
1.  Introduction
The modeling approach and associated software PRIMELT3 (Herzberg & Asimow,  2015) were designed to 
invert primitive basalt compositions for the primary magma composition, the 1 atm olivine liquidus temperature 
of the primary magma, and the mantle potential temperature at which the primary magma would be generated 
by batch or accumulated fractional melting of peridotite. Its successor PRIMELT3-P has the same strengths and 
limitations. It is restricted to primitive basalts that differ from their primary magmas only due to olivine addition 
or subtraction; this excludes most basalts, which have generally also fractionated plagioclase and clinopyroxene. 
Successful solutions are only possible for primary magmas derived from a nominally anhydrous fertile peridotite 
source, not from pyroxenite or from volatile-rich peridotite sources. Each of these restrictions has been docu-
mented in detail (Herzberg & Asimow, 2008, 2015) and the software provides tests and flags that recognize and 
warn the user when the model is being misapplied.

Abstract  This paper reports new software, PRIMELT3-P, for computing the pressure and temperature 
range over which a primary basaltic magma was formed by adiabatic decompression and fractional melting 
of fertile mantle peridotite. The underlying model was developed to explore the meaning of magmatic 
pressure and its connection to the physics of mantle melting, melt extraction, and melt migration. We 
present a comparison of the results of the batch melting model FractionatePT3 (Lee et al., 2009, https://doi.
org/10.1016/j.epsl.2008.12.020) and the new fractional melting model PRIMELT3-P, each applied to basalts 
from various localities, with a particular focus on Hawai'i and Iceland. The unexpected result is that pressures 
for batch melting and fractional melting are quite similar across a broad range of potential temperatures, 
agreeing to within ±0.29 GPa (1σ) when applied to magmas that pass tests for derivation from peridotite 
sources. Although samples from both Hawai'i and Iceland yield a range of final pressures of melting, the 
minimum final pressure in each location coincides with independent geophysical constraints—the depth 
to the lithosphere-asthenosphere boundary beneath Hawai'i and to the Moho below Iceland. These results 
clarify the  meaning of primary magma pressure, but the concept remains complex. We suggest that computed 
temperature and pressure arrays arising from heterogeneous peridotite-source primary magmas may reflect 
melt transport and mixing in a thermally zoned mantle plume with a complex network of branching melt 
channels  that nucleate over a range of depths.

Plain Language Summary  Partial melting of the Earth's mantle yields primary basaltic magmas 
that segregate from their residues, ascend to the surface, typically cool and evolve at shallow levels, and then 
erupt at volcanic provinces. The melting may take place over a range of temperatures and pressures and may 
involve open-system processes that are difficult to reproduce directly in laboratory experiments. Hence it 
remains a challenging problem to determine the range of pressures over which a particular lava sample was 
generated. Here we report new software, PRIMELT3-P, that adds estimates of the pressure range of melt 
generation to information of earlier versions of the software. Results show that the range of samples from 
particular volcanic provinces (such as Hawai'i and Iceland) can yield a substantial range of pressures of melting, 
possibly indicating variability in the mechanisms of melt migration with the mantle melting regime. The 
minimum pressures observed in each place correlate with geophysical estimates of the depths to boundaries that 
might arrest the melting process, such as the base of the lithosphere or the crust. Both PRIMELT3-P and the 
geobarometer of Lee et al. (2009, https://doi.org/10.1016/j.epsl.2008.12.020; FractionatePT3) are calibrated for 
peridotite sources and fail when applied to melts extracted from pyroxenite sources.
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The goal of PRIMELT3-P is to add estimation of the pressure of melt generation to the primary magma solution. 
There is a history of attempts to carry out similar estimates of pressure of melting with various approaches. The 
wide divergence among early efforts (e.g., O’Hara, 1968; Presnall et al., 1979) was primarily the result of widely 
differing assumptions and methods for calculating the primary magma compositions associated with observed, 
evolved magmas. The first generation of magmatic pressure models was based on the decrease, with increasing 
pressure, in the activity of SiO2 in basaltic melts coexisting with olivine and orthopyroxene (Albarède, 1992; 
Haase, 1996). These were later recalibrated by Putirka  (2008) and Lee et  al.  (2009) using larger experimen-
tal databases. Despite different formulations of the activity-composition relationship for SiO2 in the melt, the 
Putirka (2008) and Lee et al. (2009) calibrations recover experimental batch melting pressures to within ±0.29 
and ± 0.20 GPa 1σ, respectively. As this paper is not intended to be a review of different barometers, it is suffi-
cient for us to compare pressures obtained from PRIMELT3-P with those obtained from one of these similar 
models; we choose the FractionatePT3 software of Lee et al. (2009).

An important question that arises is what, exactly, do we mean by a primary magma pressure? Lee et al. (2009) 
state: “the primary magma represents the aggregate of many melt increments generated along a polybaric melt-
ing path, and thus the P and T of this primary magma is taken to represent the weighted average P and T of 
the melting path (assuming no shallow-level re-equilibration) or, alternatively, the P and T of shallow-level 
re-equilibration in the mantle.” But the idea of an “average” pressure is difficult to reconcile with the wide range 
of temperatures and pressures calculated for various samples from a given locality (for Hawai'i, e.g., 1.5–6.0 GPa 
and 1400–1700°C; Figure 2b in Lee et al., 2009). Another source of confusion is that models that make a primary 
magma by the aggregation of small melt droplet. along a polybaric melting path do so by fractional melting (e.g., 
Asimow et al., 2001; Herzberg & O’Hara, 2002; Kinzler, 1997; Langmuir et al., 1992). But the Lee et al. (2009) 
method is strictly based on batch (or equilibrium) melting because it is calibrated directly from experimental data. 
This is not merely a semantic distinction because analytical solutions to the equations for batch and accumulated 
fractional melting (Shaw, 1970) yield different primary magma compositions. For example, primary magmas of 
accumulated fractional melting are higher in FeO and lower in SiO2 at constant MgO content and melt fraction 
(Herzberg, 2004; Herzberg & O’Hara, 2002; Langmuir et al., 1992); they also have a more restricted range of 
CaO contents (Herzberg, 2006, 2011). Asimow and Longhi (2004) showed that, essentially by coincidence, the 
accumulated primary melts generated by decompression melting of typical fertile upper mantle sources at typical 
modern terrestrial potential temperatures can be quite close to possible batch melts of the same source, and that 
the pressure implied by applying a batch melting paradigm to the accumulated fractional melt is generally near 
the middle of the range of pressures of fractional melt generation. But it is unclear in what sense this is an average 
pressure of melt extraction and how the average is weighted. Krein et al. (2021) interpreted this result to mean 
that fractional melting does not matter and that the primary magma problem can be solved for batch melting and 
applied with confidence, but this is a misinterpretation of the conclusion of Asimow and Longhi (2004); while 
an accumulated fractional melt may be roughly consistent with being a batch melt of the same source, that does 
not imply that it is the right batch melt to represent the average of the fractional melting process. Moreover, a 
batch melting solution to the primary magma problem yields no insight into questions concerning the range of 
pressures over which melting may have taken place.

Batch melting is thought to occur when a partial melt in the mantle remains in equilibrium with its residue at any 
melt fraction and in a closed system of constant bulk composition until there is a single separation event. In its 
purest form, the prediction of batch melting is the formation of one primary magma composition with a magmatic 
pressure that represents only the pressure at the melt segregation event, having no memory of processes that 
occurred at lower extents of melting. In a batch melting context, variations in magmatic pressure among samples 
from a given locality represent a range in the pressure of melt segregation events and are insensitive to variations 
in source composition and potential temperature.

The physics of fractional melting is different. It may occur when partial melts drain from their sources by buoy-
ant porous flow and matrix compaction at low melt fractions during decompression (Ahern & Turcotte, 1979; 
McKenzie,  1984), if the migrating melts do not undergo further equilibration with residues as they migrate. 
Mixing of such melts produces an accumulated fractional melt. This protracted process may leave a specific 
residue, such as lherzolite or harzburgite, at the end of melt production, but the mixed melt is never in equilib-
rium with it; only the final drop of liquid extracted is in equilibrium with the residue (Asimow & Longhi, 2004; 
Herzberg, 2004). However, counterintuitively, mass balance is achieved between the residue and the accumulated 
fractional melt, not the final drop of melt (Herzberg, 2004). PRIMELT3-P calculates the composition of the 
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polybaric accumulated fractional melt. Unlike batch melting, the aggregate melt composition can only be simu-
lated computationally (Herzberg & O’Hara, 2002; Langmuir et al., 1992) as its experimental determination in the 
laboratory is not practical (Asimow & Longhi, 2004).

We explore the problem of what the pressure of batch melting means by comparison with magmatic pres-
sures obtained for accumulated fractional melting. To do so, we apply both FractionatePT3 and PRIMELT3-P 
to primary magma compositions from a variety of occurrences. We focus special attention on Hawai'i and 
Iceland as test cases because magmatic pressures can be compared with geophysically constrained depths to 
the lithosphere-asthenosphere boundary and to the seismic Moho, respectively. We offer new insights on the 
compromising effects of lithological variability on magmatic pressures and temperatures; both FractionatePT3 
and PRIMELT3-P have been calibrated on peridotite melting experiments that are not always relevant to residues 
of pyroxenite melting. Finally, we show that there can be significant primary magma heterogeneity arising from 
the melting of mantle peridotite; preservation of this heterogeneity in the erupted lava sequence is interpreted to 
reflect melt transport in channels.

2.  Method
2.1.  A Fractional Decompression Melting Model

To understand the meaning of magmatic pressure and how it is computed in the fractional melting model, we 
briefly review the method and its assumptions (Herzberg & O’Hara, 2002). A simulated decompression frac-
tional melting process begins at an initial pressure 𝐴𝐴 𝐴𝐴𝑖𝑖 . The theoretically continuous process of formation and 
extraction of infinitesimal melt increments is approximated by discrete steps in which a quantity of melt corre-
sponding to a mass fraction of 0.01 of the (declining) residue mass is generated, its composition is calculated with 
Shaw's (1970) batch melting equation, and it is isolated from the residue. The removal of each instantaneous melt 
increment changes the composition and mass of each successive residue, causing an increase in the distribution 
coefficient of MgO between the residue and liquid (i.e., DMgO,in of Herzberg & O’Hara, 2002) with decompres-
sion. This was calibrated from experiments on fertile peridotite KR-4003 (Walter, 1998) and its parameterization 
(Herzberg & O’Hara, 2002), permitting a calculation of pressure for each instantaneous melt droplet along an 
adiabatic gradient that begins at 𝐴𝐴 𝐴𝐴𝑖𝑖 . The process is repeated continuously along a vertical streamline until melt-
ing stops at a final melting pressure 𝐴𝐴 𝐴𝐴𝑓𝑓 . Each increment of extracted liquid is mixed with the previously formed 
melt to form an accumulated fractional melt. The integration of the incremental melts into the accumulated melt, 
which is weighted only by melt mass extracted along a one-dimensional streamline and hence is most applicable 
to a columnar rather than triangular melting regime, keeps track of the mass of liquid and residue as fractions 
of the initial source mass. This total mass fraction of liquid is known in the model as 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 , and solutions are 
analytically identical to 𝐴𝐴 𝐴𝐴  in Shaw's  (1970) equation for accumulated fractional melting. This is a “forward” 
polybaric decompression melting model. Based on parameterizations of distribution coefficients as functions 
of the MgO content of the residues, solutions to Shaw's (1970) equation for batch melting were obtained for the 
SiO2, Al2O3, FeO, MgO and CaO contents of the incremental melts which were mixed to yield compositions 
of the accumulated fractional melts and their residues at each 𝐴𝐴 𝐴𝐴AFM and final melting pressure 𝐴𝐴 𝐴𝐴𝑓𝑓 (Herzberg & 
O’Hara, 2002; Table A2; Herzberg, 2004, Appendix 1 and Table A2). It is important to recognize that the pres-
sure decrement required to yield a 1% increase in melt fraction is neither assumed a priori (as in models such as 
Langmuir et al. (1992)) nor derived from a conservation of entropy criterion (as in MELTS-based models such 
as Asimow et al. (2001)).

Descriptions of how PRIMELT3 software combines this “forward” calculation with an “inverse” calculation of 
olivine addition or subtraction to compute a primary accumulated fractional melt composition corresponding to 
a given observed melt composition were given earlier (Herzberg & Asimow, 2015; Herzberg & O’Hara, 2002). 
An example is given again in Figure S1 in Supporting Information S1. Briefly, an olivine control line though 
an observed primitive lava composition is generated by incremental addition or subtraction of the equilibrium 
olivine composition, producing an array of potential primary magma compositions. For each point on this array, 
F is calculated in normative Ol-An-Qz (projected from Di) space and 𝐴𝐴 𝐴𝐴AFM in an FeO-MgO diagram (Figure 1). 
The fields and melt fractions in Ol-An-Qz were mostly constrained by fitting Walter's experimental data on 
KR-4003, except that F for residual harzburgite was calculated from Shaw's equation for batch melting. By using 
Shaw's (1970) equation for accumulated fractional melting it can be demonstrated that melt fraction contours for 
residual harzburgite in Ol-An-Qz space are distributed similarly to those for batch melting, and this approximation 
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has little effect on primary magma calculations. Olivine addition increases 
the estimated melt fractions in both these diagrams, but at different rates. 
Each 1% olivine increases 𝐴𝐴 𝐴𝐴AFM in the FeO-MgO diagram substantially more 
than it increases F in normative Ol-An-Qz space. PRIMELT3 is therefore 
able to identify a unique primary magma composition from among the family 
of potential primary magma compositions by locating the point where  a 
common melt fraction arises in both diagrams, as shown in Figures S1a and 
S1b in Supporting Information S1. This is a mass balance solution to the 
primary magma problem, given an assumed peridotite composition. The 
model is most accurate if the source composition is similar to the KR-4003 
xenolith bulk composition used in Walter's (1998) experiments, upon which 
it is calibrated. Although results can be obtained that account to first order 
for variable source compositions, wildly different sources (such as Martian 
mantle compositions) require recalibration of the melt fraction contours in 
Ol-An-Qz space.

Herein we consider how a primary magma solution in FeO-MgO space, with 
a known value of 𝐴𝐴 𝐴𝐴AFM , defines initial and final melting pressures 𝐴𝐴 𝐴𝐴𝑖𝑖 and 

𝐴𝐴 𝐴𝐴𝑓𝑓 . In principle, they can be read off figures such as Figure 1, but we seek 
a parameterization that can yield more precise results with less effort. The 
first such parameterization was given in Herzberg and Gazel (2009) for the 
purpose of modeling the Galapagos mantle plume. In that study, melting 
pressures were parameterized as functions of primary magma FeO and MgO 
content. Results were restricted to pressures <3.0  GPa, and the effects of 
residual source lithology were not explored. In the present study we expand 
the pressure range to 7 GPa. At elevated pressures, FeO-MgO-𝐴𝐴 𝐴𝐴𝑓𝑓 systematics 

are more dependent on residuum mineralogy (Figure 1) and a more complex parameterization is required than 
that provided by Herzberg and Gazel (2009).

2.2.  Parameterization of  and 

Here we develop a method that calculates final melting pressure 𝐴𝐴 𝐴𝐴𝑓𝑓 from the combination of initial melting pres-
sure 𝐴𝐴 𝐴𝐴𝑖𝑖 and the pressure extent of the melting column, 𝐴𝐴 𝐴𝐴𝐴𝐴  :

𝑑𝑑𝑑𝑑 ≡ 𝑃𝑃𝑖𝑖 − 𝑃𝑃𝑓𝑓� (1)

Primary magma MgO contents change little during decompression (Figure 7a; Herzberg & Asimow, 2015), and 
we assume they are constant (Figure 1) and related to initial pressure of melting. In this model, there is a good 
fit for initial pressure (in GPa) versus the MgO content (in weight percent) of the first liquid along the anhydrous 
peridotite solidus from 2.5 to 7 GPa using:

𝑃𝑃𝑖𝑖 = 11.248MgO − 13700MgO

−3

− 8.13 (ln(MgO))

3� (2)

(Herzberg & Gazel, 2009). However, it is restricted to fertile peridotite with garnet as the primary aluminous 
phase on the solidus, and so applies only for 𝐴𝐴 𝐴𝐴𝑖𝑖  ≥ 2.5 GPa (Klemme & O'Neill, 2000; Longhi, 2002) and MgO 
contents ≥12.3 wt.%. In this paper we extend it to lower pressures by recalibrating to more accurately reflect 
the shape of the solidus of spinel peridotite and by incorporating different calibrations of melt productivity for 
different residual mineralogies.

Herzberg and Asimow (2015) offered an update to Equation 2 intended for extension to lower pressures and MgO 
content, as needed for modeling spinel lherzolite melting below oceanic ridges. They combined a new parame-
terization of the solidus in P-T space with a fit to the MgO contents of liquids coexisting with fertile peridotite 
as a function of P and T. The solidus of Herzberg and Asimow (2015), their Equation 15, included a deep cusp 
at the plagioclase-spinel lherzolite transition at 1 GPa, at which the MgO content of the solidus liquid drops to 
4 wt.%. However, pMELTS (Ghiorso et al., 2002) indicates 6.2 wt.% MgO in the liquid on the solidus at 1 GPa 
and THERMOCALC (Jennings & Holland, 2015) gives 6.6 wt.%. Hence, we here recalibrate the relation for 

Figure 1.  A binary MgO-FeO projection of primary magma compositions 
formed by accumulated fractional melting of fertile peridotite KR-4003, 
modified from Herzberg and Asimow (2008). Red and blue lines are initial 
melting pressure 𝐴𝐴 𝐴𝐴𝑖𝑖 and final melting pressure 𝐴𝐴 𝐴𝐴𝑓𝑓 , respectively, encoded in 
PRIMELT3-P. Brackets show the 1σ uncertainty in the Fe-Mg distribution 
coefficient between olivine and melt in high pressure experiments (Herzberg 
& O’Hara, 2002). PRIMELT3 solutions are restricted to primary magmas 
having MgO < 23.0%.
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𝐴𝐴 𝐴𝐴𝑖𝑖  < 2.5 GPa and liquid MgO < 12.3 wt.%, using the same P-T-MgO contours and the older solidus of Herzberg 
et al. (2000), which lacks the deep cusp, a new equation is:

𝑃𝑃𝑖𝑖 = −0.481MgO + 0.000454MgO

3

+ 1.166 (ln(MgO))

2� (3)

At MgO > 12.3 wt.%, where both Equations 2 and 3 are valid, Equation 3 typically yields values of 𝐴𝐴 𝐴𝐴𝑖𝑖 that are 
lower by 0.20 GPa. For near-solidus experimental melt compositions on fertile peridotite KLB-1, Equation 3 
gives 3.1  GPa for 15.78 wt.% MgO, which is the experimental liquid composition of Davis et  al.  (2011) at 
3.0 GPa. Similarly, Equation 3 gives 4.9 GPa at 21.0 wt.% MgO, matching the experimental liquid of Herzberg 
and Zhang  (1996) at 5.0  GPa. At 23.1 wt.% MgO, Equation  3 gives 6.0  GPa, the same pressure at which 
Tomlinson and Holland (2021) observed this liquid MgO concentration. A primary magma MgO content of 23% 
is a compositional upper bound on both the PRIMELT3 and PRIMELT3-P calibrations, and the algorithm does 
not extrapolate well. Pressures returned for primary magma solutions having MgO contents higher than ∼23% 
are not reliable.

To obtain 𝐴𝐴 𝐴𝐴𝑓𝑓 , we need a relation between the pressure interval of melt production dP and the extent of accumu-
lated fractional melting 𝐴𝐴 𝐴𝐴AFM ; that is, the melt productivity (see Asimow et al., 1997). For peridotite (LZ) melt-
ing, we found that the relationship between dP and 𝐴𝐴 𝐴𝐴AFM in the one-dimensional forward decompression model 
described above could be parameterized with the empirical equation:

dPLZ = AFAFM + BF
2

AFM� (4)

Readers should note that by peridotite melting we are referring to any residue other than harzburgite and dunite: 
this is typically lherzolite (Ol + Opx + Cpx ± Plag ± Sp ± Gt), but it may also be Opx-free (Tomlinson & 
Holland, 2021; Walter, 1998). There is a unique 𝐴𝐴 dP

LZ
− 𝐹𝐹

AFM
 melt production relationship specific to any given 

initial melting 𝐴𝐴 𝐴𝐴𝑖𝑖 . Results of the forward model 𝐴𝐴 𝐴𝐴𝑖𝑖 simulations at 3, 4, 5, and 7 GPa (Herzberg, 2004; Herzberg & 
O’Hara, 2002) produce a family of 4 curves which were fitted with the empirical equations:

𝐴𝐴 = 𝐴𝐴
1
+ 𝐴𝐴

2
𝐴𝐴

3

𝑖𝑖
+ 𝐴𝐴

3
𝐴𝐴

−3

𝑖𝑖� (5)

𝐵𝐵 = 𝐵𝐵
1
+ 𝐵𝐵

2
𝑃𝑃

3

𝑖𝑖
+ 𝐵𝐵

3
𝑃𝑃

−3

𝑖𝑖� (6)

See Table 1 for the values of the fitted parameters in Equations 5 and 6.

Melt production for harzburgite (HZ) melting is much lower than that for peridotite melting (Asimow et al., 1997), 
and results were modeled with the following empirical equation:

dPHZ = 𝑋𝑋 + YFAFM + ZF
2

AFM� (7)

where

𝑋𝑋 = 𝑋𝑋
1
+𝑋𝑋

2
𝑃𝑃

−1

𝑖𝑖
+𝑋𝑋

3
𝑃𝑃

−3

𝑖𝑖� (8)

𝑌𝑌 = 𝑌𝑌
1
𝑃𝑃𝑖𝑖 + 𝑌𝑌

2
𝑃𝑃

−2

𝑖𝑖
+ 𝑌𝑌

3
𝑃𝑃

−3

𝑖𝑖� (9)

𝑍𝑍 = 𝑍𝑍
1
𝑃𝑃

4

𝑖𝑖
+𝑍𝑍

2
𝑃𝑃

−2

𝑖𝑖
+𝑍𝑍

3
𝑃𝑃

−4

𝑖𝑖� (10)

See Table 1 for the values of the fitted parameters in Equations 8–10.

𝐴𝐴 dPLZ  𝐴𝐴 dPHZ 

 𝐴𝐴 𝐴𝐴1  −0.13 𝐴𝐴 𝐴𝐴1  1.74 𝐴𝐴 𝐴𝐴1  −21.37𝐴𝐴 𝐴𝐴1  9.079 𝐴𝐴 𝐴𝐴1  −0.0144

 𝐴𝐴 𝐴𝐴2  0.0101𝐴𝐴 𝐴𝐴2  −46.2 𝐴𝐴 𝐴𝐴2  −72.7𝐴𝐴 𝐴𝐴2  6097.2 𝐴𝐴 𝐴𝐴2  −5,956

 𝐴𝐴 𝐴𝐴3  120 𝐴𝐴 𝐴𝐴3  555 𝐴𝐴 𝐴𝐴3  1168𝐴𝐴 𝐴𝐴3  −18506.4𝐴𝐴 𝐴𝐴3  52,903

Table 1 
Parameters of the PRIMELT3-P dP Fit Equations
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At the boundary between peridotite and harzburgite melting:

dP
LZHZ

= 0.0831𝑃𝑃
2

𝑖𝑖
+ 20.15𝑃𝑃

−2

𝑖𝑖
− 1.19 ln(𝑃𝑃𝑖𝑖),� (11)

so that:

dP =

⎧
⎪
⎨
⎪
⎩

dPHZ if dPLZ > dPLZHZ

dPLZ if dPLZ ≤ dPLZHZ

� (12)

And, finally, by rearrangement of Equation 1,

𝑃𝑃𝑓𝑓 = 𝑃𝑃𝑖𝑖 − dP� (13)

Results showing the MgO and FeO contents of primary accumulated fractional melts at 𝐴𝐴 𝐴𝐴𝑓𝑓 are shown as blue 
curves in Figure 1.

Equations 4–13 predict the forward simulations at 3–7 GPa to within ±0.06 GPa when Equation 2 for 𝐴𝐴 𝐴𝐴𝑖𝑖 is used, 
but we expect the error would be much larger if applied to paths with lower 𝐴𝐴 𝐴𝐴𝑖𝑖 . Use of the preferred Equation 3 for 

𝐴𝐴 𝐴𝐴𝑖𝑖 increases the uncertainty to ±0.44 GPa, but this error is dominated the decompression melting simulation with 
𝐴𝐴 𝐴𝐴𝑖𝑖  = 7 GPa and primary magma MgO content of 23%, which is the upper bound on the PRIMELT3 calibration 

imposed by Walter's (1998) data. Considering the 7 GPa case as an outlier, simulations at 3, 4, and 5 GPa yield 
an uncertainty of ±0.23 GPa using Equation 3.

We emphasize that the method described here of computing 𝐴𝐴 dP as a function of 𝐴𝐴 𝐴𝐴AFM and 𝐴𝐴 𝐴𝐴𝑖𝑖 is entirely composi-
tional in nature, taking no account of the energetics of melt production expected for an isentropic decompression 
process. The results share some features with the predictions of the thermodynamic pMELTS model (Ghiorso 
et al., 2002) using the isentropic calculation method of Asimow et al.  (2001), but there are also a number of 
essential differences. In general, both models agree that melting paths that begin in the shallow part of the garnet 
lherzolite field (around 3  GPa), at potential temperatures near 1450°C, yield average melt productivity near 
20%/GPa for lherzolite and 5%–10%/GPa for harzburgite (once clinopyroxene is exhausted). The behavior of 
pMELTS, however, is much more sensitive to predicted near-solidus variations in the spacing and slope of equal 
melt-fraction contours (see Asimow et al., 1997). Hence, pMELTS predicts that melt productivity increases along 
each decompression path from the solidus to a peak near 𝐴𝐴 𝐴𝐴AFM  ∼ 0.15, whereas PRIMELT3-P predicts monoton-
ically decreasing melt productivity along each (anhydrous) streamline. Also, pMELTS predicts that increasing 
pressure (and potential temperature) leads to decreasing melt productivity due to the flattening of the solidus, 
whereas PRIMELT3-P predicts increasing melt productivity due to the decrease in the spacing between solidus 
and liquidus temperatures (Herzberg & Zhang, 1996). Although the predictions of pMELTS are thermodynami-
cally self-consistent, it has been well-documented that they diverge from experimental constraints, especially at 
low melt fraction and high pressure. Asimow et al. (1997) show that thermodynamic estimates of melt productiv-
ity are dominated by the slope and spacing of equal melt fraction contours (such as the solidus), with additional 
contributions (especially very near the solidus) arising from correct definition of the incremental entropy of 
fusion. Hence these results depend primarily on the accuracy of experimental calibration of the melt fraction 
contours in P-T space, and PRIMELT3-P was developed precisely for this purpose. Although PRIMELT3-P is 
not a thermodynamic model of melt productivity, its results are broadly consistent with the expectations of ther-
modynamics if the melt fraction contours it uses are correct. Since the melt fraction contours in PRIMELT3-P 
are directly tied to experiments, rather than themselves being imperfect predictions of a constructed Gibbs energy 
model, the different productivity predictions of PRIMELT3-P and pMELTS are provocative rather than fatal for 
either model. Detailed reconciliation of the compositional approach of PRIMELT3-P and the thermodynamic 
approach to computing melt production awaits improvements in the thermodynamic model that better fit experi-
mental constraints beyond 3 GPa.

2.3.  Uncertainties

In addition to the ±0.23 GPa uncertainty arising from the forward decompression melting model, there are other 
layers of uncertainty that can compromise computed 𝐴𝐴 𝐴𝐴𝑓𝑓 results. Figure 1 shows that 𝐴𝐴 𝐴𝐴𝑓𝑓 isopleths can be highly 
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compressed in some regions of primary magma FeO-MgO space. This will most seriously impact results that 
yield 𝐴𝐴 𝐴𝐴𝑓𝑓 solutions between 0 and 1 GPa, which can arise from primary magma solutions that vary by just 1 
wt. % MgO. Error brackets in Figure 1 also show that the 1σ uncertainty in the Fe-Mg distribution coefficient 
between olivine and melt, KD, in high pressure experiments (Herzberg & O’Hara, 2002) could propagate to a 
range of ±1 GPa in 𝐴𝐴 𝐴𝐴𝑓𝑓 . However, it will be shown below (Section 5) that the 𝐴𝐴 𝐴𝐴𝑓𝑓 results from PRIMELT3-P have 
a 1σ uncertainty of about ±0.29 GPa.

2.4.  PRIMELT3-P

The PRIMELT3 MEGA.xlsm Microsoft® Excel® macro-enabled workbook (Herzberg & Asimow, 2015) has 
been modified to include melting pressures, and is now called PRIMELT3-P MEGA.xlsm. It contains example 
worksheets for several specific lava compositions, which can be duplicated or re-used for single compositions, as 
well as the MEGA feature for batch processing of large data sets. Detailed descriptions of the software implemen-
tation and its limitations are found in Herzberg and Asimow (2015) and will not be repeated here.

PRIMELT3-P incorporates the same model of the dependence of the olivine liquidus temperature (in °C) on 
liquid MgO (weight percent) as previous versions:

𝑇𝑇
𝑂𝑂𝑂𝑂∕𝐿𝐿

1 bar

= 1020 + 24.4MgO − 0.161MgO

2� (14)

which was calibrated on 1249 experiments and can be applied to a wide range of melt compositions: MgO = 1 to 
57 wt.%; Na2O + K2O = 0 to 14 wt.%; SiO2 = 30 to 70 wt.%. There is excellent agreement among olivine liquidus 
thermometers. Equation 14 agrees with olivine-liquid equilibrium temperatures calculated by MELTS (Ghiorso 
& Sack, 1995) to within ±7°C (1 σ); it is usually within 10°C of the Beattie (1993) thermometer, which is slightly 
more accurate (Herzberg & Asimow, 2015).

Olivine liquidus temperatures need to be corrected when they are applied at elevated pressures, including initial 
melting pressure (𝐴𝐴 𝐴𝐴𝑖𝑖 ), final melting pressure (𝐴𝐴 𝐴𝐴𝑓𝑓 ), and the fractionation pressure where olivine addition and 
subtraction are computed (𝐴𝐴 𝐴𝐴Frac, a user input quantity given on each single-composition PRIMELT3-P worksheet 
at cell R6). This correction is expressed by

𝑇𝑇
𝑂𝑂𝑂𝑂∕𝐿𝐿

(𝑃𝑃 ) = 𝑇𝑇
𝑂𝑂𝑂𝑂∕𝐿𝐿

1 bar

+ 54𝑃𝑃 − 2𝑃𝑃
2� (15)

which is identical to Equation 12 in Herzberg and Asimow (2015), where it was used to map the olivine saturation 
(liquidus) surface for primary magmas in temperature - pressure space (Herzberg & Asimow, 2015, Figures 4 
and 7).

On the PRIMELT3-P single-composition worksheets, notable information appears at.

1.	 �Cell Z15, output of initial melting pressure 𝐴𝐴 𝐴𝐴𝑖𝑖 (GPa)
2.	 �Cell AA15, output of final melting pressure 𝐴𝐴 𝐴𝐴𝑓𝑓 (GPa)
3.	 �Cell AB15, output of 𝐴𝐴 𝐴𝐴

𝑂𝑂𝑂𝑂∕𝐿𝐿
(𝑃𝑃𝑓𝑓 ) , the olivine liquidus temperature of the primary magma calculated at the 

final melting pressure 𝐴𝐴 𝐴𝐴𝑓𝑓 .
4.	 �Cell P15, 𝐴𝐴 𝐴𝐴

𝑂𝑂𝑂𝑂∕𝐿𝐿
(𝑃𝑃

Frac
) , the olivine liquidus temperature of the primary magma at the olivine fractionation 

pressure 𝐴𝐴 Frac𝑃𝑃  .
5.	 �Column AE, olivine liquidus temperatures for each member of the family of liquid compositions derived by 

increments of 1% olivine addition to or subtraction from the input composition, computed the Beattie (1993) 
thermometer and corrected to 𝐴𝐴 Frac𝑃𝑃  .

6.	 �Column AF, the Fe-Mg distribution coefficient between olivine and melt (𝐴𝐴 𝐴𝐴𝐷𝐷 ≡ (FeO∕MgO)𝑂𝑂𝑂𝑂∕(FeO∕MgO) 
𝐴𝐴 𝐴𝐴𝐷𝐷 ≡ (FeO∕MgO)𝑂𝑂𝑂𝑂∕(FeO∕MgO)

melt
 ) for each member of the family of liquid compositions derived by increments of 1% olivine addi-

tion to or subtraction from the input composition, computed at the temperature shown in column AE and at 
𝐴𝐴 𝐴𝐴𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 using the Toplis (2005) model.

7.	 �Column AG, 𝐴𝐴 Mg# (i.e., molar 100*MgO/(MgO + FeO) of olivine in equilibrium with each of the family of 
liquid compositions along the olivine control line, obtained from the melt composition and 𝐴𝐴 𝐴𝐴𝐷𝐷 .

8.	 �Columns AE, AF, and AG are useful in simulating olivine fractionation along an olivine liquid line of 
descent. This is the PRIMELT “Olivine Calculator”. By itself, that is, without attempting to use the full 
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PRIMELT3 solution outside its calibration limits, the olivine calculator can be useful for constraining 
primary magma compositions for komatiites that had MgO contents in excess of 23% (Herzberg, 2022).

9.	 �Cell X15 estimates the residual mineralogy that coexisted with the computed primary magma based on its 
projected position in Ol-An-Qz space (see Figure 1a of Herzberg & Asimow, 2015).

10.	 �Cell Y15 estimates the residual lithology that coexists with the computed primary magma based on its 
FeO-MgO contents. Residual harzburgite consists of Olivine (Ol) + Orthopyroxene (Opx) ± Spinel (Sp). 
Peridotite residues typically contain Ol + Opx ± Cpx ± Plag ± Sp ± Gt, but they may also be Opx- or 
Cpx-free at high pressures (e.g., Ol + Cpx + Gt or Ol + Opx + Gt; Walter, 1998; Jennings & Holland, 2015). 
The agreement between the two estimates of residual mineralogy is good, but fewer harzburgite residues are 
generally identified in Ol-An-Qz projection than in FeO-MgO space (Figure 1).

PRIMELT3-P may fail to find a primary magma solution in some cases. More often, however, it may find a solu-
tion but also warn the user that the solution is suspect because it fails one of the tests for validity. The solution 
may be compromised by pyroxenite melting, by augite fractionation/accumulation, or by volatile-rich peridotite 
melting. Importantly, we will show below that the identification of pyroxenite-source melts can often help to 
avoid erroneous pressure estimates resulting from application of models that assume a peridotite source, either 
PRIMELT3-P or FractionatePT3 (Lee et al., 2009), to pyroxenite-source melts.

As an alternative to the PRIMELT3-P MEGA.xlsm workbook, avoiding dependence on proprietary software 
and the poor support of visual basic macros on MacOS, a PRIMELT3-P python-based GUI for Windows and 
macOS users is provided with this paper. All primary magma calculations, compositional parameters, and 
pressure-temperature conditions are calculated following the same general procedure as the workbook version. 
There are minor and subtle differences between the python and Excel versions at the level of different interpola-
tions between 1% olivine addition/subtraction steps. The program requires a delimited text file as input. An exam-
ple input file is provided; it contains the analyzed composition of the primitive rock (in oxide weight percent), a 
specified FeO/FeOT ratio, and the fractionation pressure in bars. The output is divided into two separate blocks 
for batch and AFM solutions, respectively, and can be exported to several formats or copied to the clipboard for 
pasting into any spreadsheet program. Other additional features include an FeO versus MgO plot for olivine  frac-
tionation lines and pressure-temperature estimates for each primary magma solution. Detailed instructions and 
input templates are available as separate text files included in the package. Both the excel and GUI version of 
PRIMELT3-P can be downloaded for free from Gitlab (https://gitlab.com/primelt_software/primelt3-p) and from 
a Caltech data repository https://doi.org/10.22002/6te59-vad07.

2.5.  Oxidation State of Iron

The oxidation state of iron in a primitive magma must be known or assumed because the primary magma solution 
depends on FeO content (Figure 1), not Fe2O3 content. It is therefore necessary to calculate FeO from total iron 
FeOT, and this is done by inputting FeO/FeOT in Cell F5 in a single-composition PRIMELT3-P worksheet or in 
the input tables to the MEGA function or the python GUI. The consequences of changing the assumed FeO/FeOT 
in primary magma estimates have been explored by Asimow (2022).

There is now a significant literature on the oxidation state of iron in MORB and OIB constrained from wet chem-
istry, Mössbauer spectroscopy, and X-Ray absorption near-edge structure (XANES) spectroscopy on volcanic 
glasses and melt inclusions (Berry et al., 2018; Bézos et al., 2021; Cottrell et al., 2022; Gaborieau et al., 2020). 
However, all measurements have been made on compositions that are substantially different from the primary 
magmas of interest owing to magma chamber recharge, mixing, tapping, assimilation and crystallization (Coogan 
& O’Hara, 2015; O’Hara & Herzberg, 2002; O’Neill & Jenner, 2016). Additionally, degassing can reduce iron 
(e.g., Brounce et al., 2017; Hartley et al., 2017; Moussallam et al., 2016).

But even if we can reconstruct a primary magma FeO content from a lava with an accurate measurement of its 
FeO/FeOT on eruption and by properly evaluating its crystallization and degassing history, there is added ambigu-
ity about whether the FeO/FeOT at the liquidus at 𝐴𝐴 𝐴𝐴Frac accurately represents redox conditions of the mantle during 
melting. Jennings and Holland (2015) estimate that the fO2 of a fertile peridotite source at pressures and temper-
atures relevant to primary magmas in this study can be lower by 1–2 log units relative to the crust where crys-
tallization and degassing typically take place. This implies that primary magmas may become oxidized on their 
way to the surface. One log unit of oxidation may decrease the FeO/FeOT from, for example, 0.90 in the mantle 
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to 0.86 in the crust (calculated using rhyoliteMELTS; Gualda et al., 2012). 
Decompression melting from larger values of 𝐴𝐴 𝐴𝐴𝑓𝑓 at ocean islands compared 
to mid-ocean ridges may therefore contribute, at least in part, to the appar-
ently more oxidized nature of mantle plume magmas compared with MORB 
(Bézos et  al.,  2021; Brounce et  al.,  2017; Gaborieau et  al.,  2020; Hartley 
et al., 2017; Moussallam et al., 2016, 2019). On the other hand, the sources of 
plumes magmas may already be oxidized by incorporation of recycled crust 
or delaminated lithospheric mantle (Brounce et al., 2017; Helz et al., 2017; 
Moussallam et al., 2016, 2019; Shorttle et al., 2015).

The default assumption made in PRIMELT3-P is that melts have FeO/
FeOT  =  0.90, consistent with most measurements on MORB glasses 
(Berry et al., 2018; Bézos et al., 2021; Gaborieau et al., 2020), noting that 
other groups estimate FeO/FeOT = 0.86 for MORB (Cottrell et al., 2022). 
However, we will consider below the possibility of more oxidized conditions 
in plume-derived lavas. The effect of decreasing FeO/FeOT is to lower the 
estimate of final melting pressure 𝐴𝐴 𝐴𝐴𝑓𝑓 .

2.6.  Source Lithology

The source lithology of a primary magma must be known because the 
PRIMELT3-P parameterization has been calibrated from experiments 

on fertile peridotite KR-4003 and because olivine-liquid equilibrium in the source is assumed in constructing 
the FeO-MgO relations. Therefore, pressure estimates and primary magma solutions from PRIMELT3-P for 
a rock that was generated from a pyroxenite source will be erroneous. The FractionatePT3 algorithm of Lee 
et al.  (2009), which assumes that primary melts were in equilibrium with Ol + Opx, likewise will fail when 
applied to pyroxenite-derived melts, many of which may have Cpx + Gt ± Ol residues (Herzberg, 2011; Kogiso 
et al., 1998, 2004; Lambart et al., 2016).

How, then, might we confidently identify and filter pyroxenite-source lavas? The use of trace element and radio-
genic isotopic compositions of basalts to identify source lithology is fraught with difficulties. These tracers can 
reveal the influence of recycled crust in the source, but generally do not distinguish whether the recycled crust 
was present as discrete masses of pyroxenite or only as enriched peridotite (e.g., Herzberg, 2011). The identifica-
tion of source lithology in PRIMELT3 is made tractable because there is a narrow range of CaO contents of both 
experimental and model accumulated fractional melts of peridotite KR-4003 as shown in Figure 2. This leads to 
the filter that separates low-CaO pyroxenite-source melts from the CaO contents of melts of fertile peridotite by 
dividing at the red line in Figure 2 given by Equation 7 in Herzberg and Asimow (2008),

CaO = 13.81 − 0.274MgO� (16)

where 𝐴𝐴 CaO and 𝐴𝐴 MgO are expressed in weight percent. We assume that this CaO-MgO filter is useful even for 
refertilized peridotite. But it is imperfect—it does not always exclude melts that are in fact sourced from pyrox-
enite. For example, in a database of 91 melt compositions having MgO >10% obtained from melting experi-
ments on pyroxenites (Lambart et al., 2013, 2016), Equation 16 successfully identifies 76% of the pyroxenite 
melt compositions as low-CaO pyroxenite-source melts that cannot be derived by melting of fertile peridotite 
KR-4003. Unfortunately, the remaining 24% of the pyroxenite-source melts are above the line of Equation 16 and 
are not flagged as impossible peridotite-source melts. Indeed, some partial melts of peridotite and pyroxenite can 
have similar compositions, as demonstrated previously (Lambart et al., 2009), and so PRIMELT3 cannot always 
distinguish them.

As discussed below, most high MgO shield-stage lavas from Hawai'i are natural examples of low-CaO 
pyroxenite-source melts, falling below the line of Equation 16 and so outside the range of partial melts of perid-
otites KR-4003 (Davis et al., 2011; Herzberg, 2006, 2011; Herzberg & Asimow, 2008). Calculations with recent 
multicomponent melting models incorporated into THERMOCALC concur that melts of peridotite sources 
KLB-1 (Jennings & Holland, 2015) and KR-4003 (Tomlinson & Holland, 2021) never have CaO (at equal MgO) 
as low as these Hawai'ian shield-stage lavas. Primary magmas on the solidus with 15%–21% MgO were modeled 

Figure 2.  CaO contents of primary melts of fertile peridotite KR-4003 
formed by accumulated fractional melting (AFM; green space), modified 
after Herzberg and Asimow (2008). Primary melt compositions having CaO 
contents higher and lower can have multiple origins as discussed in the text; 
for these, pressures obtained from PRIMELT3-P will be erroneous.
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to have 10% CaO (Herzberg & Asimow, 2008), similar to model results of 
Tomlinson and Holland (2021). It is therefore no surprise that olivines that 
crystallize from Hawai'ian shield-stage lavas have CaO contents that are also 
lower than olivines that crystallize from melts of a peridotite source prove-
nance (Gavrilenko et al., 2016; Sobolev et al., 2007).

Primary magmas can have CaO contents that are too high to be accumulated 
fractional partial melts of peridotite KR-4003. For these, PRIMELT3 identi-
fies them as resulting from “augite accumulation” if they have CaO contents 
higher than those defined by equation 9 in Herzberg and Asimow (2008):

CaO = 1.095 + 0.154MgO + 116.58MgO

−1� (17)

However, we recognize that these high-CaO primary magma solutions can 
have origins other than augite accumulation. First, of the 91 experimental 
pyroxenite melts (Lambart et  al.,  2013,  2016), 20% are above the curve 
defined by Equation 17 and PRIMELT3-P erroneously flags them as having 
experienced “augite accumulation”. Therefore, Equation 17 is also potentially 
useful for identifying high-CaO pyroxenite source melts. Second, Shorttle 
and Maclennan (2011) and Shorttle et al.  (2014) reported a wide range of 
CaO contents for primitive Icelandic lavas and found that CaO in these lavas 
is negatively correlated with Nb/Zr and  87Sr/ 86Sr. As discussed below, appli-
cation of PRIMELT3-P to this Icelandic database yields many successful 
solutions with no errors. However, the samples with the highest CaO contents 
are flagged for “augite accumulation”. In fact, it is likely that these lavas have 
high CaO instead because they were derived from a strongly depleted perid-
otite source composition (Shorttle & Maclennan, 2011; Shorttle et al., 2014); 
this is discussed below in Section 4.6.

Another critical application of the CaO filters is identification of 
peridotite-source melts that have fractionated augite, which leads to rapidly 
increasing FeOT and erroneous primary magma solutions with excessive 
potential temperature estimates. These low-CaO fractionated melts may plot 
below the line of Equation 16 and be flagged as “pyroxenite source … no 
solution”. So, the user will know to exclude these lavas, but for the wrong 
reason. By contrast, lavas that plot in the narrow region of CaO-MgO space 
below peridotite-source melts and above low-CaO pyroxenite-source melts 
are specifically flagged with an “augite fractionation” warning.

3.  Mauna Kea, Hawai'i
3.1.  Background

We begin by examining magmatic pressure estimates for Hawai'i using both PRIMELT3-P and FractionatePT3 
(Lee et al., 2009). Hawai'i is an ideal test case for petrological pressure estimates because it is an iconic mantle 
plume that impacts an older part of the Pacific lithospheric plate, whose local thickness has been independently 
constrained from seismology to be 75–93 km (Rychert et al., 2013; Schmerr, 2012).

Most lava samples from the major shield-stage volcanoes of the Hawai'ian chain trigger the error flag for 
low-CaO pyroxenite melts. The inference is that pyroxenite is a major source lithology in the Hawai'ian plume 
(Herzberg,  2006,  2011; Sobolev et  al.,  2007). By contrast, the post-shield lavas from Mauna Kea stand out, 
among Hawai'ian samples, in providing successful PRIMELT3 primary magma solutions for peridotite source 
melting; mantle potential temperature estimates for these samples are discussed in Herzberg and Asimow (2008). 
Here, we focus on the shield-stage lavas from Mauna Kea obtained from the Hawai'i Scientific Drilling Project 
2 (HSDP2), which erupted from 695,000 to 209,000 years ago (Rhodes et al., 2012; Stolper et al., 2004, 2009). 
Most samples of the core analyzed and reported by Rhodes and Vollinger (2004) have CaO contents that are lower 
than those defined by Equation 16, consistent with pyroxenite source melting (Figure 3a). For these low-CaO 

Figure 3.  (a) CaO and MgO contents of high- and low-CaO shield-stage 
lavas from Mauna Kea and their successful and unsuccessful PRIMELT3 
primary melts, respectively, using FeO/FeOT = 0.90. Unsuccessful solutions 
for the low-CaO lavas are called “Faux solutions” because the primary magma 
compositions and pressures obtained were calculated from a peridotite-source 
melting calibration, not appropriate for pyroxenite-source melting. Lavas with 
intermediate CaO contents yield PRIMELT3 “augite fraction” error flags and 
are not shown for clarity. (b) Zn/Fe for high- and low-CaO shield-stage lavas 
from Mauna Kea as a proxy for source lithology (Le Roux et al., 2011).
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lavas, PRIMELT3 calculates a primary magma solution, but it flags the result 
with a “pyroxenite source” warning. We label these apparent results as “faux” 
solutions because the primary magma compositions and pressures obtained 
were calculated from a peridotite-source melting calibration, not appropriate 
for pyroxenite-source melting.

Rare lavas with high CaO contents occur in the HSDP core in the depth inter-
vals 1766–1782 and 1795–1808 m below sea level. Whole rock data reported 
by DeFelice et  al.  (2019) and their PRIMELT3 primary magma solutions 
are provided in Table  S1. These primary magmas plot in the green space 
of solutions in Figure 3a, consistent with a peridotite source lithology. The 
lavas are distinguished from all other shield-stage lavas from Mauna Kea in 
having depleted Nd, Hf, and Sr isotope ratios (DeFelice et al., 2019). These 
authors proposed a mantle plume structure having enriched components 
embedded within a refractory depleted matrix. While DeFelice et al. (2019) 
did not specify the lithological nature of these components, their model 
is consistent with pyroxenite bodies contained within a peridotite matrix 
(Herzberg, 2006, 2011), yielding low- and high-CaO lavas descended from 
primary magmas generated in pyroxenite and peridotite lithologies, respec-
tively (Figure 3a).

The fidelity of CaO as a probe of lithological heterogeneity in the source 
is supported by Zn/Fe data from Mauna Kea shield-stage lavas, as shown 
in Figure 3b (DeFelice et  al., 2019; Huang & Humayun, 2016; Rhodes & 
Vollinger,  2004). Zn and Fe are strongly fractionated by Cpx and Gt but 
negligibly so by Ol and Opx (Le Roux et al., 2011). Hence, pyroxenite-source 
melts and olivines crystallized from them can have higher Zn/Fe than those 
from peridotite (Howarth & Harris, 2017; Le Roux et al., 2011). The gener-

ally higher Zn/Fe in low-CaO Mauna Kea lavas is therefore consistent with pyroxenite source melting as inferred 
from Equation 16. Some low-CaO lavas interpreted here as pyroxenite-source fall into the peridotite field, defined 
by Le Roux et al. (2011) as Zn/Fe < 0.0012. However, it is not likely that there is a completely clean demarca-
tion between the two lithologies. At the contact between a body of olivine-absent pyroxenite (Cpx + Gt ± Qz/
Cs) and its olivine-dominated peridotite host, there may be a reaction zone consisting of olivine pyroxenite 
(Ol + Cpx + Gt; see Figure 16 in Herzberg, 2011). Melts at these contact zones are expected to have variable 
Zn/Fe, depending on the amount of residual olivine. Likewise, some high-CaO lavas have Zn/Fe in or near the 
pyroxenite field, possibly owing to refertilization of peridotite by pyroxenite-source melts. These complexities 
notwithstanding, it is clear from Figures 3a and 3b that there is a separation of Zn/Fe between the high and 
low-CaO Mauna Kea populations, consistent with lithological variability. The consequences of such source vari-
ability for magmatic pressure estimates are discussed below in Section 3.4.

3.2.  Oxidation State of Iron and Seismological Constraints

Results of 𝐴𝐴 𝐴𝐴𝑓𝑓 and 𝐴𝐴 𝐴𝐴
𝑂𝑂𝑂𝑂∕𝐿𝐿

(𝑃𝑃𝑓𝑓 ) for the high-CaO Mauna Kea lavas interpreted as peridotite-source (DeFelice 
et al., 2019) are shown in Figure 4, calculated with FeO/FeOT = 0.84 and 0.90. The more oxidized condition was 
suggested by Brounce et al. (2017) based on XANES observations of HSDP2 low-CaO lavas having ∼7% MgO, 
corrected to their preferred primary magma with 19% MgO. It is unclear whether this oxidation state should be 
applied to the high-CaO samples from the same core. The following are noteworthy observations:

1.	 �Computed values of 𝐴𝐴 𝐴𝐴𝑓𝑓 for the reduced model range from 3.1 to 3.5 GPa. The effect of assuming a more 
oxidized condition is to reduce 𝐴𝐴 𝐴𝐴𝑓𝑓 by a depth equivalent of about 25 km. Mantle potential temperature (𝐴𝐴 𝐴𝐴𝑃𝑃 ) 
solutions are 1520–1560°C for the reduced models and uniformly 30°C lower for the oxidized assumption. 
These results are similar to those for post-shield lavas from Mauna Kea (Herzberg & Asimow, 2008). The 
calculations for a particular example, Mauna Kea HSDP2 sample SR0684–8.95 (Stolper et al., 2004) with 
FeO/FeOT = 0.90, is included in the PRIMELT3-P MEGA.xlsm file; for this sample, 𝐴𝐴 𝐴𝐴𝑃𝑃 is 1526°C.

2.	 �For FeO/FeOT  =  0.90, there is substantial agreement between the estimates of melting pressure from 
PRIMELT3-P and inferences of melt distribution in the mantle below Hawai'i using receiver functions 

Figure 4.  PRIMELT3-P final melting pressures 𝐴𝐴 𝐴𝐴𝑓𝑓 and temperatures of 
primary magmas for high-CaO shield-stage lavas from Mauna Kea obtained 
from the Hawai'i Scientific Drilling Project 2 (HSDP2) (DeFelice et al., 2019) 
at different assumed oxidation states of iron. “G” refers to the Gutenberg 
Discontinuity, or LAB, for the Pacific oceanic lithospheric plate at the location 
of Hawai'i (75–93 km; Schmerr, 2012; Rychert et al., 2013). Slow S waves 
are melt distributions that have been mapped below Hawai'i using receiver 
functions (Rychert et al., 2013). Siqueiros MORB solutions: FeO/FeOT = 0.90; 
fertile source is KR-4003 with 38.1% MgO and 8.0% FeO; depleted source 
has 38.1% MgO and 7.7% FeO and primary magmas crystallize olivine 
phenocrysts with 𝐴𝐴 Mg#  = 91.0 ± 0.1.
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(Rychert et al., 2013). The range of 𝐴𝐴 𝐴𝐴𝑓𝑓 for the high-CaO HSDP2 suite is equivalent to depths of final melting 
of 100–115 km, identical to the depths showing greatest S wave velocity reduction (Rychert et al., 2013). This 
result is promising, but we caution that the Hawai'ian mantle plume structure inferred from present-day seis-
mological work may differ from that during Mauna Kea shield-building time (695–209 ka).

3.	 �For FeO/FeOT  =  0.90, 𝐴𝐴 𝐴𝐴𝑓𝑓 results are higher than those defined by the Gutenberg Discontinuity, inferred 
to represent the lithosphere-asthenosphere boundary (LAB), mapped beneath Hawai'i at 75–93  km depth 
(Rychert et  al.,  2013; Schmerr, 2012). This result is consistent with models suggesting that the LAB is a 
barrier to vertical mantle plume transport and melting (e.g., Niu et al., 2011; Prytulak & Elliott, 2007).

4.	 �The 𝐴𝐴 𝐴𝐴𝑓𝑓 results from PRIMELT3-P are lower than the seismological LAB when assuming FeO/FeOT = 0.84. 
We interpret this result to imply that the low-CaO pyroxenite-source lavas on which the XANES measure-
ments were made (Brounce et al., 2017) are more oxidized than the high-CaO peridotite-source lavas owing 
to crust recycling. Alternatively, there may have been oxidation at some stage between melting and sampling 
(see Section 2.5).

3.3.  Hawai'i Compared to Ambient Mantle

Results for Hawai'i are compared with the ambient mantle reference frame as represented by 35 primitive 
Ol-phyric mid-ocean ridge basalt samples from the Siqueiros Fracture Zone (Arevalo & McDonough,  2010; 
Hays, 2004; Herzberg & Asimow, 2015; Perfit et al., 1996). Predicted maximum olivine 𝐴𝐴 Mg# in liquidus olivine 
for this suite is 90.4 when calculated assuming the default PRIMELT3 source composition (KR-4003 with 38.1% 
MgO and 8.0% FeO). However, observed olivine phenocrysts in these samples extend up to 𝐴𝐴 Mg# 91.0 (Coogan 
et al., 2014; Sobolev et al., 2007). We can resolve this difference by reducing the FeO content of the peridotite 
source composition in Cell R3 of the PRIMELT3 worksheet from 8.0% to 7.6%. This FeO-depleted peridotite 
source yields more primitive primary magma solutions, with 𝐴𝐴 Mg# of 91.0 for liquidus olivine and correspond-
ingly higher MgO in the primary liquid (by about 1 wt.%). Although the more depleted source assumption also 
increases estimated 𝐴𝐴 𝐴𝐴𝑃𝑃 from 1340 ± 10°C to 1365 ± 14°C, there is no change in the mean estimate of final 
pressure of melting, 𝐴𝐴 𝐴𝐴𝑓𝑓  = 1.4 GPa (Figure 4). We do not know precisely how robust the calibration of 𝐴𝐴 𝐴𝐴𝑓𝑓 is to 
variations in peridotite source FeO content; Supporting Information S1 provides a deeper analysis of the effects 
of peridotite source composition on PRIMELT3 solutions.

Many models of the MORB source composition have about 8.0% FeO (Lyubetskaya & Korenaga,  2007; 
McDonough & Sun, 1995; Palme & O’Neill, 2003), including the depleted MORB mantle DMM of Workman 
and Hart (2005). Hence it is worth considering whether there are alternatives to supposing that the Siqueiros 
suite is derived from a source with 7.6% FeO. (a) This may in fact be a low-FeO domain that arose from extrac-
tion of ancient, high-temperature FeO-rich melts (Text S1 in Supporting Information S1; Herzberg et al., 2010; 
Herzberg & Rudnick,  2012). Alternatively, (b) the Siqueiros primary magma may have formed by imperfect 
mixing of extracted melt increments, with biased oversampling of high-F fractional melts from the upper parts of 
the melting region (progressive decompression melting always yields decreasing FeO in the residues; Herzberg 
& O’Hara, 2002).

Our preferred mantle potential temperature for Siqueiros, 1365  ±  14°C, is about 200°C lower than Hawai'i 
(Figure 4). Other recent petrological 𝐴𝐴 𝐴𝐴𝑃𝑃 estimates for Siqueiros MORB are 1364 ± 23°C (Matthews et al., 2021) 
and 1318 + 44/−32°C (Matthews et al., 2016). For Siqueiros sample D-20-15, we obtain 𝐴𝐴 𝐴𝐴𝑃𝑃  = 1357°C with 8.0% 
FeO in the peridotite source or 1384°C assuming 7.6% FeO in the source (see the example worksheet “Siqueiros 
MORB” in the PRIMELT3-P MEGA.xlsm). By contrast, the inversion method of Krein et  al.  (2021), yields 
1270°C for sample D-20-15.

Now, let us compare the PRIMELT3-P final pressure result for Siqueiros MORB with the pressure estimate 
from FractionatePT3 (Lee et al., 2009). Since the FractionatePT3 barometer was calibrated from experiments, 
it implicitly assumes equilibrium melting, whereas we are reporting accumulated fractional melting results for 
PRIMELT3-P. The FractionatePT3 software provides an option to compute T and P of an input without correcting 
for olivine addition or subtraction. This is useful for the present purpose because the primary magma solution 
from PRIMELT3-P can be tested directly, facilitating a direct comparison of calculated conditions from the two 
models at equal composition. Mean 𝐴𝐴 𝐴𝐴𝑓𝑓 values are 1.4 and 1.3 GPa for PRIMELT3-P and FractionatePT3, respec-
tively. As demonstrated below, similar pressures are also obtained from both methods when applied to Hawai'i 
and Iceland.
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3.4.  Compromising Effects of Pyroxenite Melting

As discussed in Methods Section  2.6, PRIMELT3-P pressure information 
obtained from a primary magma that was generated from a pyroxenite source 
will be erroneous. PRIMELT3-P identifies the low-CaO lavas (Rhodes & 
Vollinger, 2004) with a pyroxenite source using Equation 16, consistent with 
their high Zn/Fe ratios (Figure 3). It calculates faux primary magmas and 
their pressures anyway, and results are shown in Figure 5. This exercise is 
useful for evaluating the errors that result from the inappropriate applica-
tion of a peridotite geobarometer to pyroxenite melts. Erroneous faux pres-
sures range from ∼2 to 6 GPa, in contrast with 3.1–3.5 GPa for successful 
PRIMELT3-P solutions with residual peridotite and harzburgite. Inferred 
mantle potential temperatures 𝐴𝐴 𝐴𝐴𝑃𝑃 obtained from the highest faux pressures 
can be ∼100°C too high (Figure 5). Erroneous interpretations stemming from 
faux pressures highlight the need to distinguish melts from peridotite and 
pyroxenite sources.

3.5.  PRIMELT3-P and FractionatePT3 Lee et al. (2009) on Mauna Kea 
Shield Lavas

Results shown in Figure 6 demonstrate that PRIMELT3-P and FractionatePT3 
(Lee et al., 2009) yield very similar pressures for the high-CaO Mauna Kea 
lavas that we judge to have been extracted from peridotite and harzburgite 
residues: mean pressures are 2.9–3.3  GPa from FractionatePT3 and 𝐴𝐴 𝐴𝐴𝑓𝑓 is 
3.1–3.5  GPa from PRIMELT3-P. Pressures/depths from both methods are 
slightly higher than those defined by the Gutenberg Discontinuity, or LAB, 
for the Pacific oceanic lithospheric plate at the location of Hawai'i, as would 
be expected if it were a barrier (Figure 6). Faux solutions provided by Frac-
tionatePT3 for the low-CaO primary melts yield a wide range of pressures, 
from 2 to 6 GPa. For these faux solutions, there is no guarantee that such 
pyroxenite source melts were extracted from a residue containing Ol + Opx, 
a requirement of the FractionatePT3 calibration. We do not know the nature 
of the residual mineralogy, but similar low-CaO lavas are found in Iceland 
(Shorttle & Maclennan, 2011); these authors matched them with partial melts 
of pyroxenite KG2 (Kogiso et al., 1998) having residual Ol + Cpx + Gt.

FractionatePT3 was also run on the same 91 experimental pyroxenite-source 
melt compositions (Lambart et  al.,  2013,  2016) discussed in Section  2.6, 
with the constraint of adding/subtracting olivine to a targeted Fo90 compo-
sition using 𝐴𝐴 𝐴𝐴𝐷𝐷  = 0.30. Unlike PRIMELT3, FractionatePT3 does not flag 
magma compositions that are outside of its calibration bounds. Only 10% 
of the experimental pyroxenite melts were in equilibrium with Ol + Opx as 
required by the FractionatePT3 calibration (Lee et al., 2009), but the code 
reports apparent primary magma compositions, temperatures and pressures 
for the remaining 90% of the experimental database, even though they are not 
in equilibrium with Ol + Opx.

These tests on experimental melts of pyroxenite reveal that neither 
PRIMELT3-P nor FractionatePT3 are equipped to provide meaningful 
temperatures and pressures of melting in all cases. However, unlike Fraction-
atePT3, PRIMELT3-P does provide a means for identifying compromised 
solutions, albeit in an imperfect way as discussed in Section 2.6. Reference to 
Figure 6 shows that the use of FractionatePT3 on pyroxenite-source magmas 
from Mauna Kea can yield absolute temperatures and pressures that are both 
too low and too high. As with PRIMELT3-P, the mantle potential tempera-
tures inferred from the highest faux pressures are ∼100°C too high (Figure 6).

Figure 5.  The effect of source lithology on computed pressures of melting. 
PRIMELT3-P final melting pressures 𝐴𝐴 𝐴𝐴𝑓𝑓 and temperatures of primary magmas 
for both high-CaO lavas (DeFelice et al., 2019) and low-CaO shield-stage 
lavas (Rhodes & Vollinger, 2004) from Mauna Kea obtained from the Hawai'i 
Scientific Drilling Project 2 (HSDP2). See Figure 3 for Zn to Fe ratios. 
Low-CaO lavas are identified as pyroxenite source, and pressures are called 
“faux” pressures because they were calibrated for peridotite source melting, 
not pyroxenite melting. They show the error stemming from the inappropriate 
application of PRIMELT3 to melts that formed from a pyroxenite source. “G” 
refers to the Gutenberg Discontinuity (75–93 km; Schmerr, 2012; Rychert 
et al., 2013).

Figure 6.  PRIMELT3-P and FractionatePT3 Lee et al. (2009) results for 
primary magmas of both high-CaO lavas (DeFelice et al., 2019) and low-CaO 
shield-stage lavas (Rhodes & Vollinger, 2004) from Mauna Kea obtained from 
the Hawai'i Scientific Drilling Project 2 (HSDP2). See Figure 3 for Zn to Fe 
ratios. Both methods yield similar pressures for high-CaO primary magmas 
extracted from lherzolite and harzburgite residues. Faux pressures obtained 
on the low-CaO lavas are identified by PRIMELT3-P as pyroxenite source. 
“G” refers to the Gutenberg Discontinuity (75–93 km; Schmerr, 2012; Rychert 
et al., 2013).
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4.  Iceland
4.1.  Background

Next, we examine magmatic pressure estimates for Iceland using both 
PRIMELT3-P and FractionatePT3. Iceland is an ideal complementary test 
case for comparison to Hawai'i because many primitive olivine-saturated 
lavas are available and yet its ridge-centered setting suggests much thinner 
lithosphere and hence lower magmatic pressures than in Hawai'i. A reasona-
ble null hypothesis for the melting regime underneath Iceland is that melting 
stops at the base of the 20–40 km thick crust (Jenkins et al., 2018; Maclennan 
et al., 2001; Matthews et al., 2016; Shorttle et al., 2014).

We use the Iceland geochemical database featured in Shorttle et al. (2014), 
who used the data to model the consequences of lithological variability 
for mantle plume buoyancy and estimates of mantle potential temperature. 
Basalts and their successful PRIMELT3-P solutions are archived in Table S2. 
We noted above (Section 2.6) that CaO contents of primitive lavas can be 
used to constrain (imperfectly) source lithology; the Icelandic database 
features a wide range of CaO contents and negative correlations between 
CaO (at constant MgO) and both Nb/Zr and  87Sr/ 86Sr (Shorttle et al., 2014).

4.2.  Oxidation State of Iron and Seismological Constraints

As with Hawai'i, we begin by examining assumptions about the oxidation 
state of iron and how it impacts pressure estimates. Results are shown in 

Figures 7–9 for FeO/FeOT = 0.90, 0.85, and 0.82, respectively. The most oxidized condition is based on XANES 
measurements on olivine-hosted melt inclusions and glasses from the 1783 CE Laki eruption (Hartley et al., 2017). 
It is slightly more oxidized than samples from the Reykjanes Ridge closest to Iceland (0.85; Shorttle et al., 2015). 
As with Hawai'i, we again wish to compare estimates of temperature and pressure conditions in the melting 
regime between the PRIMELT3-P and FractionatePT3 (Lee et al., 2009) models and so, to avoid confounding the 
different methods of inverting for melting conditions with the different methods of estimating primary magma 
compositions, we again apply FractionatePT3 to successful PRIMELT3-P primary magma compositions (shown 

as “Lee (PRIMELT3-P constrained)” in the figures) rather than directly to 
sampled compositions. We only show primary magma solutions that are 
compatible with the calibration on fertile peridotite KR-4003, not the faux 

𝐴𝐴 𝐴𝐴𝑓𝑓 solutions obtained from pyroxenite source melts. We find the following:

1.	 �As with Hawai'i, there is substantial agreement in magmatic pressures 
obtained from PRIMELT3-P and FractionatePT3.

2.	 �For all choices of oxidation states of iron, both models yield a significant 
range of magmatic pressures among the Iceland samples, a result that 
will be addressed below.

3.	 �For FeO/FeOT = 0.90 (Figure 7), with the exception of one low-pressure 
outlier, both methods yield a minimum pressure corresponding to a depth 
of 45–50 km. This minimum depth is slightly higher than the maximum 
measured depth to the seismic Moho, 44 km (Jenkins et al., 2018).

4.	 �For FeO/FeOT = 0.85 (Figure 8), minimum pressures from both methods 
are lower, about 35 km, which is still well within the range of seismic 
Moho depths observed at different places beneath Iceland, 20–44 km. 
Hence the modeling results are consistent with, though they may not 
require, a moderately oxidized Icelandic mantle plume (Shorttle 
et  al.,  2015) or some oxidation between source and sample collection 
(Section 2.5).

Figure 7.  Pressures and temperatures of successful primary magma solutions 
for basalts from Iceland with FeO/FeOT = 0.90 from PRIMELT3-P. “Lee 
(PRIMELT3-P constrained)” refers to the implementation of FractionatePT3 
(Lee et al., 2009) on those successful PRIMELT3-P primary magma 
compositions that are compatible with the calibration on fertile peridotite 
KR-4003.

Figure 8.  Pressures and temperatures of successful primary magma solutions 
for basalts from Iceland with FeO/FeOT = 0.85 from PRIMELT3-P. “Lee 
(PRIMELT3-P constrained)” refers to the implementation of FractionatePT3 
(Lee et al., 2009) on those successful PRIMELT3-P primary magma 
compositions that are compatible with the calibration on fertile peridotite 
KR-4003.
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5.	 �For FeO/FeOT  =  0.82 (Figure  9), both methods yield minimum pres-
sures/depths that are lower than the depth to the seismological Moho 
under any part of Iceland.

4.3.  Mantle Potential Temperature (  ) for Iceland

1.	 �Mantle potential temperature estimates for the Iceland suite are quite 
similar between the fractional PRIMELT3 model and the batch Frac-
tionatePT3 model. For each choice of oxidation state considered, the 
suite of Iceland compositions yields a range of mantle potential temper-
atures. The significance of this heterogeneity in primary magmas will be 
discussed in the following section.

2.	 �For FeO/FeOT = 0.85 and 0.90 (Figures 7 and 8) both methods agree 
that the maximum 𝐴𝐴 𝐴𝐴𝑃𝑃 below Iceland is 1520°C. For FeO/FeOT = 0.85 
(Figure 8), the minimum 𝐴𝐴 𝐴𝐴𝑃𝑃 extends down to ∼1340°C, similar to ambi-
ent mantle as represented by Siqueiros MORB.

3.	 �Results for 𝐴𝐴 𝐴𝐴𝑃𝑃 maxima in this work (1470–1520°C) are in good agree-
ment with previous studies: 1480–1520°C (Maclennan et  al.,  2001), 
1428–1523°C (Brown & Lesher,  2014), 1455–1480°C (Brown 
et  al.,  2020), >1460°C (Shorttle et  al.,  2014), 1480°C (Matthews 
et al., 2016), 1525°C (Matthews et al., 2021), and 1440–1515°C (Herzberg 
& Asimow, 2015; Herzberg et al., 2007; Herzberg & Gazel, 2009).

4.	 �The maximum TP of 1520°C obtained in this study is from samples in 
the Western Volcanic Zone. Higher mantle potential temperatures might 
exist in south/central Iceland where the mantle plume center has been 
postulated to occur (Breddam et  al.,  2000; Harðardóttir et  al.,  2018; 
Maclennan et al., 2001) and where we have no samples to work with.

4.4.  An Independent Test for Thermal Heterogeneity in the Icelandic Mantle Plume

Mantle potential temperature can be related to olivine liquidus temperature at 1 atm Herzberg and Asimow (2015) 
fit this relationship with

𝑇𝑇𝑃𝑃 = 1.049 𝑇𝑇
𝑂𝑂𝑂𝑂∕𝐿𝐿

1 bar

− 0.00019

(
𝑇𝑇

𝑂𝑂𝑂𝑂∕𝐿𝐿

1 bar

)
2

+ 1.487 ⋅ 10
−7

(
𝑇𝑇

𝑂𝑂𝑂𝑂∕𝐿𝐿

1 bar

)
3

� (18)

Therefore, the range of 𝐴𝐴 𝐴𝐴𝑃𝑃 values for the Iceland suite, 1340–1520°C, should correlate with a range in calculated 
olivine liquidus temperatures (as well as a range in liquidus olivine 𝐴𝐴 Mg# values). For each primary magma 
solution, the PRIMELT3-P spreadsheet gives 𝐴𝐴 𝐴𝐴

𝑂𝑂𝑂𝑂∕𝐿𝐿

1 bar

 according to Beattie  (1993) in cell O15 and according to 
Herzberg and Asimow (2015) in cell P15, as well as liquidus olivine 𝐴𝐴 Mg# in cell S15. We repeated these calcu-
lations with source peridotite compositions with 8.0% and 7.3% FeO (see in Supporting Information S1). As 
an independent test, these PRIMELT3 solutions for olivine composition and crystallization temperatures are 
compared (Figure 10a) with olivine 𝐴𝐴 Mg# and Al-in-Ol temperatures reported by Spice et al. (2016) and Matthews 
et  al.  (2016), using the experimental calibration of Coogan et  al.  (2014). Assuming 8.0% FeO in the source, 
PRIMELT3 olivine liquidus temperatures for Icelandic primary magmas range from 1280 to 1410°C and their 
first crystallizing olivines have 𝐴𝐴 Mg# from 90.3 to 91.8, in good agreement with the high end of the observed 
olivine temperatures and compositions. However, several factors can complicate these comparisons.

Continuous magmatic evolution below the liquidus is expected to generate a series of olivine crystals with both 
Al-in-Ol temperature and 𝐴𝐴 Mg# decreasing below their maximum (liquidus) values. Two examples are shown in 
Figure 10a as black curves, obtained using the “Olivine Calculator” in PRIMELT3 (Section 2.4); each curve is 
a “Crystal Line of Descent”, or CLD, a term coined by Putirka et al. (2011). Many, but not all, Al-in-Ol solu-
tions overlap the two CLD possibilities, but there is a population at lower 𝐴𝐴 𝐴𝐴𝐴𝐴# or higher temperature than the 
upper CLD. Elevated Al-in-Ol temperatures for low 𝐴𝐴 Mg# olivines can arise from diffusive resetting, given the 
slow diffusivity of Al compared to Fe-Mg interdiffusion in olivine (Coogan et al., 2014; Matthews et al., 2021; 

Figure 9.  Pressures and temperatures of successful primary magma solutions 
for basalts from Iceland with FeO/FeOT = 0.82 from PRIMELT3-P. “Lee 
(PRIMELT3-P constrained)” refers to the implementation of FractionatePT3 
(Lee et al., 2009) on those successful PRIMELT3P primary magma 
compositions that are compatible with the calibration on fertile peridotite 
KR-4003.
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Spandler & O'Neill, 2010). This tendency is much more conspicuous in a compilation of Al-in-Ol temperature 
and 𝐴𝐴 Mg# of olivines from picrites from West Greenland and Baffin Island, thought to be products of the ancestral 
Iceland plume (Figure 10b). Maximum PRIMELT3-P solutions for primary magma olivine liquidus temperature 
and 𝐴𝐴 Mg# for this suite are ∼1480°C and 92.7, respectively, in excellent agreement with Al-in-Ol temperatures at 
the high end of observed olivine 𝐴𝐴 𝐴𝐴𝐴𝐴# . But the data reveal a lack of correlation between temperature and 𝐴𝐴 Mg# at 
lower 𝐴𝐴 Mg# , which most likely reflects diffusive resetting of Fe-Mg in many samples.

The independent results from PRIMELT3 and Al-in-Ol temperatures concur that the Icelandic mantle plume is 
thermally heterogeneous in space and time. The agreement between these methods suggests that the apparent 
range in PRIMELT3-P 𝐴𝐴 𝐴𝐴𝑃𝑃 values among Iceland samples (similar to ranges found in other localities; Herzberg & 
Asimow, 2008; Herzberg & Gazel, 2009) is not an artifact but the consequence of real variations in temperature 
in the source. This result should come as no surprise because a hot mantle plume rising through cooler ambient 
mantle is expected to be hottest in the core and coolest at the periphery. This behavior is seen in numerical models 
of plume ascent (Farnetani & Samuel, 2005; Ribe & Christensen, 1999; Sleep, 2008).

4.5.  The Meaning of Primary Magmatic Final Melting Pressure  and Significance of Variable Mantle 
Potential Temperature

The wide range of final melting pressures 𝐴𝐴 𝐴𝐴𝑓𝑓 (and corresponding depths) for Iceland (Figure 8) are, like the range 
of 𝐴𝐴 𝐴𝐴𝑃𝑃 estimates, a record of primary magma heterogeneity. If the minimum pressures represent the Moho, where 
decompression melting stops (Figure 8), then what is the meaning of the higher values of 𝐴𝐴 𝐴𝐴𝑓𝑓 ? Early models of 
crust production by fractional melting assumed that instantaneous fractional melts mix perfectly during trans-
port in a diffuse low porosity peridotite matrix, without reaction with the matrix (e.g., Langmuir et al., 1992). 
If this is true, then it is difficult to imagine how a primary magma with elevated 𝐴𝐴 𝐴𝐴𝑓𝑓 could survive the effects of 
mixing during transport. But subsequent work on melt transport indicates that both MORB and OIB melting 
regimes feature a transition from dominantly diffuse flow in a low porosity matrix to dominantly focused flow in 
high-flux melt channels (e.g., Aharonov et al., 1995; Kelemen et al., 1995; Stracke, 2021). Such channelized flow 
can prevent mixing with later increments of melt production and preserve high-pressure geochemical signatures 
(Lambart et al., 2019; Spiegelman & Kelemen, 2003). This is the model we adopt for Iceland.

Figure 10.  A comparison of Al-in-Ol and Ol/L PRIMELT3 temperatures at 1 atm plotted against olivine Mg numbers calculated for successful primary magma 
solutions. PRIMELT3 Ol/L temperatures are from Equation 13 in Herzberg and Asimow (2015), reproduced as Equation 14 in this work; olivine 𝐴𝐴 Mg# is calculated with 
the Toplis (2005) model. (a) Iceland olivines in equilibrium with PRIMELT3 solutions were obtained from a peridotite source having FeOo = 8.0% (black circles) and 
7.3 wt.% (brown circles). The two black curves are example olivine compositions that would crystallize at the temperatures shown by olivine crystallization from the 
primary magmas, crystal lines of descent. (b) Older Paleocene West Greenland and Baffin Island picrites are from the ancestral Icelandic mantle plume, with olivines 
from primary magma solutions obtained from data reported by Larsen and Pedersen (2009) and Starkey et al. (2009), respectively. Note that PRIMELT3 solutions are 
most similar to Al-in-Ol data of Spice et al. (2016) in the case of a depleted peridotite source having 7.3% FeO.
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To explain the coexistence in the erupted suite of lavas that ceased mixing 
at different depths (and pressures), it seems necessary that the melt trans-
port system contain multiple, independent channels that nucleate at different 
depths. Some cartoons and models of channelized melt migration systems 
feature such a range (Kelemen et  al.,  1995; Liang et  al.,  2010) whereas 
others imply that all channels nucleate at about the same depth (Aharonov 
et  al.,  1995; Hart,  1993; Keller et  al.,  2017). Models that feature a range 
of channel nucleation depths sometimes include embedded lithologic heter-
ogeneities as nuclei for channel formation (Katz & Weatherly,  2012). We 
propose that the pressure at which this occurs gives a measure of meaning to 
magmatic pressure 𝐴𝐴 𝐴𝐴𝑓𝑓 , and that it is a pressure at which the melts “segregate” 
into channels. But segregation is likely imperfect, and complexities abound. 
Magma mixing may still occur to some extent as an individual channel 
receives matrix melt along its length. Channels may merge and mix the melts 
ascending within them. Therefore, primary magmas that record depths in the 
30–90 km range (Figure 8) may be mixtures to a large degree; for example, 
a specific lava with a 𝐴𝐴 𝐴𝐴𝑓𝑓 solution of 60 km may not necessarily indicate the 
existence of a high flux channel in the melting regime below that isolates 
a batch of primary magma at 60 km depth. Mixing therefore obscures the 
meaning of a computed magmatic pressure. However, this problem does not 
diminish our main conclusion that melt channels are required for transport of 
high-pressure melts.

Figure 11 shows the branching patterns of cracks in a decaying asphalt road 
surface. We offer it as a qualitative analogy for the geometry of the melt 
migration channel network that may deliver primary magmas from the melt-
ing regime with a range of 𝐴𝐴 𝐴𝐴𝑓𝑓 signatures even though melting in the regime as 
a whole continues to a well-defined minimum depth. It recalls in some ways 
the original fractal tree model of Hart (1993), which focused on the branch-
ing properties of the network without discussing diversity among channels at 

a given generation of branching. Figure 11 is too simplistic to capture the physics of melt transport in a mantle 
plume, but it captures some aspects of geometry that seems necessary for preserving high pressure primary 
magma heterogeneity. Superposed on the melt channel network in Figure 11 is a gray scaling that ranges from 
white at the center to dark at the periphery, representing mantle plume temperatures that are highest along the 
axis and lowest at the periphery. Melt channels can sample hot and cold primary magmas from variable depths. 
The maximum mantle potential temperature in the Western Volcanic Zone of Iceland, 1520°C, could represent 
primary magmas that are primarily drawn into channels along the axis of the plume, whereas samples express-
ing lower 𝐴𝐴 𝐴𝐴𝑃𝑃 (down to 1340°C) may be drawn from channels that better sample the periphery of the plume near 
contact with ambient mantle or overlying lithosphere. Hence the image in Figure 11 shows at least an analogy for 
the coexistence of 𝐴𝐴 𝐴𝐴𝑓𝑓 and 𝐴𝐴 𝐴𝐴𝑃𝑃 heterogeneity in the products of a plume melting regime.

4.6.  Effects of Lithological Heterogeneity on Magmatic Pressure Estimation

In addition to variation in potential temperature across a melting regime and in the segregation depths of 
melt extraction channels, both of which create heterogeneity among erupted samples that PRIMELT3-P is 
well-equipped to resolve, there is heterogeneity among samples due to lithological heterogeneity in the source, 
which raises several challenges.

Shorttle et al.  (2014) reported a wide range of CaO contents for primitive Icelandic lavas as well as negative 
correlation between CaO and both Nb/Zr and  87Sr/ 86Sr. As discussed more fully below, they identified an 
enriched component having low CaO and Nb/Zr > 0.125, and a depleted component with high CaO and Nb/
Zr < 0.05. Out of 305 samples in this database, PRIMELT3-P provides only 93 successful solutions that are 
consistent with the calibration from fertile peridotite KR-4003; 𝐴𝐴 𝐴𝐴𝑓𝑓 values are ∼1–3 GPa (Figures 8 and 12a). 
About one-third of the samples in the database have low CaO contents and PRIMELT3-P flags them as faux solu-
tions with either  the  pyroxenite source using filter (Equation 16) or the “augite fractionation” filter (Figure 2). 

Figure 11.  A model for melt transport in a mantle plume. Dark dendritic 
forms are high flux melt channels within a low porosity peridotite matrix. 
Gray scaling represents mantle potential temperature variations: white 
is hottest at the mantle plume center; dark is coolest at the mantle plume 
periphery.
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Evidence in support of a role for pyroxenite is provided by their high Nb/Zr 
(Figure 12b), a signature of enriched recycled crust in the source (Shorttle 
et al., 2014; Shorttle & Maclennan, 2011). Application of PRIMELT3-P to 
these low-CaO lavas yields faux pressures that are too high, up to 4.2 GPa 
for Iceland. These erroneously high faux pressures result in mantle potential 
temperatures 𝐴𝐴 𝐴𝐴𝑃𝑃 of about 1600°C, that is, 80°C too high.

Mapping the Icelandic samples assigned to peridotite and pyroxenite melting 
based on CaO versus MgO (Equation 16) into Nb/Zr space suggests that Nb/
Zr ∼ 0.10 roughly divides fertile peridotite source lavas below from low-CaO 
melt pyroxenite sources above (Figure 12b). A subset of Icelandic samples 
have CaO contents that are too high to be consistent with normal fertile peri-
dotite source melting (Figure 12a). These are flagged by PRIMELT3-P as 
compromised by augite accumulation, based on Equation 17. However, these 
samples are also characterized by extremely low Nb/Zr (Figure 12b), and this 
cannot be a signature of augite accumulation. These high-CaO lavas are also 
unlikely to be high-CaO pyroxenite source melts because they are depleted 
in trace elements, Nb/Zr is low (Figure  12b) and  143Nd/ 144Nd  =  0.5130
5–0.51315 (http://georoc.mpch-mainz.gwdg.de/georoc/), similar to depleted 
abyssal peridotite (Stracke et al., 2019). Instead, the evidence from experi-
mental petrology is that these high-CaO lavas melted from a depleted peri-
dotite source. Counterintuitively, experimental melts on depleted peridotite 
compositions that are deficient in CaO can yield high-CaO melts (Laporte 
et al., 2004; Wasylenki et al., 2003), similar in composition to many of the 
high-CaO Icelandic lavas. This is evidence supporting a depleted component 
in the Icelandic mantle plume (Fitton, Godard, & et al., 2004).

The origin of high-CaO lavas from Iceland is relevant to the question of 
whether there is harzburgite in the Icelandic mantle plume and, if so, whether 
it is too refractory to melt (Brown et al., 2020; Shorttle et  al., 2020). The 
most depleted peridotite composition that has been studied experimentally 
is “depma,” a harzburgite with 3.5% Cpx (Laporte et al., 2004). Some of the 
experimental melts of this composition have CaO contents similar to some 
of the highest CaO lavas from Iceland. Interpretation the high-CaO Icelandic 
lavas as products of melting such depleted harzburgite evidently implies the 
presence of harzburgite as a distinct lithology in the Icelandic mantle plume 
(Shorttle et al., 2014, 2020), but it is not consistent with the conclusion that 
such harzburgite does not melt (Shorttle et  al.,  2014). Furthermore, there 
are successful PRIMELT3 solutions that plot in the field of melts coexisting 
with residual harzburgite (Figure 8). In contrast, no role for harzburgite is 
possible in the model of Krein et al. (2021) because the very definition of 
a primary magmas in their model requires equilibrium with the assemblage 
Olivine + Orthopyroxene + Augite ± Plagioclase ± Spinel ± Garnet.

There are some outlying fertile peridotite solutions with Nb/Zr > 0.10, in the range expected for pyroxenites 
according to PRIMELT3-P (Figure 12b). These may reflect important limitations in the PRIMELT3-P CaO-based 
source lithology filter (Section  2.6), that is, these high-Nb/Zr lavas may be derived from pyroxenite sources 
and are erroneously identified by PRIMELT3-P as peridotite-source solutions. Alternatively, these outliers may 
represent melts derived from peridotite that were fertilized by impregnation of pyroxenite source melts, elevating 
Nb/Zr without strongly altering the peridotite modal mineralogy.

Shorttle and Maclennan (2011) proposed an enriched source component that was produced by the fertilization 
of depleted peridotite with ∼33% MORB, similar to KG2 of Kogiso et  al.  (1998), which has 28.83% MgO 
and may be considered an olivine-rich pyroxenite. They identified their end-member enriched basalt with the 
partial melting experiment KH-26 of Kogiso et al.  (1998) at 3 GPa, which has 15.57% MgO and 9.4% CaO. 
Shorttle et  al.  (2014) subsequently proposed that melts like KG2 had Nb/Zr  >  0.125 and that it mixed with 

Figure 12.  The effect of source lithology on computed pressures of melting 
calculated with PRIMELT3-P on Icelandic basalts with FeO/FeOT = 0.85 
using the database of Shorttle et al. (2014). Black filled triangles are solutions 
with CaO contents lower than those of Equation 16 and which plot below 
the red line in Figure 2; these are identified as a low-CaO pyroxenite source, 
and the solutions are false, or faux, because they were calibrated for fertile 
peridotite source melting, not pyroxenite melting. White filled triangles are 
low CaO solutions that plot in the narrow space between peridotite source 
melts and the red line in Figure 2 and identified as “Augite Fractionation from 
Peridotite Melts”; these have similar Nb/Zr as pyroxenite-source melts and 
augite fractionation from a peridotite source melt cannot elevate Nb/Zr. Gray 
filled triangles are solutions with CaO contents that are higher than those of 
Equation 17; these likely formed by melting depleted mantle peridotite, and 
the solutions for pressure are also faux because they were calibrated for fertile 
peridotite source melting, not depleted peridotite melting.
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melts of depleted peridotite, high in CaO and with Nb/Zr < 0.05, prior to eruption to produce the full Nb/Zr 
array. However, this model is problematic because the depleted and enriched end-members and their mixed 
melts have Al2O3 contents that are lower than a large population of Icelandic basalts and their primary magmas 
as discussed in in Supporting Information S1. Also, trace element olivine chemistry shows that peridotite is the 
dominant source lithology for Icelandic basalts from Snæfellsnes, the Northern Rift Zone and the Reykjanes part 
of the Western Rift Zone (Rasmussen et al., 2020) for which we have successful PRIMELT3 solutions. However, 
evidence for mixed pyroxenite and peridotite source melts is found in the South Iceland Volcanic Zone and 
Tertiary lavas in the west (Rasmussen et al., 2020). The implication is that variations in Nb/Zr reflect a signifi-
cant role of variable fertilization of peridotite from partial melts of pyroxenite. However, we concur that mixing 
of peridotite- and pyroxenite-source melts may have occurred as both are identified by their calcium contents as 
discussed in Section 2.6. For mixed melts, PRIMELT3-P mantle potential temperatures and final melting pres-
sures will be erroneous to the extent determined by the mass proportions and compositional differences between 
peridotite and pyroxenite melts in the mixture.

5.  A Deeper Comparison of PRIMELT3-P and FractionatePT3 (Lee et al., 2009)
Having discussed in detail the Iceland and Hawai'i case studies, let us now compare thermobarometric results for a 
broader sampling of basalts from terrains around that world that feature lavas primitive enough to have only frac-
tionated olivine. The set of 424 successful primary magma solutions considered includes lavas from post-shield 
Mauna Kea volcano (database in Herzberg and Asimow (2008)), West Greenland (Larsen & Pedersen, 2009), 
Baffin Island (Starkey et al., 2009), the Galapagos archipelago [GEOROC: http://georoc.mpch-mainz.gwdg.de], 
and the Azores [GEOROC]. All temperatures and pressures are computed with FeO/FeOT = 0.90 for purposes 
of internal consistency. Only primary magma solutions that pass all the PRIMELT3-P quality filters (pyroxen-
ite melting, augite fractionation/accumulation, and volatile peridotite melting) are considered; each solution is 
compatible with extraction from a peridotite or harzburgite residue, the basis for the PRIMELT calibration. Frac-
tionatePT3 was then applied to each of these successful PRIMELT3-P solutions in order to compare pressures 
and temperature obtained from the two calibrations.

Temperatures obtained by PRIMELT3-P and FractionatePT3 agree with a root-mean square error (RMSE) of 
±23°C (Figure 13a) and pressures agree with a RMSE of ±0.29 GPa (Figure 13b). The agreement is substan-
tially better for the subset of solutions identified by PRIMELT3-P as having harzburgite residues. The overall 
agreement in pressure estimates is unexpected, given that the two methods are independent calibrations based 
on different melting models — batch melting in FractionatePT3 and accumulated polybaric fractional melting in 
PRIMELT3-P. However, this result was anticipated by Asimow and Longhi (2004) who showed that a polybaric 
accumulated fractional melt can coincidentally display the properties of multiple saturation at a specific pressure 

Figure 13.  Magmatic temperatures and pressures of primary magmas of fertile peridotite calculated from PRIMELT3-P and 
FractionatePT3 (Lee et al., 2009).
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that is characteristic of a single batch primary melt in equilibrium with the mantle. The Siqueiros MORB samples, 
for example, yield a mean 𝐴𝐴 𝐴𝐴𝑓𝑓 of 1.4 GPa from PRIMELT3-P and a mean pressure of 1.3 GPa from FractionatePT3 
(using a modestly FeO-depleted source composition). This is in excellent agreement with liquidus experiments 
on primitive Siqueiros glass samples which show multiple saturation with olivine, opx, cpx, and possibly spinel 
at 1.2–1.3 GPa (Wendlandt & Ridley, 1994).

The ±0.20  GPa 1σ uncertainty in FractionatePT3 (Lee et  al.,  2009) and ±0.29  GPa RMSE difference from 
PRIMELT3-P 𝐴𝐴 𝐴𝐴𝑓𝑓 suggests that the two methods have comparable uncertainties. There is no clear advantage in 
using PRIMELT3-P instead of FractionatePT3. Both methods yield magmatic pressures that are consistent with 
independent constraints on the depths to the lithosphere asthenosphere boundary below Hawai'I and the Moho 
below Iceland. However, the advantage of PRIMELT3-P is its ability to identify residual mineralogy and litholog-
ical heterogeneity and to generate a warning when solutions are compromised by pyroxenite in the sources. The 
exclusion of primary magma solutions that have been compromised by pyroxenite is expected to greatly reduce 
the wide temperature and pressure arrays that are typically calculated with FractionatePT3 (Lee et al., 2009).

6.  Conclusions
This paper reports new software called PRIMELT3-P, released in both Excel and Python versions, for computing 
and understanding pressure range for derivation of primary magmas of basalts. It is a calibration of a forward 
model of adiabatic decompression fractional melting of fertile mantle peridotite in one dimension (up a vertical 
streamline, appropriate to a cylindrical column). It computes initial and final melting pressure, the MgO content 
of the primary melt and the 𝐴𝐴 Mg# of the liquidus olivine, mantle potential temperature, and olivine liquidus 
temperatures at various pressures. We illustrate the utility of PRIMELT3-P by applying it to databases of lava 
compositions from Hawai'i and Iceland, where there are independent geophysical constraints on the depths to the 
melting regimes.

The underlying assumptions behind PRIMELT3-P differ from those leading to FractionatePT3 (Lee et al., 2009). 
The former assumes polybaric fractional melting whereas the latter assumes batch melting. Nevertheless, appli-
cation of both methods to primary magma solutions from PRIMELT3 yields calculated pressures that agree 
to within ±0.29 GPa RMSE, as anticipated by Asimow and Longhi  (2004). The advantage of PRIMELT3-P 
over FractionatePT3 is therefore not in the accuracy or precision of its pressure estimates. Instead, it lies in the 
self-consistent method by which PRIMELT3 identifies the primary melt and in its ability identify lithological 
heterogeneity and distinguish peridotite sources (where the models are appropriate) from pyroxenite sources 
(where they are not). Both methods can fail when applied to melts extracted from pyroxenite sources. The conse-
quences of ignoring recycled crust in the form of pyroxenite can yield mantle potential temperature 𝐴𝐴 𝐴𝐴𝑃𝑃 and 𝐴𝐴 𝐴𝐴𝑓𝑓 
from both methods can be too high by ∼100°C and 2 GPa, respectively.

For Mauna Kea, application of PRIMELT3-P and FractionatePT3 to basalts with FeO/FeOT = 0.90 yield primary 
magma pressures that are coincident with those where there is the greatest reduction in S wave velocities inferred 
from receiver functions (Rychert et al., 2013). Melting pressures from PRIMELT3-P are 3.1–3.5 GPa, equivalent 
to depths of final melting of 100–115 km. These pressures/depths are only slightly higher than those defined by 
the Gutenberg Discontinuity, or LAB, for the Pacific oceanic lithospheric plate at the location of Hawai'i, consist-
ent with models that the LAB is a barrier to vertical mantle plume transport and melting. Both PRIMELT3-P and 
FractionatePT3 agree that mantle potential temperatures below Hawai'i are 1520–1560°C, 200°C higher than for 
Siqueiros MORB.

Icelandic peridotite-source primary magma compositions are more heterogeneous than those for Hawai'i, 
resulting in a greater range of depths/pressures and mantle potential temperatures. Minimum pressures are best 
matched with the depth to the seismic Moho when the primary magmas are computed from basalts that have FeO/
FeOT = 0.85. Pressures range from 1 to 3 GPa, and mantle potential temperature 𝐴𝐴 𝐴𝐴𝑃𝑃 varies from 1340 to 1520°C. 
Similarly, PRIMELT3-P predicts a large range of olivine liquidus temperatures at 1 atm, and they are similar to 
those independently obtained from Al-in-Olivine thermometry.

The meaning of primary magma pressure is clarified but complex. There is typically a range of pressures in each 
locality, with minima that are coincident with independent geophysical constraints on the depths to the top of 
the melting regime. However, the range of final melting pressures may be in part a record of magma transport, 
mixing and variability in the transition from diffuse porous flow to channelized flow. Computed temperature and 
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pressure arrays arising from heterogeneous peridotite-source primary magmas may reflect melt transport and 
mixing in a thermally zoned mantle plume with a complex network of branching melt channels that nucleate over 
a range of depths.

Data Availability Statement
Whole rock basalt data from HSDP2 core samples of Mauna Kea (DeFelice et al., 2019) and their successful 
PRIMELT3-P solutions are provided in Table S1. Whole rock basalt data from Iceland (Shorttle et al., 2014) 
and their successful PRIMELT3-P solutions are archived in Table S2 in Supporting Information S1. This data 
set is also available at the Caltech data repository https://doi.org/10.22002/yfn7a-90x53. Both the Excel and 
GUI version of PRIMELT3-P are maintained on Gitlab and can be downloaded for free from https://gitlab.com/
primelt_software/primelt3-p and from a Caltech data repository https://doi.org/10.22002/6te59-vad07. After 
downloading the Excel version, the following warning will appear: SECURITY RISK Microsoft has blocked 
macros from running because the source of this file is untrusted. Macros can be unblocked in one of two ways: 
(a) save the workbook, close it, and then open it, (b) close the workbook, right click on the workbook, select 
Properties, select General tab, select Security, check Unblock, press Apply.
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