado Plateau. (Color online.)
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reproducibility of experimental pressures by avP (P is predicted, 
within the calculated sP, for 67% of the experimental database); 
(2) internal consistency of avP results (i.e., c2 test passed) for the 
majority of phase-equilibrium experiments and for the selected 
well-equilibrated natural assemblages; and (3) low-P uncertain-
ties (sP), as low as 0.9 kbar, for the same assemblages. Pressure 
estimates with such low uncertainties can help to characterize 
the key petrological processes and trace the vertical distribution 
of mafic and ultramafic lithologies in the upper 30–40 km of 
the lithosphere. Integration with geophysical data for the same 
areas affords potentially powerful insights into crustal structure.

Modifications of the existing a–x models for clinopyroxene 
(Green et al. 2016) and spinel (Jennings and Holland 2015) were 
necessary to avoid some observed pressure deviations resulting 
from initial calculations with SCOlP. At present, we believe that 
the thermodynamic models used in this work are applicable to 
any gabbroic rock, pyroxenite or peridotite that contains olivine 
+ clinopyroxene + plagioclase in its equilibrium assemblage, 
regardless of geodynamic setting. This is supported by: (1) the 
robustness of a multiple-reaction approach based on an internally 
consistent thermodynamic data set (Holland and Powell 2011), 
and (2) the successful tests on a database of phase-equilibrium 
experiments that cover a wide range of basaltic and peridotitic 
compositions (e.g., Figs. 5 and 6), both hydrated and nominally-
anhydrous. We believe the method can be applied also to volcanic 
rocks, for which, however, the selection of equilibrium phase 
compositions might not be straightforward. Future test cases, in 
which a detailed textural and chemical characterization of the 
phenocryst assemblages will be coupled with the application of 
average P and its fit diagnostics, will help to test this hypothesis.

For equilibrated assemblages including spinel, calculations 
with SCOlP equilibria are always preferred, since COlP slightly 
overestimate pressures (by 1–2 kbar) at upper-middle crust 
conditions (P < 5 kbar). Calculations with SCOlP should be 
possible for a large number of mafic/ultramafic rocks, as spinel 
is a ubiquitous phase in many natural gabbroic and basaltic 
rocks, and sometimes coexists with plagioclase in shallow 
mantle peridotites/pyroxenites. Calculations with COlP, on the 
other hand, are more likely to be needed for plagioclase-only 
peridotites/pyroxenites. Importantly, the latter typically form at 
lower crust and uppermost mantle conditions (P > 5 kbar; e.g., 
Kelemen et al. 2007; Borghini et al. 2011), corresponding to those 
pressures at which COlP calculations show low uncertainties 
and are consistent with SCOlP based on tests on experimental 
(Fig. 5) and natural samples (Table 3).

The reliability of avP calculations on natural samples relies 
on the attainment of equilibrium in the assemblage. If the assem-
blage shows slight intra- or inter-grain chemical heterogeneities, 
care should be taken to select mineral compositions that are likely 
to be at equilibrium, as shown by the application to the cumulate 
xenoliths from Dominica (Fig. 10). Second, when using our sets 
of independent reactions (Fig. 4), temperature estimates for the 
sample need to be well constrained if the assemblage equilibrated 
at P < 5 kbar. To estimate the true T of equilibration, it may be 
possible to use existing thermometers, such as the Cpx-Opx 
thermometer of Putirka (2008) or the Ca-in-olivine thermom-
eter of Shejwalkar and Coogan (2013). Otherwise we suggest 
running avP calculations at different temperature T0, and select 

that which produces the lowest residuals (sfit) in the average P 
minimization routine (Fig. 7).

Further work is planned to extend the average P approach to 
a wider range of phase assemblages. This will entail testing and 
potential modification of thermodynamic models for orthopyrox-
ene, amphibole, and ilmenite, which are also common constitu-
ents of mafic and ultramafic igneous rocks in various settings. 
Using such a set of models, it will be possible to obtain mutually 
consistent pressure estimates for a wide range of igneous rocks.
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Endnotes
1 We use the term “thermodynamic model” to refer to both the thermodynamic 
properties of the end-members and the constituent a–x relations.
2 Deposit item AM-17-126154, Supplemental Material. Deposit items are free to 
all readers and found on the MSA web site, via the specific issue’s Table of Con-
tents (go to http://www.minsocam.org/MSA/AmMin/TOC/2017/Dec2017_data/
Dec2017_data.html).
3 Note that there are no tests for equilibrium (e.g., Putirka 2008) for clinopyroxene-
only models.
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