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The old, stable cores of continents – cratons – are underlain by thick and cold mantle keels, composed 
of melt-depleted and low density peridotite residues. The origins of these thick keels are debated. 
Were these thick keels formed in situ, by orogenic thickening, or by underplating of buoyant residual 
mantle? Key to this debate is determining the temperature and pressure at which the protoliths 
of cratonic peridotites melted (igneous protolith conditions) and comparing to their metamorphic 
(subsolidus) temperatures and pressures within the keel. This paper presents a method for explicit 
calculation of the temperatures and pressures at which the peridotite protoliths melted. The approach 
relies only on the bulk FeO and MgO of residual peridotites. A system of equations consisting of 
mass balance and new calibrations of Mg peridotite/melt partitioning and melt productivity is then 
solved simultaneously. The igneous protoliths of abyssal peridotites are found to have melted at 
effective pressures of 1–2 GPa and temperatures of 1300–1400 ◦C, within error of the magmatic 
temperatures and pressures of melt extraction inferred independently from the SiO2 and MgO contents 
of mid-ocean ridge basalts. Archean cratonic peridotites, after filtering for the secondary effects of 
refertilization and orthopyroxene-metasomatism, give igneous protolith pressures and temperatures of
1–5 GPa (30–150 km) and 1400–1750 ◦C, similar to magmatic temperatures and pressures determined 
for Archean basalts thought to be representative of the thermal state of the Archean ambient mantle. 
Most importantly, cratonic peridotite protolith pressures and temperatures are shallower and hotter 
than their subsolidus equilibration pressures (3–7.5 GPa; 90–200 km) and temperatures (900–1300 ◦C), 
which reflects the recent thermal state of the cratonic lithosphere. Specifically, for individual samples 
with both melting and subsolidus thermobarometric constraints, we find that subsolidus pressures are 
1–2 GPa (30–60 km) higher than their igneous protolith pressures although some of the deepest samples 
experienced minor increases in pressure. Collectively, these results support the suggestion that the 
building blocks of cratons were generated by hot shallow melting with a mantle potential temperature 
200–300 ◦C warmer than the present. This shallowly generated mantle was subsequently thickened 
during orogenic episodes, culminating in the formation of a thick, stable craton. Whether such thickening 
has any modern analogs cannot be answered from this work alone.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The Archean cores of continents are underlain by unusu-
ally thick and cold mantle keels, which extend to depths of 
150–250 km, far exceeding the thickness of oceanic lithospheres 
(Pollack and Chapman, 1977; Jordan, 1978; Boyd et al., 1985,
1997; Pollack, 1986; Boyd and Mertzman, 1987; Jordan, 1988;
Rudnick et al., 1998; Griffin et al., 1999, 2003; Jaupart and 
Mareschal, 1999; O’Reilly et al., 2001; Gung et al., 2003; Lee, 2006;
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Lee et al., 2011). Cold oceanic lithosphere subducts, so the thick 
cold thermal boundary layers underlying continents should be 
more convectively unstable. Yet radiogenic isotopic data seem 
to indicate that they have remained attached to the craton 
and isolated from the convecting mantle for billions of years 
(Walker et al., 1989; Carlson and Irving, 1994; Pearson et al., 
1995a, 1995b; Carlson et al., 1999, 2005; Chesley et al., 1999;
Pearson and Wittig, 2008). This has led to the suggestion that 
the negative thermal buoyancy of cratonic mantle is largely com-
pensated by an intrinsic compositional buoyancy imparted by low 
density peridotites formed as the residues of high degrees of 
melt extraction (Boyd and McAllister, 1976; Jordan, 1978, 1988;
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Boyd, 1989). What is not known is under what conditions these 
peridotite building blocks melted and how they came to form thick 
lithospheric keels.

The peridotites that make up most of the lithospheric mantle 
beneath continents have likely gone through a long and tortuous 
history (Kelemen et al., 1992; Herzberg, 1993; Griffin et al., 1999,
2003; Xu, 2001; Pearson et al., 2003; Herzberg, 2004; Carlson et 
al., 2005; Ionov et al., 2005; Lee, 2006; Ionov and Hofmann, 2007;
Simon et al., 2007; Pearson and Wittig, 2008; Wittig et al., 2008;
Ionov et al., 2010; Lee et al., 2011; Aulbach, 2012; Doucet et 
al., 2012; Herzberg and Rudnick, 2012). Before being incorporated 
into the upper thermal boundary layer of the Earth, peridotites 
from the adiabatically convecting part of the mantle start off hot. 
Upon decompression, they may melt and become part of the upper 
thermal boundary layer, eventually cooling to subsolidus tempera-
tures (Lee et al., 2005). Depending on the tectonic environment, 
these peridotites may also experience changes in pressure. For 
example, increases in P could occur during subsequent orogenic 
thickening whereas decreases in P would occur with subsequent 
surface erosion, lithospheric thinning, or gravitational spreading 
of the peridotite layer. Understanding the P –T history experi-
enced by a peridotite rock will thus have important implications 
for understanding how continental lithosphere forms. Does conti-
nental lithosphere form by the thickening of oceanic lithospheres, 
thickening of arc lithospheres, in situ melting in a plume head, 
underplating of buoyant peridotite residues, or by some other 
process (Helmstaedt and Schulze, 1989; Pearson et al., 1995a;
Kelemen et al., 1998; Herzberg, 1999, 2004; Shirey et al., 2002;
Griffin et al., 2003; Carlson et al., 2005; Cooper et al., 2006;
Lee, 2006; Griffin and O’Reilly, 2007; Pearson and Wittig, 2008;
Lee et al., 2011; Aulbach, 2012; Herzberg and Rudnick, 2012)?

There are already many established thermobarometers for sub-
solidus conditions. These include calibrations of the two pyroxene 
solvus, Fe–Mg exchange between pyroxene and garnet and be-
tween olivine and garnet, Al concentration in orthopyroxene co-
existing with garnet, and perhaps less robust, Ni partitioning be-
tween garnet and olivine, and Cr partitioning between spinel and 
olivine (Ellis and Green, 1979; Harley and Green, 1982; Griffin 
et al., 1989; Brey and Kohler, 1990; Krogh Ravna, 2000; Wan et 
al., 2008). These thermobarometers give constraints on the last 
recorded equilibration P s and T s of peridotite xenoliths just before 
they were entrained and brought to the surface via deeply derived 
volcanic eruptions (Rudnick et al., 1998; Lee et al., 2011). For these 
reasons, the contemporary (strictly speaking, the time at which the 
xenoliths were erupted) thermal state of continental lithosphere 
is generally well constrained for many parts of the continents. 
By contrast, constraints on the P s and T s at which the igneous 
protoliths of peridotites melted are less robust. The challenge in 
estimating protolith conditions is that one cannot use the ther-
mobarometers described above because mineral assemblages and 
chemistries change as P and T change. Thus, it is nearly impossi-
ble to retain the signatures of the high T s associated with melting 
in the mineral assemblage unless cooling occurs rapidly, which is 
generally not the case for peridotites entombed within the ancient 
cores of continents and cooling slowly over billions of years.

Protolith melting conditions must be based on the bulk rock 
composition and the assumptions that the peridotite’s bulk com-
position reflects what remained after melt was extracted and that 
the residual peridotite has remained a closed system in terms of 
mass exchange. Based on this approach, protolith T s may be rea-
sonably constrained. T s are estimated from the bulk Fe and Mg 
contents and the T -dependency of Fe and Mg partitioning between 
olivine and coexisting melt (Hanson and Langmuir, 1978; Herzberg, 
1992, 1999; Pearson et al., 1995b). This may seem intractable given 
that all thermobarometers require the composition of at least two 
coexisting phases to be known, but in the case of peridotites, the 
melt has long abandoned the peridotite residue so its composi-
tion can never be directly known. This problem was cleverly ap-
proached by taking advantage of the remarkable property that the 
partitioning of Fe and Mg between olivines, pyroxenes and melt is 
relatively insensitive to T (Hanson and Langmuir, 1978).

Current constraints on P s of melting are more problematic. 
Several authors have attempted to use bulk rock Al or heavy 
rare earth element (HREEs) contents, reasoning that the pres-
ence of garnet during high P melting would retain Al and the 
HREEs more so than shallow melting in the absence of garnet 
(Walter, 1998, 1999, 2003; Canil, 2004; Lee, 2006; Pearson and 
Wittig, 2008; Lee et al., 2011). A potential complication in this 
approach is the growing view that many peridotites have expe-
rienced subsequent metasomatism (i.e., the assumption of closed 
system was violated), modifying their Al and HREE contents (as 
well as Fe and Mg) (Ionov et al., 2005; Simon et al., 2007;
Aulbach, 2012). Only the most melt-depleted peridotites may thus 
be suitable for protolith thermobarometry if metasomatism is an 
issue. But if so, some of the most melt-depleted peridotites have 
melted to levels (30–50%) that would far exceed the point of gar-
net saturation (Bernstein et al., 2007), so low Al and HREE contents 
of highly melt-depleted peridotites may not be a sensitive indica-
tor of P but rather an indicator of garnet exhaustion.

The alternative method for estimating the melting P s and T s
of the igneous protoliths of cratonic peridotites is to examine the 
bulk FeO content of a peridotite (Herzberg, 1999, 2004; Ionov and 
Hofmann, 2007; Herzberg and Rudnick, 2012). At higher temper-
atures, Fe is more incompatible in the solid peridotite residuum, 
so bulk Fe content, as discussed above, can theoretically be used 
as a measure of T of melting (Pearson et al., 1995a). But given 
that solidus temperature increases with pressure, bulk Fe con-
tent, in conjunction with constraints from other elements, has 
also been used as a measure of P in several recent studies (Wal-
ter, 1998, 1999; Herzberg, 1999, 2004; Ionov and Hofmann, 2007;
Herzberg and Rudnick, 2012). These studies, however, rely on 
graphical means of estimating P and T . Here, we build on the bulk 
FeO approach and provide a more quantitative means of extracting 
T and P .

2. Methodology

Estimating T and P requires at least two functions that relate 
T and P with a measurable compositional variable. One relation-
ship is the elemental partitioning behavior between the peridotite 
solid residue and the melt, which depends on T and P . A sec-
ond relationship involves the dependency of melt productivity on 
T and P , which, to first order, is controlled by the dependence of 
the solidus and liquidus T s on P (Fig. 1A). That is, the amount 
of melt extracted from a peridotite depends on T and P . The in-
tersection of these two equations in P –T space should, in theory, 
give a unique P –T of melting (Fig. 1B). However, this problem, as 
noted above, seems intractable because the melt that formed from 
this peridotite escaped long ago, so it is not possible to directly 
measure any partitioning relationships.

The above problem can be made tractable as follows. It is 
well-known that the MgO content of a melt, unlike most other 
elements, is buffered at a given T and P if the melt is in equi-
librium with olivine (Albarède, 1992; Beattie, 1993; Herzberg and 
Zhang, 1996; Sugawara, 2000; Herzberg and O’Hara, 2002; Putirka, 
2005, 2008; Herzberg et al., 2007; Herzberg and Asimow, 2008;
Lee et al., 2009). Provided olivine is present, which is always the 
case during peridotite melting (at least in the uppermost mantle), 
the MgO content of the melt is buffered even if the composition 
of the bulk peridotite is not constant. To calibrate this relationship 
for peridotites, we used experimental melts coexisting with both 
olivine and orthopyroxene (valid for P < 8 GPa), the dominant 
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Fig. 1. A) Solidus, liquidus and melt fraction curves. B) Schematic showing how P s and T s of melting are estimated from peridotite residue compositions. The dashed line 
represents the T –P relationship for a given MgO content of the magma (MgOm). MgOm is estimated by mass balance as discussed in the text. The solid line represents the 
T –P relationship defined for a given melting fraction F . The intersection of the two lines represents the average P –T of melting experienced by the peridotite.

Fig. 2. A) MgO content of experimental melts (MgOm) in equilibrium with olivine and orthopyroxene as a function of temperature. Data are color coded based on pressure 
of equilibration. Colored diagonal lines represent empirical calibration of MgOm versus temperature for a given pressure (Eq. (1) in text). B) Temperature T ∗ (normalized 
to temperature interval between solidus and liquidus) versus melt fraction for batch melting of fertile peridotite using the experiments of Walter (1998). Curves represent 
empirical calibration of T ∗ versus F for different pressures (Eqs. (7) and (8)). (For interpretation of colors in this figure, the reader is referred to the web version of this 
article.)
mineralogy of peridotites (Stolper, 1980; Takahashi, 1980; Grove 
et al., 1982; Grove and Juster, 1989; Draper and Johnston, 1992;
Baker et al., 1994; Gaetani and Grove, 1998; Kogiso et al., 1998;
Robinson et al., 1998; Walter, 1998; Falloon et al., 1999, 2001; 
Falloon and Danyushevsky, 2000; Pickering-Witter and Johnston, 
2000; Blatter and Carmichael, 2001; Schwab and Johnston, 2001;
Bulatov et al., 2002; Pichavant et al., 2002; Grove et al., 2003;
McDade et al., 2003; Wasylenki et al., 2003; Laporte et al., 2004;
Parman and Grove, 2004; Feig et al., 2006). This yielded a simple 
empirical formula:

T (P ,MgOm,H2Om) = 1070 + 14.93MgOm + 72.23P

− 3.249P 2 − 18.53H2Om (1)

where T is in Celsius, MgO and H2O are in wt.%, and P is in 
GPa (Fig. 2A). This expression shows that the MgO content of a 
melt in equilibrium with olivine depends more on T than P . More 
complicated expressions for olivine-saturated thermometry exist 
to encapsulate a broader compositional range of basalts (Putirka, 
2005, 2008), but because we are interested only in high degree 
melts (>10%) of peridotites, a simpler expression is sufficient. The 
above equation is relevant for primitive basalts and komatiites. It 
should not be applied to alkali-rich magmas, such as nephelinites 
and kimberlites.

Eq. (1) can be used to calculate a P –T relationship using only 
the melt composition, but as stated above, this melt composition 
is never known. We can, however, estimate melt MgO content by 
considering mass balance and mass action. Mass balance requires 
that

MgOo = MgOm F + (1 − F )MgOR (2a)

FeOo = FeOm F + (1 − F )FeOR (2b)

where MgOo is the initial MgO concentration of the original un-
melted peridotite, MgOR is the measured concentration in the 
residual peridotite sample, and F is the integrated fraction of melt 
generated to form the peridotite. We assume that MgOo and FeOo
are represented by bulk silicate Earth or primitive mantle. Melt-
ing of the mantle usually takes place by fractional melt extraction 
during adiabatic decompression, so that the peridotite residue ex-
periences a range of T s and P s during melting. We also assume, 
as has been shown elsewhere, that these fractional melts pool to-
gether and that the integrated composition of the pooled melts 
represents an average melting T and P of the process (Herzberg, 
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1992, 2004; Asimow et al., 2001; Lee et al., 2009). In this regard, 
F also represents an average melting degree and MgOm represents 
an average MgO content of the fractional melts.

Eqs. (2a) and (2b) can be related by mass action, that is, the 
Fe–Mg equilibrium exchange between the peridotite and the melt:

K D = (FeO/MgO)R

(FeO/MgO)m
= 0.381 − 0.774

MgOm
+ 0.998

MgO2
m

(3)

where we have used an empirical parameterization of the compo-
sitional dependence of K D (Herzberg and O’Hara, 2002). Because 
MgOm depends on T , as shown in Fig. 1, Eq. (3) effectively ac-
counts for any T dependencies of K D . Combining the mass balance 
equations (2a) and (2b) with Eq. (3) allows elimination of F , which 
gives an expression for the MgO of the melt, MgOm

MgOm = FeOR(MgOR − MgOo) − MgOR(FeOR − FeOo)

(FeOo − FeOR) + (MgOR − MgOo)(FeOR/MgOR)/K D

(4)

as a function of known quantities (MgOR, FeOR, MgOo, FeOr). Be-
cause K D depends explicitly on MgOm, one must solve for the root 
of Eq. (4) to obtain MgOm. Plugging Eq. (4) into Eq. (1) leads to 
an isopleth of MgOm in P –T space. We have resolved the issue of 
not having a melt to directly measure, but we are still left with a 
relationship between P and T .

A second constraint relates T , P and F , the latter of which 
comes from solving the above system of equations. We first de-
fine a quantity T ∗ , which represents the T normalized to the T
difference between the P -dependent solidus (T S (P )) and liquidus 
(T L(P ))

T ∗(P ) = T (P ) − T S(P )

T L(P ) − T S(P )
(5)

T L is equivalent to the T of a magma having a composition equiv-
alent to the bulk starting mantle, and thus, is calculated for any 
given starting composition by substituting MgOo for MgOm in 
Eq. (1). For T S , we assume a mantle solidus from Hirschmann 
(valid for P < 10 GPa) corresponding to that for the primitive 
upper mantle (MgOo = 37.8, FeOo = 8.05, Na2O + K2O = 0.39, 
Al2O3 = 4.45 wt.%; McDonough and Sun, 1995) (see Fig. 1A)

T S(
◦C) = 1120 + 132.9P − 5.104P 2 (6)

We then use a polynomial parameterization of T ∗ versus F :

T ∗ = a1 F + a2 F 2 + a3 F 3 (7)

where the constants are allowed to depend on P (GPa). To de-
termine the constants, we used the experimental data of Walter, 
which are based on a West Kettle River peridotite as shown in 
Fig. 2A (Walter, 1998, 1999). We note that Walter’s solidus T for 
the West Kettle River peridotite is 30◦ lower than that given by 
Eq. (6) (Hirschmann, 2000). To calibrate Eq. (7), we thus shifted the 
solidus and liquidus T at 1 atm in Eq. (6) down by 30◦ , assuming 
that the functional relationship of T ∗ does not change. This yielded 
the constants for Eq. (7) (Fig. 2B):

a1 = 2.288 − 0.271P (GPa)

a2 = −3.474 + 0.572P

a3 = 2.195 − 0.302P (8)

We now have a set of equations that can be solved simultaneously 
for T , P , MgOm and F . These are T (F , P ), T (P , MgOm), MgOm
and F (MgOm). We note that although Eq. (1) accounts for H2O, we 
have not included the effects of H2O on the parameterizations of 
T , F and P . H2O will decrease T S and thereby increase T –T S and 
change the functional form of T ∗(F ). Incorporating the effects of 
Fig. 3. Temperatures calculated from the MgO content of experimental melts in 
equilibrium with coexisting olivine and orthopyroxene versus experimental temper-
atures. The solid line represents the 1:1 correspondence line.

H2O (or other volatiles, such as CO2) is beyond the current scope 
of this paper, so all calculations here assume anhydrous systems. 
An Excel spreadsheet is provided, along with instructions, to help 
the reader make these calculations.

3. Accuracy, precision and relevance to natural processes

Precision is evaluated by how well experimental T is repro-
duced from Eq. (1) using melt composition with experimental P
known (Fig. 3). In this ideal case, uncertainties in T are less than 
20 ◦C. A more relevant evaluation of precision is to treat experi-
mental data as we would treat natural data, that is, when both T
and P are unknown. For natural samples, only FeOR and MgOR are 
used. We thus take the experimental FeOR and MgOR of Walter
(1998) and solve for P , T , F and MgOm (Fig. 4). Provided we 
assume a lower solidus T for Walter’s bulk rock peridotite compo-
sition (1090 ◦C instead of 1120 ◦C at 1 atm), as discussed above, we 
reproduce experimental quantities as follows: <5% for T , <0.7 GPa 
for P , <10% for F , and <5% for MgOm. We consider these uncer-
tainties to be the nominal internal uncertainties in our calculations 
for natural samples.

Accuracy is much more difficult to evaluate because it depends 
on how representative the experimental data are. The number of 
high pressure (>3 GPa) melting experiments used to calibrate the 
thermobarometric equations are primarily from Walter (1998) and 
thus depend on the accuracy of those experiments. Accuracy can 
also be compromised by uncertainties in the bulk composition of 
residual peridotites and assumed primitive mantle composition. 
These and other accuracy issues are discussed in more detail in 
Section 4.5.

As for applicability to natural samples and processes, our es-
timated T –P s should correspond to the exact T –P of melting 
under isobaric batch melting conditions, as shown by the ability 
of the method to reproduce the P –T s of experiments, which are 
inherently performed under batch conditions. On the other hand, 
if melting occurs by polybaric fractional melting during adiabatic 
decompression, as is generally thought to be the case, melts are 
generated over a range of T –P and the meaning of the calculated 
P –T becomes less clear. We assume that T -P s estimated using our 
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Fig. 4. A) Melting degree (F ), B) MgO content of the melt (MgOm), C) T (Celsius) and D) P (GPa) of peridotite melting experiments of Walter (1998) calculated using only 
the MgO and FeO contents of the peridotite residue. Dashed lines correspond to 1:1 correspondence lines between calculated and experimental values. In calculating these 
quantities for Walter’s experiments, a solidus T of 1090 ◦C was used to account for the lower melting points reported in Walter (1998).
proposed method represent the average P –T of the polybaric melt-
ing column, in which case the estimated P s and T s are maximum 
bounds on the final P s and T s experienced by the decompressing 
peridotite.

4. Application to real peridotites

4.1. Filtering for open-system processes

Applying the method to real samples requires exclusion of those 
samples that may have been chemically modified since their for-
mation, at least in terms of major elements like Fe and Mg. This 
can be seen in Fig. 5, where we plot bulk MgO versus FeO for peri-
dotites along temperature and melt fraction contours calculated 
for 1 and 2.5 GPa. At a given P , high T depletes the residue in 
Fe significantly. It can also be seen that high P s also result in Fe 
depletion (Fig. 5B). These T –F contours at a given P should not 
be used to estimate P –T s of the peridotite protolith because we 
have assumed P to be constant. However, these figures allow one 
to evaluate some of the effects associated with open system pro-
cesses.

Some cratonic peridotites are thought to have experienced sec-
ondary orthopyroxene-enrichment, which has the effect of increas-
ing SiO2 while decreasing bulk FeO and MgO, causing T and P to 
be over-estimated (Boyd, 1987, 1989; Herzberg, 1993; Rudnick et 
al., 1994; Kelemen et al., 1998; Lee et al., 2003, 2011; Lee, 2006;
Aulbach, 2012). The orthopyroxene effect, however, can be filtered 
by excluding those samples with anomalously high SiO2 for a 
given Mg# (atomic Mg/(Mg + Fe)), which does not change during 
orthopyroxene-enrichment. We define here the following criteria 
to identify samples unmodified by orthopyroxene-enrichment:

(Mg + Fe)/Si > −82.814Mg#2 + 160.6Mg# − 76.05 (9)

where all elements are in units of atomic fraction (this equation 
was derived here from a plot of atomic (Mg + Fe)/Si versus Mg# as 
shown in Lee et al., 2011). This equation identifies orthopyroxene-
rich samples as those having anomalously high SiO2 content using 
the property that orthopyroxene has an atomic (Mg + Fe)/Si of ∼1 
and olivine a value of 2.

It has also been suggested that fertile to moderately depleted 
peridotites may have once been more depleted but have subse-
quently been metasomatized by the addition or passage of basaltic 
melts. Such processes could modify Fe and Mg contents, result-
ing in spurious T and P estimates (Fig. 5). To avoid refertilization 
effects for cratonic peridotites, we apply our calculations to peri-
dotites with Mg#s ≥ 0.92. For abyssal peridotites, we use only 
those samples with Mg#s > 0.905 because few samples exceed 
0.91.

Finally, weathering and serpentinization can dilute or enhance 
absolute elemental concentrations. We thus avoid samples that 
have low metal-oxide totals (<96 wt.%). We then normalize metal 
oxide concentrations to 100%.
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Fig. 5. MgO versus FeO in the solid residuum, where FeOT represents all Fe taken as FeO. Data represent peridotites from Archean cratons (xenoliths), Phanerozoic continents 
(xenoliths), and abyssal peridotites. Cratonic peridotites have been subdivided into orthopyroxene-enriched and “normal” peridotites according to the criteria outlined in the 
text. Solid lines represent isothermal melt depletion curves. The red line represents the 1400 ◦C isotherm. Two figures have been calculated to show that the partitioning of 
MgO between peridotite and melt depends on assumed P . Thus, the absolute T s shown in any given plot are not unique unless P is also known. The purpose of this figure is 
primarily to show the effects of secondary metasomatic processes. Arrows showing the effects of orthopyroxene-enrichment and refertilization are denoted. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. A) P –T plot comparing melting conditions inferred for abyssal peridotites (this study) and mid-ocean ridge basalts (Lee et al., 2009). B) Comparison of melting 
conditions for Archean cratonic peridotites (this study) and Archean komatiites (Herzberg et al., 2010). Orange lines represent solid and melting adiabats (Iwamori et al., 1995). 
Curved lines represent the solidus, liquidus and constant melt fraction contours for primitive mantle using the parameterizations described in the text. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.)
4.2. Abyssal peridotites from modern ocean basins

Melting T s and P s were calculated for abyssal peridotites with 
Mg#s >0.905 from Niu’s database (Niu, 2004). Abyssal peridotites 
are thought to represent residual peridotites associated with the 
generation of mid-ocean ridge basalts, so we use these rocks as 
representative of Phanerozoic conditions. T s and P s range from 
1300 to 1400 ◦C and 0.5 to 1.5 GPa and melting degrees F of ∼20% 
are obtained (Fig. 6A). We note that some negative, and clearly 
erroneous, P s are also calculated (not shown) for samples with 
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Fig. 7. P –T plot for cratonic peridotites showing both igneous protolith (this study) and metamorphic/subsolidus conditions based on two pyroxene thermometry and 
garnet–orthopyroxene barometry (see text). Tie lines connect protolith and metamorphic P s and T s for those samples in which both types of P –T s could be calculated. 
Calculations for cratonic peridotites are shown only for peridotites with Mg# > 0.92 and no orthopyroxene-enrichment. Curved lines represent the solidus, liquidus and 
constant melt fraction contours described in the text. Note that some cratonic peridotites (Tanzania and Siberia) have been subdivided into spinel and garnet peridotites. 
Subsolidus pressures cannot be calculated reliably for spinel peridotites, but approximate subsolidus P ranges for spinel peridotites can be calculated by comparing T
constraints with apparent geotherms defined by garnet-bearing peridotites.
unusually high FeO (>10 wt.%), which we discuss in Section 4.5. 
Ignoring such samples, the abyssal peridotites are slightly higher 
than the average T s and P s of melting estimated from mid-ocean 
ridge basalts using independent Mg-based thermometers (Putirka, 
2005; Herzberg et al., 2007; Lee et al., 2009) and Si-based barom-
eters (Lee et al., 2009) as shown in Fig. 6A. It is not clear, however, 
if this difference is significant given uncertainties in magma ther-
mobarometry and the present peridotite thermobarometry. In the 
case of magma thermobarometry, there is potentially a 50–100 ◦C 
uncertainty due to uncertainties in estimating the primary magma 
composition. In the case of the abyssal peridotites, Fe and Mg con-
tents may be modified by serpentinization. In any case, abyssal 
peridotite melting T s and P s are consistent with a mantle poten-
tial temperature between 1300 and 1450 ◦C.

4.3. Cratonic peridotites

We now turn to the cratonic peridotites that make up the 
thick mantle keels underlying most Archean cratons. We exam-
ine peridotite samples from the Siberian (Boyd et al., 1997; Ionov 
et al., 2010; Doucet et al., 2012), Slave (Kopylova et al., 1998,
1999a, 1999b; Kopylova and Russell, 2000; Aulbach et al., 2004), 
South African (Simon et al., 2007; Gibson et al., 2008) and Tan-
zanian cratons (Rudnick et al., 1994; Lee and Rudnick, 1999;
Gibson et al., 2013). With this dataset, we present igneous pro-
tolith T –P s for garnet-bearing and garnet-free (mostly Tanzania 
and Siberia) peridotites. We show the subsolidus (metamorphic) 
equilibration T s and P s for the same samples based on the py-
roxene and garnet thermobarometry reported in the above cited 
studies. For spinel peridotites, we are unable to provide precise 
subsolidus P –T estimates, but can provide approximate P –T fields 
based on an upper pressure bound defined by the spinel gar-
net transition (O’Neill, 1981) and a low pressure bound defined 
by crustal thickness (∼45 km). Some estimates of the subsolidus 
pressures of spinel peridotite xenoliths can also be inferred by 
combining temperature constraints with extrapolations of apparent 
geotherms defined by the thermobarometric constraints of garnet-
bearing peridotites (cf. Lee and Rudnick, 1999). Subsolidus T –P s
represent the thermal state of the lithosphere just prior to en-
trainment of the xenoliths in kimberlites, all of which are Phanero-
zoic in age. Igneous protolith P –T s record melt extraction events, 
which, based on Re–Os isotope systematics, indicate that most 
of these cratonic peridotites melted during the Archean (Pearson 
et al., 1995a, 2003; Carlson et al., 1999, 2005; Pearson and Wit-
tig, 2008). Tie lines connecting metamorphic and igneous protolith 
T –P s are drawn for those samples in which sufficient data exists 
and define the initial and “final” states of cratonic peridotites.

It can be seen from Fig. 6B that cratonic peridotites melted 
between 1400 and 1750 ◦C over P s between 0.2 and 6.2 GPa, cor-
responding to melting degrees F of 30–50%. These T –P s range 
to significantly higher values than that inferred above for abyssal 
peridotites, indicating that the cratonic peridotites were formed by 
hotter and deeper melting. Mantle potential temperatures required 
to form the cratonic peridotites appear to range from ∼1500 to 
1700 ◦C. Metamorphic T –P s, by contrast, range between 900 and 
1300 ◦C and 3 and 7.5 GPa, and thus record colder and deeper 
conditions than their igneous protoliths (Fig. 7). Tie lines connect-
ing metamorphic and igneous T –P s for the same sample (Fig. 7) 
show that many of the peridotites have experienced an increase 
in P since their formation, ranging from a small change in P
(<0–1 GPa) in the deepest samples to <2 GPa for shallower sam-
ples. If these peridotites melted by decompression melting, then 
the estimated P s are maximum bounds on the final P s to which 
the peridotites ascended during melting, which would imply even 
greater increases in P experienced by the peridotites since the for-
mation of their protoliths.

Our results are consistent with previous suggestions, based 
primarily on graphical interpretations of elemental variation dia-
grams, that cratonic peridotites have experienced an increase in 
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Fig. 8. Same as in Fig. 7, but for post-Archean peridotites. A) Igneous protolith P –T s of peridotites from western North America (symbols) along with fields showing range of 
subsolidus P –T s. B) Igneous protolith P –T s of fore-arc and ophiolitic peridotites. Note that some samples give negative P s, which are clearly erroneous and hence labeled 
as “artifacts”. Such under-estimation of P (and T ) could be related to Fe-metasomatism and/or serpentinization (see Fig. 9). Green arrays in A) and B) represent igneous 
protolith P –Ts of Archean cratonic peridotites from Fig. 7. All other curves as in Fig. 7. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)
P since their formation as melt residues (Saltzer et al., 2001;
Canil, 2004; Lee, 2006; Ionov and Hofmann, 2007; Pearson and 
Wittig, 2008; Lee et al., 2011; Doucet et al., 2012). Our calcu-
lated melting T s of the protoliths are consistent with other esti-
mates of peridotite melting T (Herzberg, 2004; Lee et al., 2011;
Herzberg and Rudnick, 2012).

We can also compare cratonic peridotite melting T s and P s to 
those calculated for Archean basalts and komatiites (Fig. 7) based 
on thermobarometric constraints published elsewhere (Herzberg et 
al., 2010; Herzberg and Rudnick, 2012). Although there are un-
certainties in magma thermobarometry, as discussed above for 
mid-ocean ridge basalts, it appears that cratonic peridotites melted 
at conditions similar to those of Archean basalts, that is, at po-
tential temperatures between 1500 and 1700 ◦C. Komatiites, how-
ever, appear to have formed at potential temperatures greater than 
1700 ◦C, which would suggest that cratonic peridotites and komati-
ites might not be complementary.

4.4. Post-Archean mantle

We have also examined post-Archean continental lithospheric 
mantle xenoliths from the Colorado Plateau (The Thumb, Ari-
zona), the Mojave Province (Dish Hill, California), and the Sierra 
Nevada batholith (California) in western USA (Ehrenberg, 1982;
Lee et al., 2001b; Luffi et al., 2009; Chin et al., 2012, 2014). 
The Colorado Plateau xenoliths, based on Re–Os isotopic system-
atics, are thought to be mid-Proterozoic in age (Lee et al., 2001b)
and are represented by garnet peridotites derived from depths of 
3–4.5 GPa (100–150 km) (Riter and Smith, 1996; Smith, 2000;
Li et al., 2008). The Mojave Province xenoliths from Dish Hill are 
spinel peridotites (<3 GPa or <90 km depth), which have been in-
terpreted to represent subcreted Farallon oceanic lithosphere (Luffi 
et al., 2009), although recent Re–Os isotope studies hint that there 
may be some component of Paleo- to Mid-Proterozoic lithospheric 
mantle (Armytage et al., 2014). Most of the Sierra Nevada peri-
dotites are interpreted to represent juvenile mantle associated with 
the formation of the Sierran continental arc batholith during the 
Cretaceous (Lee et al., 2000, 2001a; Chin et al., 2012) and, at the 
time of xenolith sampling (∼8 Ma; Dodge et al., 1988), the xeno-
liths derived from pressures between 2 and 3 GPa (60–90 km) 
at relatively cool (700–800 ◦C) temperatures (Mukhopadhyay and 
Manton, 1994; Ducea and Saleeby, 1996, 1998; Lee et al., 2001a;
Chin et al., 2012).

Protolith P s and T s are shown in Fig. 8A. Only peridotites with 
Mg# > 0.905 were used for the Sierran and Mojave samples and 
>0.91 for the Colorado Plateau samples. It can be seen that the 
Mojave and Sierran peridotites, for the most part, have igneous 
protolith P s and T s indistinguishable from “modern” abyssal peri-
dotites. These samples give significantly lower igneous protolith 
T s, P s, and melting fractions F then Archean cratonic peridotites. 
The Sierran and Mojave peridotites are consistent with mantle 
potential temperatures between 1300 and 1450 ◦C. The Colorado 
Plateau peridotites yield higher T s and overlap with the shallow 
end of the Archean cratonic peridotite array, but suggest a mantle 
potential temperature of ∼1500 ◦C, which is less than the range 
observed for Archean peridotites (1500–1700 ◦C). For the Sierran 
and Colorado Plateau peridotites, final subsolidus equilibration P s
are higher than their igneous protolith P s.

We have also examined dredged fore-arc peridotites (Mg# >
0.91) from Izu–Bonin (Parkinson and Pearce, 1998) and ophiolitic 
peridotites (Mg# > 0.905) from the Feather River Ophiolite com-
plex in the western Sierra Nevada, California, USA (Li and Lee, 
2006). These peridotites yield low P s and T s and high melting 
degrees (Fig. 8B). Temperatures are slightly higher than that of 
abyssal peridotites. We note that many of the samples give neg-
ative P s. All of these peridotites have been serpentinized to some 
extent, which could increase Mg contents (relative to Fe), lead-
ing to under-estimation of P and T (see Section 4.5). It is also 
possible that these peridotite residues melted under water-rich 
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Fig. 9. This diagram shows P –T artifacts associated with uncertainties in the original bulk composition of the peridotite residue (A) and mantle source (B).
conditions. As discussed below, failure to account for water would 
cause under-estimation of P and over-estimation of T .

4.5. Caveats and potential pitfalls

As with any thermobarometer, our method comes with poten-
tial sources of systematic error. The validity of the entire method 
rests on key assumptions. We list these assumptions below and 
show in Fig. 9 how they translate into potential errors in P –T . The 
reader should evaluate each of these potential errors when apply-
ing our method.

1) H2O although accounted for in our Mg thermometer (Eq. (1)), 
is not accounted for in the T ∗(F ) relationships. The effect of H2O is 
to decrease the solidus and increase the temperature interval over 
which melting occurs. Failure to account for H2O would result in 
anomalously high apparent F for a given temperature. If H2O were 
accounted for, we expect calculated P s to increase and T s to de-
crease (Fig. 9A). Thus, if H2O is important, but unaccounted for, 
calculated P s are minimum bounds and calculated T s are maxi-
mum bounds. Peridotite residues that yield negative calculated P s
may thus be a sign that water was involved in melting.

2) All Fe is treated as Fe2+ . If the oxygen fugacity is unusu-
ally high during melting, the proportion of Fe in the melt that is 
Fe3+ is also high. Ignoring the contribution of Fe3+ in the melt, if 
significant (>0.1FeT), would result in over-estimation of P and T
(Fig. 9A). However, for the most part, oxygen fugacity of the up-
per mantle is not oxidized enough for this to be a serious concern 
(Canil, 1997, 2002; Li and Lee, 2004; Frost and McCammon, 2008;
Lee et al., 2010b).

3) Heterogeneity or secular change in Fe content of source man-
tle must also be considered (Fig. 9B). A mantle source anomalously 
rich in Fe results in higher calculated T s and P s. A mantle source 
depleted in Fe results in lower T s and P s. One issue is whether 
there has been a secular change in the bulk Fe and Mg content of 
the convecting mantle. It can easily be shown that progressive pro-
duction and storage of oceanic/continental crust throughout Earth’s 
history results in negligible change in the FeO and MgO content of 
the mantle, so such secular changes are probably not important. 
However, we cannot rule out the possibility of localized Fe-rich 
lithologies within the upper (Liu et al., 2008) or lower mantle 
(Francis et al., 1999) that may have contributed to the formation of 
cratonic mantle. If a high Fe source dominates for most of the cra-
tonic peridotites, our currently estimated P s and T s are minimum 
bounds.

4) Metasomatic modification of residual peridotite composi-
tions, as discussed in the previous section, must be evaluated 
(Fig. 9A). Cryptic metasomatism, wherein only trace elements are 
modified, does not pose a problem. However, any metasomatic 
processes that change Fe and Mg can lead to biases. For exam-
ple, increases in Fe content without a change in Mg will yield low 
T s and P s. Some abyssal peridotites and Phanerozoic continental 
lithosphere peridotites can be Fe-rich (due to Fe metasomatism) 
for a given MgO content, resulting in low to even negative P s. We 
also note that decreases in MgO without a concomitant decrease 
in FeO, such as what is commonly seen in the high temperature 
sheared peridotites from cratonic environments, yield high P s and 
T s. It is generally thought that these high temperature sheared 
peridotites represent highly melt-depleted peridotites that have 
been subsequently metasomatized (Boyd and Mertzman, 1987;
Griffin et al., 1999; Lee et al., 2011). Finally, as discussed above, 
orthopyroxene-enrichment decreases Fe and Mg, resulting in over-
estimation of P and T .

5) Serpentinization can lead to increases in Mg and decreases in 
Fe, as evidenced by the higher Mg# of serpentine minerals com-
pared to that of their ultramafic protoliths. As shown in Fig. 9A, 
this would decrease estimated T s and P s. Thus, another explana-
tion for why some ophiolitic, fore-arc and abyssal peridotites give 
negative P s could be that their bulk compositions have been com-
promised by serpentinization.

5. Discussion: making cratons

The protoliths of cratonic peridotites appear to have formed at 
P s lower and T s higher than their final subsolidus equilibration P s
and T s. This implies a net counter clockwise P –T path in which 
hot shallow cratonic peridotites increased in P and cooled. Of 
course, more than a billion years likely elapsed between the initial 
and final states, so it is not clear if this net P –T path reflects early 
craton stabilization or if the rocks experienced a more prolonged 
and tortuous P –T path, the evidence of which has all been erased 
by subsolidus re-equilibration. Regardless, a net counter clockwise 
P –T path is peculiar because as materials sink into the underlying
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Fig. 10. Speculative conceptual cartoon of how thick cratonic mantle forms. 1) Initial state represents a stagnant lid condition, wherein the surface of the mantle is defined 
by a cold thermal boundary layer, which may or may not be melt-depleted. 2) A convective downwelling initiates, resulting in thickening of the boundary layer above 
the downwelling and thinning of the boundary layer in the far field. Beneath the thinning regime, mantle upwells and partially melts, generating low density, depleted 
peridotite residues and basaltic crust. 3) Continued downwelling draws the newly formed depleted mantle and basaltic crust towards the zone of convergence, resulting in 
thickened crust and mantle. Hydrothermally altered basaltic crust is underthrusted and begins to melt. 4) As crustal melting proceeds, felsic intermediate magmas rise to 
make the buoyant continental crust, leaving behind dense garnet-bearing crustal residues that founder along with any fertile peridotites. Melt-depleted peridotites (green) 
are too buoyant to founder. The end-product is a craton composed of a felsic crust and underlying mantle keel made of melt-depleted peridotites. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
hot mantle, they should heat up. For example, subducting slabs 
heat up and undergo prograde dehydration/melting reactions. The 
only tectonic environments in which cooling accompanied by an 
increase in P has been observed are in continent–continent col-
lisions and ocean–continent subduction zones. For example, it is 
conceivable that the base of the upper plate in a thrust zone 
cools against the cold upper part of the underthrusting lower plate 
(Huerta et al., 1999). As an example of a counter-clockwise path in 
Phanerozoic ocean–continent subduction zones, Chin et al. (2012)
showed that the arc crust and lithospheric mantle underwent rapid 
thickening followed by cooling as the arc lithosphere impinged 
upon the cold subducting slab. Chin et al. (2012, 2013) further 
showed that such thickening coincided with or was in response 
to increased magmatic flux and tectonic compression in the upper 
plate, suggesting that thickening of crust and lithospheric mantle 
may have been coupled with juvenile crust formation. Although 
this thickening process seen in Phanerozoic continental arcs may 
have no relevance to Archean craton formation, it does show that 
continental lithosphere can be stabilized by thickening or orogenic 
processes.

What types of thickening processes may have operated in the 
Archean? Some authors have argued that plate tectonics did not 
operate in the Archean: evidence for Phanerozoic-like subduction 
zones in the form of high P /low T metamorphism appears only 
in the Proterozoic (Stern, 2005). The potential T of the man-
tle in the Archean was likely hotter (1600–1800 ◦C) compared 
to 1300–1400 ◦C today (Nisbet et al., 1993; Abbott et al., 1994; 
Herzberg et al., 2007, 2010; Lee et al., 2009, 2010a), in which 
case, oceanic-type lithospheres might be thicker, more buoyant, 
and possibly stronger (owing to dehydration; Hirth and Kohlstedt, 
1996; Korenaga, 2008) while basal lithospheric stresses are lower 
(due to lower viscosity mantle), altogether frustrating subduc-
tion and culminating in stagnant lid convection (Korenaga, 2006;
O’Neill et al., 2007). Indeed, the apparent episodicity of continent 
formation (Condie, 1998) has been suggested to be a manifesta-
tion of Earth’s convective system switching between stagnant lid 
and mobile lid (plate tectonics) regimes, the former characterized 
by quiescence and the latter by rapid continental crust formation 
(O’Neill et al., 2007).

We suggest a model (Fig. 10) that may be able to reconcile 
the above observations, with the caveat that any suggestions are 
clearly speculations. We assume that peaks in zircon age popula-
tions indicate preferential continental growth whereas time inter-
vals without significant zircon age populations represent periods of 
minimal crustal growth rather than artifacts of sampling or preser-
vation (Condie and Aster, 2010). We assume, for sake of argument, 
that these quiescent periods reflect a stagnant lid regime as dis-
cussed above. In a stagnant lid regime, the Earth’s cold upper 
thermal boundary layer manifests itself as a one-plate lithosphere, 
that is, there is no lateral mobility of the plate, no plate boundaries 
and hence no subduction zones, transforms, or mid-ocean ridges. 
This does not mean that convective downwellings/upwellings are 
absent in a stagnant lid regime. Small-scale convective instabilities 
operate at the base of the upper thermal boundary layer and ul-
timately limit its thickness. However, O’Neill et al. (2007) showed 
that regions of downwelling result in thickening of the lithosphere 
whereas regions of upwelling thin the lithosphere. The combina-
tion of negative thermal buoyancy and increases in viscous forces 
eventually act to break the thermal boundary layer, initiating a 
focused, plate like downwelling, that is, a subduction zone. This 
results in rapid orogenic thickening, marking the transition from 
stagnant to mobile lid states (e.g., plate tectonics).

We suggest that large amounts of melt are extracted from the 
mantle in the upwelling zones, generating a thermal boundary 
layer composed of a thick basaltic crust and a lithospheric man-
tle composed of low pressure, high degree peridotite residues. 
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This crust–mantle package is rapidly transported laterally towards 
the zones of convergence. The basaltic crust, because of its low 
density, initially undergoes orogenic thickening rather than being 
subducted away deep into the mantle. The depleted peridotite is 
also chemically buoyant, and thus, instead of being dragged deep 
into the lower mantle by downward viscous forces, it generates a 
thickened mantle keel. We speculate that thickening of the basaltic 
crust causes the lower crust to heat up, owing to the high concen-
trations of radioactive heat producing elements (e.g., U and Th) in 
the basaltic crust billions of years ago (West and Mareschal, 1979;
Rey et al., 2003; Sandiford et al., 2004). This heating results in ex-
tensive partial melting of the lower crust, generating intermediate 
magmas (tonalites, trondjhemites, and granodiorites) that rise to 
form the upper crust and leave behind garnet-rich restites at depth 
(“eclogite” sensu lato). We envision that the Earth’s surface was al-
ready graced with water in the Archean, such that basalts formed 
at the upwelling zones become hydrothermally altered, hence ana-
texis in the orogenic thickening zones would involve partial melt-
ing of hydrated lithologies, such as amphibolites; such hydrous 
melting might generate magmas with trace element signatures 
similar to what is seen in modern subduction zones. We specu-
late that the ensuing intermediate melts that rise to the surface 
mark the first emergence of large continental landmasses because 
the low densities of these intermediate rocks buoy the crust above 
sea-level. This, of course, can only happen if the dense garnet-rich 
restites can be removed. We suggest that these garnet-rich restites, 
along with any fertile mantle, sink through the forming cratonic 
mantle root (cf. Herzberg et al., 1983; Arndt and Goldstein, 1989;
Kay and Kay, 1993; Rudnick, 1995; Ducea, 2002; Lee et al., 2006;
Jagoutz and Schmidt, 2012; Lee, 2014). Inherent in our model is 
the assumption that the building blocks of the cratonic mantle 
root were still relatively hot, and hence of low enough viscosity 
for the garnet-rich rocks to sink through. The final product is a 
continent composed of a felsic crust and a melt-depleted mantle 
keel. Our model has various elements in common with other mod-
els (Rollinson, 1997; Foley et al., 2002, 2003; Rapp et al., 2003;
Smithies et al., 2003; Condie, 2005; Bedard, 2006). Given the spec-
ulative nature of all these models, especially ours, there is no 
pressing need to compare and contrast them. The reader should 
evaluate the merits of these models and ours from his/her own 
perspective and experience.

6. Conclusions

The P s and T s at which cratonic peridotites melted, that is, 
their igneous protolith conditions, are lower and higher, respec-
tively, than their subsolidus/metamorphic P s and T s. The building 
blocks of cratonic peridotites formed by high degree melting at 
depths between 30 and 150 km and potential temperatures be-
tween 1450 and 1750 ◦C. After their formation, the peridotites 
were transported to depths of 120–200 km and cooled. These ob-
servations support hypotheses that invoke orogenic processes in 
the formation of cratons.
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