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abstraCt

Olivine is distinguished from all other minerals in providing a remarkable chemical narrative about 
magmatic processes that occurred in Earth’s crust, mantle, and core over the entire age of Earth history. 
Olivines in mantle peridotite have Ni contents and Mg numbers that were largely produced by equi-
librium crystallization in an early turbulently convecting magma ocean; subsequent stages of partial 
melting operated to slightly elevate Ni and Mg number in residual olivines. Olivines from Archean 
komatiites from the Abitibi greenstone belt have Ni contents and Mg numbers that are consistent with an 
extensively melted peridotite source at great depths in the mantle. Olivines from basaltic oceanic crust, 
the Icelandic mantle plume and other Phanerozoic occurrences have compositions that record magma 
chamber crystallization, recharge, mixing, and partial melting. Olivines from the present-day Icelandic 
mantle plume have compositions that are consistent the melting of a peridotite source; unlike Hawaii, 
the melting of recycled crust as a distinct pyroxenite lithology is not evident in the olivine chemistry of 
Iceland. Paleocene picrites from Baffin Island and West Greenland from the ancient Icelandic plume have 
olivines with Ni contents that are consistent with either Ni-rich peridotite that formed by core-mantle 
interaction or by low-pressure crystallization of hot and deep magmas. In general, hot magma oceans, 
mantle plumes, and ambient mantle magmatism form in ways that are captured by the compositions of 
the olivine crystals that they contain.
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introduCtion

Olivine crystals in andesites, basalts, picritic melts, kom-
atiites, and mantle peridotite have Ni contents that range from 
about 1000 to 5000 ppm (Sobolev et al. 2007; Straub et al. 2008; 
Herzberg et al. 2013). This variability is a mineralogical record of 
magmatic origins. Nickel is no different from any other element 
in having abundance levels that depend on how it is partitioned 
among phases, processes such as mixing and melt-rock reaction, 
T-P conditions of partial crystallization and melting, in addition 
to the Ni contents of the sources that undergo melting. But what 
distinguishes nickel is that it is concentrated in olivine relative to 
the magmas from which it crystallizes (Hart and Davis 1978; Beat-
tie et al. 1991; Matzen et al. 2013), and there is an abundance of 
data because it is easy to analyze. The problem is how to reliably 
extract information about origin from the Ni contents of olivine. 
We show that olivine chemistry provides a remarkable mineralogi-
cal narrative about magmatic processes in Earth’s crust, mantle, 
and possibly core over the entire age of the Earth.

The narrative that olivine provides relies heavily on under-
standing how Ni is partitioned between olivine and liquid (i.e., 
DNi

Ol/L), which depends on temperature, pressure, and composition 
of the melt (Hart and Davis 1978; Beattie et al. 1991; Wang and 
Gaetani 2008; Filiberto et al. 2009; Li and Ripley 2010; Putirka 
et al. 2011; Niu et al. 2011; Matzen et al. 2013). DNi

Ol/L decreases 
with increasing MgO content of the melt. But as increasing 

temperatures and pressures of melting yield melts with higher 
MgO contents (O’Hara 1968) it can be difficult to resolve the 
separate temperature-pressure-composition (T-P-X) effects. This 
problem has given rise to a plethora of parameterization models 
of experimental data that calibrate DNi

Ol/L as a function of T-P-X. It 
is an important problem to resolve because elevated Ni contents 
of olivine phenocrysts have been used to infer either pyroxenite 
melting in the source (Sobolev et al. 2005, 2007; Herzberg 2011), 
or elevated temperatures and pressures of melting of a peridotite 
source (Li and Ripley 2010; Niu et al. 2011; Putirka et al. 2011; 
Matzen et al. 2013).

We assume that nickel is partitioned between olivine and liquid 
as described by the empirical Beattie-Jones model, first formulated 
by Jones (1984) and later calibrated by Beattie et al. (1991). This 
model requires no independently adjustable temperature and pres-
sure terms to understand how Ni is partitioned between olivine 
and melt. We discuss the advantages and limitations of this model, 
and compare it with the model of Matzen et al. (2013), which 
has the advantage that it is a thermodynamic parameterization of 
experimental data. The Beattie-Jones model is used in conjunction 
with an Fe-Mg partitioning parameterization of experimental data 
for olivine and melt (Toplis 2005; Herzberg and O’Hara 2002) to 
fully describe a forward model of the compositions of peridotite 
partial melts and the olivines from which they crystallize. It is 
shown that this olivine model provides an excellent description of 
measured olivines with relatively low-Ni contents (i.e., < ~3500 
ppm), and it can deepen our understanding of the origin of mantle 
peridotite, Archean komatiites, and Phanerozoic magmatism from 
oceanic spreading centers and mantle plumes.

American Mineralogist, Volume 101, pages 1952–1966, 2016

0003-004X/16/0009–1952$05.00/DOI: http://dx.doi.org/10.2138/am-2016-5538        1952 

* E-mail: herzberg@rci.rutgers.edu
Special collection papers can be found online at http://www.minsocam.org/MSA/
AmMin/special-collections.html.

http://www.minsocam.org/MSA/AmMin/special-collections.html
http://www.minsocam.org/MSA/AmMin/special-collections.html


HERZBERG ET AL.: OLIVINE CONSTRAINS ORIGINS OF IGNEOUS ROCKS 1953

Computational metHod
The method for calculating model olivine Ni compositions was given elsewhere 

(Herzberg and O’Hara 2002; Herzberg 2011) and is here developed and extended 
to include cobalt. Primary magma compositions are calculated first followed by 
the olivines that they crystallize. We also examine the effects of fractional crystal-
lization on modifying primary magmas, and provide examples of olivines that are 
expected to crystallize along a liquid line of descent; such olivine compositions have 
been appropriately termed “crystal line of descent,” or CLD (Putirka et al. 2011).

The compositions of Ni in liquids extracted from dunite [L+Ol] and harzburgite 
[L+Ol+Opx] residues are obtained from mass-balance solutions to the equation 
for accumulated fractional melting:

CL = Co [1 – (1 – F)1/D]/F (1)

where CL = wt% NiO in the liquid (primary magma), Co = initial NiO in the perido-
tite source composition, F = melt fraction, and D is the bulk distribution coefficient. 
This is suitable for most geological occurrences because melts drain by buoyant 
porous flow from their sources at low-melt fractions (Ahern and Turcotte 1979; 
McKenzie 1984). However, we also consider batch melting equation:

CL = Co/[F(1 – D) + D] (2)

which is appropriate for understanding high-pressure experiments on KLB-1 
(Herzberg and Zhang 1996), and we argue that it may have been important in the 
crystallization of Earth’s magma ocean.

The Beattie-Jones model has been assumed for computing the compositions of 
olivine in equilibrium with a liquid of a known composition. The liquid composition 
in wt% oxides is first recalculated to mol% oxides on a mono-cation basis (i.e., 
MgO, NiO, AlO1.5, NaO0.5, etc.), and the compositions of olivine are computed 
using the molar percent partition coefficients:

Di
Ol/L = Xi

Ol/Xi
L (3)

where Xi refers to the mole fraction of oxide component i in liquid (L) and olivine 
(Ol). And in Equations 1 and 2, the bulk distribution coefficient D is equal to Di

Ol/L 
and Di

Opx/L weighted according to the mass fractions of olivine and orthopyroxene 
that participate in melting, where DN

Op
iO
x/L and DC

Op
oO

x/L are from Beattie et al. (1991).
In the Beattie-Jones model, Di depends on the partitioning of MgO between 

mineral and liquid. Based on an existing database at the time, Beattie et al. (1991) 
parameterized the experiments with the simple linear equations:

DN
Ol

iO
/L = 3.346 DM

Ol
gO

/L – 3.665 (4)
 

DCo
Ol

O
/L = 0.786 DM

Ol
gO

/L – 0.385. (5)

In Equations 4 and 5:

DM
OL

gO = MgOOl/MgOL. (6)

In these equations, the partitioning of Ni depends critically on the MgO content 
of the magma, which we explore from solidus to liquidus melting conditions for 
fertile peridotite. Experimental data of Walter (1998) on peridotite source KR4003 
were used for much of the petrological modeling (Herzberg and O’Hara 2002). 
KR4003 contains 38.12% MgO (Herzberg and O’Hara 2002; Herzberg and Asimow 
2015), slightly more depleted than the model pyrolitic mantle of McDonough and 
Sun (1995). Although KR4003 was reported to contain 0.24% NiO (Walter 1998), 
we assume that it contains the canonical value of 0.25% NiO (i.e., 1964 ppm; 
McDonough and Sun 1995). The major element geochemistry of model primary 
magmas for KR4004 has been given previously (Herzberg and O’Hara 2002; 
Herzberg 2004; Herzberg and Asimow 2015).

It is quite remarkable that the Beattie et al. (1991) parameterization performs 
extremely well in describing more recently acquired experimental data discussed 
below. However, we have chosen not to update the parameterized constants in Equa-
tions 4 and 5 because the Ni and Co contents of computed olivines and liquids are 
not greatly improved, and they are well within the uncertainties discussed below.

The Ni contents for near–solidus melts were calculated from the MgO contents 
of near–solidus melts (Herzberg and O’Hara 2002) together with a solidus olivine 

composition having 0.365% NiO, which is characteristic of high-precision analysis 
of olivines having an Mg number of 89.5 (Herzberg et al. 2013; see below). In a 
similar way, we constrain the Co content of near-solidus melts using olivine with 
0.0172% CoO as we report below for high-precision electron microprobe analysis 
of San Carlos olivine. It will be shown below that Ni contents of solidus melts are 
similar to or slightly higher than those for L+Ol and L+Ol+Opx, placing confidence 
in all interpolation possibilities for spinel and garnet peridotite.

The Mg number [i.e., 100MgO/(MgO+FeO); cationic] of olivine is computed 
using the partitioning of Fe and Mg between olivine and liquid:

KD
Ol/L

FeO/MgO = DF
Ol
eO

/L/DM
Ol
gO

/L. (7)

For crystallization of olivine at near-surface conditions, we use the thermody-
namic parameterization of Toplis (2005), wherein KD is typically ~0.30 for mid-ocean 
ridge-like basalts, as originally constrained by Roeder and Emslie (1970). However, 
KD is elevated at high pressures in the melting region, and in this case we use the 
parameterization of Herzberg and O’Hara (2002) for batch and accumulated fractional 
melting; application of this model to the high-pressure experimental results of Walter 
(1998) yields KD that is very similar to that obtained from the Toplis (2005) model.

Computational unCertainties

The advantage of the Beattie-Jones model is that it requires 
no independently adjustable temperature and pressure terms to 
understand how Ni is partitioned between olivine and melt; this 
arises because elevated temperatures and pressures of melting 
typically result in elevated MgO contents of primary magmas of 
mantle peridotite, and the T-P variability is captured to a large 
extent by the DM

Ol
gO
/L term. A disadvantage is that the Beattie-Jones 

model is not grounded in a thermodynamic analysis, and there 
may be situations in nature wherein variations in DNi

Ol
O
/L are not 

adequately captured by DM
Ol

gO
/L in the parameterized experimental 

database. In contrast, the model of Matzen et al. (2013) describes 
DOl

Ni
/L with independently adjustable T-P-X terms in a Gibbs 

energy equation and, in principle, it should be a more robust 
method. However, a disadvantage of the Matzen et al. (2013) 
model is that it requires an understanding of the T-P conditions 
of melting and crystallization. While improved constraints are 
now becoming available (e.g., Ghiorso and Sack 1995; Herzberg 
and Asimow 2015; Hole and Millet 2016), the absolute T and 
P melting conditions are models that add a new layer of uncer-
tainty. And in the case of magma ocean formation considered 
below, the T-P conditions of melting are not well known, and it 
is under these circumstances where the Beattie-Johns model is 
particularly useful.

In a previous paper (Herzberg et al. 2014), it was suggested 
that the Beattie-Jones model was more accurate than the Matzen 
et al. (2013) model because it provided the minimum absolute 
root mean square error (A RMSE). This analysis was based on 
comparison of the two different models based on the absolute 
difference between experimental and model values of DNi

Ol
O
/L (i.e., 

D Ni XP–D Ni Model) so that the absolute mean square error is:

A RMSE = [S(D Ni XP – D Ni Model)2/N]0.5 (8)

where D Ni XP is the experimentally measure value of DNi
Ol

O
/L 

and D Ni Model is DNi
Ol

O
/L predicted by the model. The problem 

with this approach is that the Matzen et al. (2013) model DNi
Ol

O
/L 

values as expressed on a molar basis are higher for individual 

1Deposit item AM-16-95538, Supplemental Tables and Appendix. Deposit items 
are free to all readers and found on the MSA web site, via the specific issue’s Table 
of Contents (go to http://www.minsocam.org/MSA/AmMin/TOC/).
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experiments than those of Beattie-Jones, which gives rise to an 
artificially high A RMSE. A better way to compare partition-
ing different models is to use the relative difference between 
experimental and model values of DNi

Ol
O
/L (i.e., D Ni XP – D Ni 

Model)/D Ni XP), so that the relative root mean square error is:

R RMSE = [(D Ni XP – D Ni Model)/D Ni XP)2/N]0.5 (9)

Results are shown in Appendix1 Table 1 for various experi-
mental databases. Matzen et al. (2013) critically evaluated the 
quality of the experimental database, and recommended that data 
of questionable quality be filtered. Using the filtered database A 
consisting of 325 experiments with and without FeO, the Mat-
zen et al. (2013) model has a R RMSE = 0.21, and it is more 
accurate than the Beattie-Jones model with a R RMSE = 0.25. 
The experimental database assembled by Herzberg et al. (2013) 
was unfiltered for data quality, but filtered to include data with 
FeO as being representative of basalts, picrites and komatiites in 
nature; data without FeO were excluded. This database (Herzberg 
et al. 2013) is archived in Appendix1 Table 2 of the Appendix1, 
and was constructed from experimental data compiled by Li and 
Ripley (2010) to which the data of Matzen et al. (2011, 2013) 
were added. There are 284 experiments in Appendix1 Table  2, 
and Appendix1 Table 1 shows that the models of Matzen et al. 
(2013; R RMSE = 0.23) and Beattie-Jones (R RMSE = 0.21) 
are essentially of equal accuracy in describing these data. This 
is more easily visualized in Figures 1a and 1b. Moreover, Figure 
1c shows that the Matzen et al. (2013) model description of the 
experiments is well captured by the Beattie-Jones model.

Both olivine/melt NiO partitioning models describe equally 
well (i.e., R RMSE = 0.21) the database A of Matzen et al. (2013) 
that was filtered for quality and which was restricted to FeO-
bearing samples only (Appendix1 Table 1). It is not clear why 
FeO-free experiments yield a less accurate Beattie-Jones model. 
However, we focus on understanding the relationship between 
olivine Mg number [i.e., mol% 100MgO/(MgO+FeO)] and Ni 
content of naturally occurring olivines, and the Beattie-Jones 
model is clearly justified. As shown in Figure 1 and Appendix1 
Table 1, there is no intrinsic disadvantage of Beattie-Jones 
compared with Matzen et al. (2013) model, despite the fact that 
it is not rooted in a thermodynamic parameterization. However, 
we acknowledge that while the Beattie-Jones model provides 
an excellent description of many olivine occurrences discussed 
below, it may fail in situations where melting and crystallization 
in nature operate outside the experimental calibration bounds. In 
a section that follows, we show that both nickel partitioning mod-
els do a good job of describing the Ni contents of olivines from 
the Paleocene picrites from West Greenland and Baffin Island.

niCkel Contents of oliVine and mantle melts of a 
peridotite sourCe

Model results
The Ni contents of near-solidus primary magmas are only 

slightly higher than those of primary magmas for L+Ol and 
L+Ol+Opx assemblages, and the full range of possibilities 
are shown in Figure 2a for batch melting of fertile peridotite 
KR4003; however, this small difference in melt Ni content is 
magnified by the Ni contents of coexisting olivines, which can 

figure 1. Experimentally measured DNi
Ol

O
/L and its model prediction 

(Beattie et al. 1991; Matzen et al. 2013), where DNi
Ol

O
/L is expressed on a 

wt% basis (i.e., wt% NiO in olivine/wt% NiO in melt). For Beattie et al. 
(1991), wt% D = mol% × 1.135. For Matzen et al. (2013), wt% D = mol% × 
0.5318. The database consists of 284 individual experimental olivine-melt 
pairs, and is given in Appendix1 Table 2 of the Appendix. (Color online.)
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show a range of values at constant MgO and Mg-number. The 
compositions of olivine coexisting with liquids for which olivine 
is the only crystalline phase (L+Ol) are shown as blue tie lines. 
There is considerable rotation of the tie lines through the bulk 
composition that illustrates mostly compatible behavior of Ni in 
olivine. However, at MgO in the ~36 to 38% range the Ni content 
of model olivine is less than the Ni content of these high-MgO 
melts, demonstrating incompatible behavior. As temperatures 
decrease from the liquidus to the solidus, the large drop in Ni in 
melts is mass balanced by a large Ni gain in olivine (Fig. 2a).

For accumulated fractional melting of fertile peridotite, the 
Ni content of a primary magma is:

Ni (ppm) = 21.6MgO – 0.32MgO2 + 0.051MgO3 (10)

for MgO contents <27% (Herzberg 2011). The Ni contents of ac-
cumulated fractional melts of fertile peridotite are slightly higher 
than those of batch melts at any specific MgO content, and they 
are similar to the Ni contents of melts on the solidus (Fig. 2b). 
Importantly, for any specific mode of melting and melt MgO 
contents <27%, the Ni content of a primary melt is essentially 
identical for both fertile and depleted peridotite sources (Fig. 2b).

The Ni contents of olivine in equilibrium with primary mag-
mas of fertile peridotite are given in Figure 3 at mantle pressures 
appropriate to partial melting, which typically range from ~2 to 
6 GPa for Phanerozoic magmas (Herzberg and Asimow 2015). 
Slight elevations in Ni for accumulated fractional melts relative 
to batch melts (Fig. 2b) are reflected in their slightly higher 
olivine Ni contents (Fig. 3a). It is important to note, however, 
that a computed aggregate fractional melt is not in equilibrium 
with its residue and residual olivine; only the final drop of liquid 

figure 2. Model nickel contents of peridotite-source primary 
magmas and their equilibrium olivines. Primary magma compositions 
are solutions to the equations for batch and accumulated fractional 
melting (i.e., AFM) using an initial source composition having 0.25% 
NiO (i.e., 1964 ppm Ni). Equilibrium olivine compositions at pressures 
of melt generation are computed from Beattie-Jones, Toplis, and 
Herzberg-O’Hara parameterizations. Please see text for details. (a) 
Blue lines are tie lines connecting olivine composition to liquids in 
equilibrium with olivine only (i.e., L+Ol). Red line labeled solidus are 
Ni and MgO contents of melts on the solidus; black space between red 
and green lines are Ni contents of primary melts for the assemblages 
(L+Ol±Opx±Cpx±Sp±Gr). (b) Effects of peridotite composition and 
melting mechanism on the Ni and MgO contents of melts. Green squares 
are off-craton peridotite xenolith data from Asia (Ionov 2007, 2010; Ionov 
and Hofmann 2007; Ionov et al. 2005). (Color online.)

figure 3. Nickel contents and Mg numbers [i.e., mol% 100MgO/
(MgO+FeO)] for model and measured olivines. (a) Black and red forms 
are olivine compositions in equilibrium with batch and accumulated 
fractional melts, respectively, using the Beattie-Jones parameterization. 
Gray shaded form with ±1s represents the 1 Absolute RMSE uncertainty 
in olivine Ni content that is propagated from uncertainties in experimental 
data (Appendix1 Table 2 and Herzberg et al. 2013). Black cross is olivine 
composition at the liquidus for near-total melting 100MgO/(MgO+FeO). 
Blue form bounds olivine compositions calculated by Straub et al. 
(2008); Mg numbers for olivines appropriate for near-solidus and near-
liquid melts are ~89.5 and 96.0, respectively. (b) Comparison of model 
olivines of batch primary magmas with experimentally measured olivines 
(Herzberg and Zhang 1996; Appendix1 Table 3); MgO and FeO contents 
of olivines distributed between the liquidus and solidus were illustrated 
in Figures 4, 5, and 6 in Herzberg and Zhang (1996). (Color online.)
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extracted is in equilibrium with the residue (Herzberg 2004). 
Nevertheless, it will be shown below that the assumption of 
equilibrium is a good approximation.

Our analysis of olivines of primary magmas of a peridotite 
source always show an maximum of Ni content with increasing 
melt fraction (F; Fig. 3a). For the case of accumulated fractional 
melting, the Ni content of olivine is ~2860 ppm at the solidus, 
increasing to a maximum of 3100 ppm at F = ~0.5, and then 
decreasing by almost half to 1600 ppm at F = 1. The large drop 
in olivine Ni content is nothing more than a mass balance require-
ment of the large increase in melt Ni content from the solidus 
to the liquidus (Fig. 2a). Our model differs fundamentally from 
that reported by Straub et al. (2008), wherein their Ni contents 
increase continuously with increasing degree of melting (Fig. 3a). 
As a critical test, we compare our model olivine compositions 
for batch melting at high pressures with olivine compositions 
measured from experiments on peridotite KLB-1 (Zhang and 
Herzberg 1994; Herzberg and Zhang 1996). Results are com-
pared with that of Straub et al. (2008) and, although this model 
is for fractional melting, it will not differ significantly from our 
batch melting model.

The experimental olivines are distributed between the solidus 
and liquidus in experiments that were conducted in a temperature 
gradient on peridotite KLB-1, which has 0.25% NiO (see Fig. 4 
in Zhang and Herzberg 1994). Only a few representative olivines 
were reported by Herzberg and Zhang (1996), and we include 
the full data set in Appendix1 Table 3 of the Appendix. There is 
liquid migration toward the hot spot in a temperature gradient 
by the solution and precipitation of crystalline phases dominated 
by olivine (e.g., Lesher and Walker 1988; Zhang and Herzberg 
1994). Expulsion of low-degree melts from near the solidus and 
toward the liquidus near the hotspot results in mixed melts, and 
there is a continuum of olivine compositions in equilibrium with 
these melts (Fig. 3b). Notably, experimental olivines from melts 
near the liquidus have the lowest Ni contents, about 1600 ppm 
Ni, and maximum Ni contents of about 3100 ppm (Fig. 3b). We 
have not examined the possibility that the low-olivine Ni contents 
were compromised by Ni loss to rhenium containers; however 
significant Ni loss is not likely because there is good mass bal-
ance in Ni between near liquidus olivine and liquid compositions 
with respect to 0.25% for the bulk KLB-1 composition, within the 
reported uncertainties (Herzberg and Zhang 1996). This provides 
experimental confirmation of our model olivine compositions 
calculated from Beattie-Jones, Toplis, and Herzberg-O’Hara 
parameterizations of experimental data. Low Ni olivine contents 
near the liquidus illustrate the incompatible nature of Ni in olivine 
with respect to near-total melts of mantle peridotite.

Olivine in mantle peridotite
The evidence presented in Figure 4 suggests that olivines in 

mantle peridotite could have been in equilibrium with primary 
melts that formed by either batch or accumulated fractional melt-
ing. This conclusion is based on the excellent match between 
calculated olivine compositions for our assumed peridotite hav-
ing 0.25% NiO (McDonough and Sun 1995) and those of 215 
olivine grains in mantle peridotites from a wide range of tectonic 
environments that have been measured by high-precision elec-
tron microprobe analysis (Herzberg et al. 2013). These natural 

olivines contain 2800 to 3100 ppm Ni, and Mg numbers in the 
89.5 to 92.0 range (Fig. 4a), and there is a positive relationship 
between Ni and Mg number (i.e., dNi/dMg number = 68), which 
is captured in the computed olivine compositions. Olivines 
from peridotite residues that have Ni compositions outside the 
bounds shown in Figure 4a have been reported (e.g., Doucet et 
al. 2012), indicating the operation of second stage processes such 
as interaction with sulfide (Barnes et al. 2013).

If mantle peridotite is the solidification product of an early 
magma ocean (Herzberg and O’Hara 1985; Melosh 1990; Tonks 
and Melosh 1993; Walter and Trønnes 2004; Elkins-Tanton 
2008; Carlson et al. 2014) then the evidence from olivine in-
dicates that it melted and crystallized with little or no removal 
of olivine (i.e., equilibrium/batch melting and crystallization; 
Fig. 4b). The liquidus temperature of a totally melted fertile 
peridotite composition similar to KR4003 at 1 atm is ~1700 
°C, and > 2000 °C at P > 7 GPa (Herzberg and Asimow 2015). 
The liquidus olivine to crystallize from this magma ocean 
composition would have an Mg number of 96 and a Ni content 
of 1600 ppm (Fig. 4b). Olivine compositions of equilibrium 
(batch) crystallization would equilibrate to lower Mg numbers 
and higher Ni contents, reaching a maximum of about 3000 
ppm Ni after about 70% crystallization. At total solidification, 
the fertile peridotite would have olivine containing 2860 ppm 
Ni and an Mg number of 89.5, similar to those that have been 

figure 4. Nickel contents and Mg numbers [i.e., mol% 100MgO/
(MgO+FeO)] for model olivines compared with 215 measured olivines in 
mantle peridotite (Herzberg et al. 2013). (a) Model olivines in equilibrium 
with accumulated fractional melts in the mantle. (b) Model olivines in 
equilibrium with batch melts in the mantle. (Color online.)
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measured (Fig. 4b; Herzberg et al. 2013); olivines with higher 
Mg numbers likely formed in a second stage as residual olivines 
after melt extraction (Fig. 4a).

Formation of mantle peridotite by perfect removal or frac-
tional crystallization of olivine in a terrestrial magma ocean is 
not plausible unless there is an error in our assumed peridotite 
composition. This process would form olivines with an array 
of compositions, many of which would have had much higher 
Ni contents than observed. The red curve in Figure 4b describes 
the olivine crystal line of descent that would result from 0 to 
82% fractional crystallization of olivine from a totally melted 
peridotite. The calculation does not include the crystallization 
of pyroxenes, spinel, and garnet, all of which would elevate the 
Ni contents of the magma ocean and its crystallizing olivines 
as indicated by the red arrow because Ni is more incompat-
ible in these phases than olivine (Beattie et al. 1991; Herzberg 
et al. 2013); their inclusion would further magnify the misfit 
between the olivine-only CLD and observed mantle olivines. 
However, the slightly higher Ni contents of observed olivines 
relative to the equilibrium crystallization situation (Fig. 4b) 
might be accommodated by a small measure of fractional crys-
tallization. That is, olivine may have maintained an equilibrium 
composition with its magma ocean owing to suspension as it 
crystallized, but it might not have been perfect owing to a small 
amount of removal somewhere. The petrological evidence 
for the dominant operation of equilibrium crystallization is 
consistent with convection velocities that were higher than 
settling velocities at relatively low pressures appropriate to 
olivine stability (Tonks and Melosh 1990; Solomatov 2015). 
Trace element and isotopic evidence indicate that fractional 
crystallization might have been more important in the lower 
mantle, involving perovskite and ferropericlase (Caro et al. 
2005; Corgne et al. 2005; Labrosse et al. 2007; Rizio et al. 2011; 
Puchtel et al. 2013). This might be manifest by lithological and 
geochemical heterogeneity at D″ (Labrosse et al. 2007; Coltice 
et al. 2011), in contrast with the remainder of the mantle from 
which peridotite is sampled.

A corollary to the formation of Earth’s mantle by equilibri-
um-dominated crystallization is that its magma ocean solidified 
to a peridotite mantle its own composition, with little or no 
basaltic type differentiates and dunite cumulates anywhere. 
This implies the Earth’s surface was largely made of peridotite 
at some early stage, a conjecture that might be consistent with 
some magma ocean models that suggest the Earth cooled from 
a total melt to a complete solid in a short period of time, that 
is 106–107 years (Hamano et al. 2013; Elkins-Tanton 2008). 
However, these estimates are highly uncertain because there is 
currently no comprehensive physical model of magma ocean 
crystallization that considers the time scales of crystal nucle-
ation, growth and separation from liquid (Solomatov 2015). 
Nevertheless, the evidence from the Ni content of olivine in 
mantle peridotite points to a major role for equilibrium crystal-
lization in an early turbulently convecting magma ocean; sub-
sequent stages of partial melting operated to slightly elevate Ni 
and Mg number in residual olivines. Uncertainties in the depths 
and temperatures of magma ocean melting and crystallization 
provide a good example of the utility of using the Beattie-Jones 
model for understanding the Ni content of olivine.

Olivine in Archean komatiites
Archean-age komatiites from Alexo and Munro in the Abitibi 

greenstone belt have compositions that indicate extreme degrees 
of melting of a peridotite source. Petrological analysis indicates 
all crystalline phases were melted out except olivine (Herzberg 
2004), and primary magma compositions have been estimated 
to have contained 26–30% MgO (Arndt et al. 2008; Herzberg 
2011; Sobolev et al. 2016). 

Olivine compositions from Alexo and Munro komatiites are 
shown in Figure 5 together with those that have been modeled 
for olivines that crystallize at the surface from primary accu-
mulated fractional melts of a peridotite source (Herzberg 2011). 
As shown more clearly below and in Figure 6, model olivines 
of primary magmas that crystallize at the surface have slightly 
higher Mg numbers than do those that crystallize in the mantle. 
Many olivines from Alexo contain about 3300 ppm Ni and Mg 
numbers of 94.5 (Sobolev et al. 2007), in good agreement with 
those expected to crystallize from a primary magma having 30% 
MgO; other olivines are more consistent with 26% MgO. In some 
cases, observed olivines have Ni contents that are up to ~500 
ppm higher than those expected of primary magmas, and this 
might indicate a pyroxenite contribution to melting (Sobolev et 
al. 2007). However, the pyroxenite interpretation is not consistent 
with olivine Mn and Ca contents (Fig. 7b in Herzberg 2011), 
indicating that the komatiites melted from a peridotite source that 
was free of recycled crust. Instead, Alexo and Munro olivines 
have Ni contents that are similar to model olivines produced by 
partial melting of a normal peridotite source having 1964 ppm 
Ni, followed by fractional crystallization of olivine. Importantly, 
calculated olivine crystal lines of descent capture the curvature 
to the Ni-Mg number systematics in measured olivines (Fig. 5; 
Herzberg 2011). For example, fractional crystallization of olivine 
from a primary magma having 30% MgO would drive up the Ni 
content of olivine from 3040 to 3660 ppm (Fig. 5). This unusual 

figure 5. Nickel contents and Mg numbers [i.e., mol% 100MgO/
(MgO+FeO)] of model olivines compared with measured olivines 
from Archean komatiites and Makapuu-stage Koolau volcano, Hawaii 
(Sobolev et al. 2007). Melting is assumed to be accumulated fractional 
(Herzberg 2011), and olivine crystallizes from primary magmas at the 
surface; this is more clearly shown and described in Figure 6. Green lines 
are model CLD for primary magmas having the MgO contents in the 20 
to 30% range; note the model olivine CLD is concaved toward the Mg 
number axis, in good agreement with measured olivines. (Color online.)
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behavior contrasts with the more familiar drop in Ni along an 
olivine CLD as seen in Figure 6 for MORB primary magmas 
with lower MgO contents.

The volatile-free liquidus temperature of a primary magma 
having 30% MgO is 1600 °C at 1 atm, and >1800 °C at P > 5 
GPa (Herzberg and Asimow 2015). Based on the phase diagram 
for KLB-1 (Herzberg and Zhang 1996), melting might have 
commenced in the lower mantle or transition zone, and may 
be consistent with mantle potential temperatures in the 1800 to 
2000 °C range (Herzberg et al. 2010; Putirka 2016). Archean 
komatiites have higher MgO contents than the more common 
contemporaneous basalts that melted from ambient mantle 
(Herzberg et al. 2010), consistent with a hot plume origin (e.g., 
Arndt et al. 2008; Herzberg et al. 2010). However, this conclu-
sion assumes that volatile-free melting is valid. Evidence has 
been presented for a role played by CO2 and H2O in melting that 
produced the komatiites from Alexo and Pyke Hill (Sobolev et 
al. 2016), and there is ambiguity concerning the mantle poten-
tial temperature of the source. Uncertainties in the depths and 

temperatures of melting provide another good example of the 
advantage of using the Beattie-Jones model for understanding 
the nickel content of olivine.

Olivine from mid-ocean ridge basalts
New high-precision electron microprobe data have been 

obtained on olivines from the Siqueiros fracture zone at the East 
Pacific Rise (Appendix1 Table 4) using analytical methods de-
scribed in the Appendix1. Results are shown in Figure 6 together 
with high-precision data from the Southeast Indian Rise (Sobolev 
et al. 2007). The trend of olivine analyses matches reasonably 
well the computed CLD for a representative MORB primary 
melt composition from the Siqueiros fracture zone having 11.5% 
MgO (Herzberg and Asimow 2015). The most primitive olivines 
have Ni contents that trend toward 2900 ppm, similar to those of 
model olivines from primary magmas. Those olivines displaying 
low-Ni contents relative to the CLD might indicate sequestration 
from a sulfide phase (Herzberg 2011); high-Ni olivines might be 
attributed to magma chamber crystallization, recharge, mixing, 
and tapping (O’Hara 1977; Coogan and O’Hara 2015; O’Hara 
and Herzberg 2002; O’Neill and Jenner 2012). However, the 
overall good agreement between observed and calculated olivine 
Ni contents indicates a robust computational method constructed 
from Beattie-Jones, Toplis, and Herzberg-O’Hara partitioning 
parameterizations. And the success of this model to mantle 
peridotite (Fig. 4b; Ol liquidus T at 1 atm = 1700 °C), Archean 
komatiites (Fig. 5), and present-day MORB (Fig. 6; Ol liquidus 
T at 1 atm = 1280 °C) is a good illustration of its general appli-
cability to an extremely wide range of temperature and pressure 
environments on Earth.

Olivine from Iceland: The modern Icelandic mantle plume
Iceland is the modern expression of volcanism from a mantle 

plume that can be tracked back in time to its first eruption in the 
Paleocene (Saunders et al. 1997). Olivine compositions from 
Theistareykir volcano are shown in Figure 7, and they are rep-
resentative of the full range of possibilities from other volcanoes 
on Iceland (Sobolev et al. 2007). There are two major populations 
of data. The first can be reasonably described by model olivines 
that crystallized for the equilibria L+Ol and L+Ol+Plag (Fig. 
7). The second olivine population has a lower Mg number at 
constant Ni content, and is roughly coincident with the curved 
red lines shown in Figure 7. These red lines represent olivines 
that crystallize from magmas that form by the mixing of the 
primary magma with derivative magmas along the LLD. This 
is a simulation of magma chamber crystallization, recharge, and 
mixing (O’Hara 1977), and it shares some similarities to those 
for MORB (O’Neill and Jenner 2012; Coogan and O’Hara 2015), 
Mangaia and Curacao picrites (Herzberg et al. 2014; Trela et al. 
2015, see also Prelević et al. 2013). Although the calculations 
were performed at 1 atm, the effect of increasing the pressure 
to those expected in the deeper crust is to shift the Ni contents 
of olivines on the L+Ol+Plag+Cpx CLD, but this will not affect 
the mixing lines.

Figure 7 illustrates the very good agreement between ob-
served and calculated olivine Ni contents using Beattie-Jones, 
Toplis, and Herzberg-O’Hara parameterizations. White circles 
are olivine compositions that have been calculated using the 

figure 6. Nickel contents and Mg numbers [i.e., mol% 100MgO/
(MgO+FeO)] of model and measured olivines. Model olivine 
compositions for a Siqueiros MORB primary magma is given in Herzberg 
and Asimow (2015; MgO = 11.56%), and is likely representative of all 
MORB. Open cross is olivine in equilibrium with the primary magma 
having a Ni content as described by Equation 10. Olivine crystal line of 
descent CLD is compared with measured olivines from the Siqueiros 
fracture zone (Appendix1 Table 4) and South East Indian Ridge (Sobolev 
et al. 2007). The CLD calculation was made with PRIMELT3 (Herzberg 
and Asimow 2015) for fracationation of olivine, and MELTS (Ghiorso 
and Sack 1995) for fractionation of olivine+plagioclase and olivine+ 
plagioclase+clinopyroxene at 200 bars, an oxygen fugacity defined by the 
QFM buffer and with 0.2% H2O. Olivine compositions were computed 
using Fe-Mg partitioning from Toplis (1995). Ni partition coefficients 
used: olivine-melt from Beattie et al. (1991); plagioclase-melt = 0; 
clinopyroxene-melt = 0.25 DNi

Ol
O
/L (Herzberg et al. 2013). It is notable 

that MELTS is not sufficiently calibrated for Ni, and also underestimates 
olivine Mg number by ~2%; we use the MELTS CLD and compute 
olivine Mg number from Toplis (1995). Note also that model olivines at 
high pressure have slightly lower Mg numbers than those at the surface, 
and this is accommodated by higher KD in the models of Herzberg and 
O’Hara (2002) and Toplis (2005). Therefore, olivines that crystallize 
from a primary magma at the surface (black form) will have higher Mg 
numbers than residual olivines at mantle depths (red form), and their 
range of compositions is highly restricted. (Color online.)
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method of Matzen et al. (2013) for DNi
Ol

O
/L and with the assump-

tion of 2975 ppm Ni in the peridotite source olivine (Fig. 4). 
Matzen et al. (2013) have suggested that the Ni contents of 
olivine phenocrysts will be elevated for the condition of higher 
temperatures and pressures of magma generation in the mantle 
compared with the temperature of crystallization in the crust, a 
DT effect. This is shown in Figure 7 for melting pressures that 
range from 0 to 2.1 GPa. Indeed, the Matzen model is sensitive 
to assumptions concerning the conditions of melting. Flipping 
this around, there is great potential for using the Matzen method 
for independently estimating final pressures of melt segregation 
in the mantle. However, it is only for a melt segregation pressure 
of 0 GPa where there is excellent agreement with both observed 
and calculated olivines using the Beattie-Jones parameterization, 
an implausible result because melting must be deeper than the 
Icelandic crust, which is 25 to 40 km thick (Darbyshire et al. 
2000). A melting pressure of 1.0 GPa yields a higher Matzen Ni 

content for olivine, but it is well within the uncertainty of the 
partitioning models. However, these Matzen pressures depend 
on the assumed Ni content of the olivine in the residual mantle. 
If we drop Ni from 2975 to 2710 ppm, then a good match can 
be obtained with observed olivines at an assumed a pressure of 
1.0 GPa below Iceland. Olivine in mantle peridotite with 2710 
ppm Ni is lower than the average of our high-precision data and 
the expectation of 1964 ppm Ni in fertile peridotite (Fig. 4), but 
it is a reasonable low Ni bound.

There are two important messages to be drawn from Figure 
7. The first is that olivines from Iceland have Ni contents that 
are well described by model olivines expected by melting of a 
normal peridotite source having a canonical Ni content of 1964 
ppm (McDonough and Sun 1995). Icelandic olivines do not have 
Ni contents in excess of 3000 ppm, differing from those observed 
from Hawaii and for which pyroxenite source melting has been 
inferred (e.g., Fig. 7; Sobolev et al. 2007; Herzberg 2011); a 
peridotite source for Iceland inferred from Ni is also consistent 
with high Ca and Mn, and low Fe/Mn, in contrast with Hawaii 
(see below; Herzberg et al. 2013). The second message is that 
inferences about source lithology can be compromised without 
due consideration given to magma chamber crystallization, 
recharge, and mixing. For example, the Theistareykir olivine 
population with low Mg number might be erroneously interpreted 
as requiring the involvement of a modest amount of pyroxenite as 
it is shifted in the direction toward Hawaii; but to reiterate, this 
is not consistent with a peridotite source as expressed by olivine 
phenocrysts having high Ca and Mn, and low Fe/Mn (see below).

We conclude that the evidence from olivine chemistry points 
to little or no role is played by recycled crust as a distinct lithol-
ogy in the present-day Icelandic mantle plume. In contrast, the 
enriched and depleted geochemical variability (e.g., Fitton et al. 
2003) was interpreted by Shorttle et al. (2014) as arising from 
the melting a lithologically heterogeneous source consisting of 
recycled crust imbedded in buoyant harzburgite. We suggest 
herein that another possibility might be a source that consists of 
harzburgite with variable amounts of recycled crust mixed in. 
It was noted previously that the Ni contents of primary melts 
(i.e., MgO < 27%) of peridotite having 38 to 42% MgO are es-
sentially identical (Fig. 2b), as will be the Ni contents of their 
crystallizing olivines. Therefore, olivine phenocryst chemistry 
cannot be used to distinguish a fertile peridotite source from a 
depleted harzburgitic source that had been variably refertilized 
by mixing moderate amounts of recycled crust.

Mantle plumes may be anchored at the edges of large low-
shear velocity provinces on the core-mantle boundary (Burke 
et al. 2008), and LLSVPs may consist of ambient mantle mixed 
with recycled crust (Mulyukova et al. 2015), primordial mantle 
differentiates (Labrosse et al. 2007), or both. Recycled crust from 
the LLSVP was sampled by the Hawaiian mantle plume (Weis 
et al. 2011), which stretched it into filaments (Farnetani and 
Hofmann 2009), but it was not mixed or destroyed as a distinct 
pyroxenite lithology as indicated by high-Ni olivine in Figure 7 
(Sobolev et al. 2007; Herzberg 2011). From a petrological point 
of view, Iceland does not conform to this standard model as its 
olivine Ni contents are low and consistent with peridotite melt-
ing (Fig. 7). Mangaia is another example, although in detail the 
olivine compositions differ from those of Iceland (Herzberg et al. 

figure 7. Nickel contents and Mg numbers [i.e., mol% 100MgO/
(MgO+FeO)] of model olivines compared with measured olivines from 
Theistareykir volcano, Iceland and Makapuu-stage Koolau volcano, 
Hawaii (Sobolev et al. 2007). All model olivines are assumed to crystallize 
at 1 atm. Open cross is the composition of olivine that would crystallize 
from the primary magma containing 17.6% MgO and Ni as given by 
Equation 10; this is a PRIMELT3 primary magma solution (Herzberg 
and Asimow 2015) for Theistareyker lava sample TH03xrf (Shorttle et 
al. 2014). Black lines labeled L+Ol, L+Ol+Plag, and L+Ol+Plag+Cpx 
describe the compositions of olivine that would crystallize along the 
liquid line of descent (i.e., CLD) at 1 atm, anhydrous and at an oxygen 
fugacity defined by the QFM buffer. Arrow labeled P describes the effect 
of pressure on the L+Ol+Plag+Cpx CLD. The CLD calculation was made 
with PRIMELT3 (Herzberg and Asimow 2015) and MELTS (Ghiorso and 
Sack 1995) as described in Figure 6b for MORB, but for 0% H2O. Red 
lines are compositions of olivines that would crystallize from magmas that 
form by mixing of the primary magma with derivative magmas along the 
LLD. White circles are Ni contents of olivine calculated using the method 
of Matzen et al. (2013; their experiments combined with a compilation of 
literature data; 2975 ppm Ni in olivine in residual peridotite). In all cases 
olivine is assumed to crystallize near the surface. White circles are for the 
following five conditions of melt segregation in the mantle, from lowest to 
highest Ni contents: (1) 0 GPa, 1399 °C; (2) 0.5 GPa, 1426 °C; (3) 1 GPa, 
1451 °C; (4) 1.5 GPa, 1476 °C; (5) 2.1 GPa, 1504 °C (Hole and Millet 
2016). In all cases, these temperatures T at pressures P are calculated from 
Equations 12 and 13 in Herzberg and Asimow (2015). Melting pressures 
refer to final melting of the mantle region, not pressures at which melting 
initiates. (Color online.)



HERZBERG ET AL.: OLIVINE CONSTRAINS ORIGINS OF IGNEOUS ROCKS1960

2014). The question is how exactly does recycled crust get mixed 
into its peridotite host? Destruction of recycled crust may occur 
by partial or total melting of the pyroxenite and injection of its 
silicic melts into the surrounding mantle peridotite, yielding a 
relatively refertilized peridotite (Yaxley and Green 1998). Such 
a source can have phantom-like properties in that its lithological 
identity as recycled crust can be destroyed while its trace ele-
ment and isotope ratios are preserved in the refertilized peridotite 
(Herzberg et al. 2014). Whether pyroxenite is destroyed as in 
Iceland or preserved as in Hawaii will depend on a potentially 
complex interplay among its mass relative to the peridotite host, 
the thermal properties of the mantle plume, and the thickness 
of the lithosphere. The signal of pyroxenite melting in olivine 
chemistry is likely to be stronger for mantle plumes that impact 
a thick lithosphere (Sobolev et al. 2007) because pyroxenite has 
a lower solidus temperature and higher melt productivity relative 
to peridotite (e.g., Morgan 2001; Pertermann and Hirschmann 
2003; Ito and Mahoney 2005; Sobolev et al. 2007; Shorttle and 
Maclennan 2011). The present-day Icelandic mantle plume 
is only slightly cooler than Hawaiian plume (Herzberg and 
Asimow 2015), but it is coincident with the Mid-Atlantic ridge; 
therefore, the Icelandic melting column is drawn closer to the 
surface relative to Hawaii, and there are increased opportunities 
for pyroxenite destruction and peridotite refertilization.

Olivine from the Paleocene picrites of West Greenland 
(WG) and Baffin Island (BI): The ancient Icelandic mantle 
plume

Paleocene picrites from West Greenland and Baffin Island 
were the first magmatic eruptions from the ancestral Icelandic 
mantle plume (Saunders et al. 1997), and they are notable in 
having the most primitive He, Pb, and Nd isotopic composi-
tions on Earth (Stuart et al. 2003; Starkey et al. 2009; Jackson 
et al. 2010). Inversion of the major elements indicate that they 
crystallized from high-MgO lavas that were generated by a hot 
mantle plume source (Larsen and Pedersen 2000; Herzberg and 
O’Hara 2002; Herzberg and Gazel 2009; Hole and Millet 2016). 
The implication is that the ancestral Icelandic mantle plume 
sampled a primitive region of Earth’s mantle.

Low- and high-precision data (Larsen and Pedersen 2000; 
Sobolev et al. 2007) show that olivines from WGBI lavas have 
Ni contents that are higher than those expected of melting of a 
peridotite source having a canonical Ni content of 1964 ppm 
(Herzberg et al. 2013). This result has been reproduced and 
illustrated again in Figure 8 with new high-precision electron 
microprobe data that we report in Appendix1 Table 5 of the Ap-
pendix. The trend of WGBI olivines is not consistent with the 
expectations of a crystal line of descent involving L+Ol and 
L+Ol+Plag. Crystallization of clinopyroxene is indicated, fol-
lowed by mixing with more primitive melts as for Theistareykir 
volcano. Importantly, the signal of clinopyroxene crystalliza-
tion will be revealed in olivines with elevated Ni, but the rocks 
may contain no clinopyroxene as a phenocryst phase. Together 
with MORB (Fig. 6), Mangaia (Herzberg et al. 2014), Curacao 
(Trela et al. 2015), and Theistareykir (Fig. 7), olivine from West 
Greenland and Baffin Island is faithfully recording in its chem-
istry the widespread occurrence of magma chamber fractional 
crystallization, recharge, and mixing (O’Hara 1977; Coogan and 

O’Hara 2015; O’Hara and Herzberg 2002; O’Neill and Jenner 
2012; Prelević et al. 2013).

Some olivines from Baffin Island with Mg numbers in the 
85–88 range have Ni contents that are similar to olivines that 
crystallized from mixed magmas of Theistareykir volcano; 
however, the same BI olivine population with Mg numbers 
>90 is always higher in Ni by as much as 500 ppm in some 
cases, indicating a fundamental difference with respect to the 
modern Icelandic mantle plume. One possible explanation is 
that Ni is high in WGBI olivines because of the participation 
of recycled crust. However, while recycled crust is likely to be 
compositionally heterogeneous (Herzberg 2011), olivines that 
crystallize from melts of a pyroxenite source commonly have 
low-Ca and -Mn contents, and elevated Fe/Mn; this signature can 
arise from retention of Ca and Mn in modally abundant residual 
clinopyroxene and garnet, respectively (Herzberg 2011). This is 
in contrast with olivines from WGBI that have Mn, Fe/Mn, and 
Ca contents similar to those of olivines in MORB (Herzberg et al. 
2013), as is shown in Figure 9. Fe/Mn for olivines from WGBI 
and Theistareyker volcano are similar to those for MORB and 
model olivines expected of a peridotite source; they are also much 
lower than Fe/Mn of olivines from Hawaii for which a pyroxenite 
source has been interpreted (Sobolev et al. 2007; Herzberg 2011).

In general, olivines from West Greenland have slightly higher 
Ni contents than do those from Baffin Island (Fig. 8). No cor-
relation exists between excess Ni in olivine and the isotopic 

figure 8. Nickel contents and Mg numbers [i.e., mol% 100MgO/
(MgO+FeO)] of model olivines compared with measured olivines from 
West Greenland and Baffin Island (Appendix1 Table 5). Model olivines 
are those that crystallize from primary magmas at the surface; melting 
mechanism is accumulated fractional melting. Olivines that crystallize 
from primary magmas have been calculated using the Beattie-Jones model 
and peridotite sources having 1964 ppm Ni (McDonough and Sun 1995) 
and 2360 ppm Ni. Crystal line of descent and mixing lines are from Figure 
7. White circles are calculated Ni contents of olivine using the method 
of Matzen et al. (2013; their experiments combined with a compilation 
of literature data; 2975 ppm Ni in olivine in residual peridotite; primary 
magma MgO = 20.0%) for the following conditions: high Ni using melting 
T = 1580 °C and P = 2.8 GPa (Herzberg and Asimow 2015; Hole and 
Millet 2016) and crystallization T = 1444 °C and 1 atm (Herzberg and 
Asimow 2015); low Ni using melting T = 1549 °C and P = 2.1 GPa and 
crystallization T = 1444 °C and 1 atm (Herzberg and Asimow 2015; Hole 
and Millet 2016). Melting pressures refer to final melting of the mantle 
region, not pressures at which melting initiates. (Color online.)
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compositions of the lavas from which our olivine analyses were 
obtained (Starkey et al. 2009). The only correlation observed in 
trace element ratios is that West Greenland lavas generally have 
higher V/Sc than do Baffin Island lavas (Fig. 10). This is based 
on histograms of V/Sc for West Greenland and Baffin island 
lavas (Larsen and Pedersen 2009; Lightfoot et al. 1997; Starkey 
et al. 2009) that have been filtered with Nd and Sr isotope ratios 
to exclude samples that had experienced crustal contamination 
(Larsen and Pedersen 2009). Increasing fO2 increases V/Sc in 
melts of spinel and garnet peridotite (Lee et al. 2005), but the ef-
fect is greater for garnet peridotite (Mallmann and O’Neill 2009) 
at constant fO2. This is consistent with petrological modeling that 
shows overlapping but generally greater depths of melting in the 
generation of West Greenland primary magmas compared with 
Baffin Island (Hole and Millett 2016).

The Beattie-Jones Ni partitioning model for a McDonough 
and Sun (1995) peridotite predicts olivines with lower Ni con-
tents than those observed for WGBI, but the misfit is within the 
uncertainty of the model. Matzen et al. (2013) have suggested 
that Ni contents of olivine phenocrysts that crystallize at the 
surface will be elevated for hotter melts generated deeper in the 
mantle, the DT effect. This interpretation is consistent with higher 
Ni contents of WG olivines compared with BI olivines (Fig. 8). 
Olivines represented by the white circles in Figure 8 have been 
calculated using the method of Matzen et al. (2013) for DNi

Ol
O
/L 

assuming an olivine Ni content of 2975 ppm Ni in the peridotite 
source (Fig. 4), melting pressures that range from 2.8 to 2.1 GPa, 
and crystallization at the surface (see caption for details). The 
agreement with many WGBI olivines is very good for the high-Ni 
population (Fig. 8). Some of the low-Ni BI olivine population is 

consistent with a Matzen melting pressure of 2.1 GPa; however, 
BI olivines with the lowest Ni contents would likely require 
unreasonably low pressures or Ni-depleted peridotite.

How do we explain Icelandic and WGBI olivines that have 
similar Fe/Mn (Fig. 9) but different Ni contents (Figs. 7 and 8)? 
This paradox was explained by Paleocene picrites that melted 
from a nickel-rich peridotite source (Fig. 8), Ni being high owing 
to interaction with the core (Herzberg et al. 2013). However, this 
interpretation is no longer unique because the Beattie-Jones DNi
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model was assumed. In contrast, the nickel partitioning model 
of Matzen et al. (2013) is consistent with elevated Ni in olivine 
owing to deep and hot melting of normal mantle peridotite hav-
ing the canonical 0.25% NiO (McDonough and Sun 1995) and 
containing residual olivines with 2975 ppm Ni (Figs. 4). The 
nickel-rich peridotite hypothesis (Herzberg et al. 2013) is now 
less secure, but Ni contents of olivine using the Matzen et al. 
(2013) method are sensitive to assumed T-P conditions of melting 
and Ni content of residual olivine. We caution, however, against 
over interpretation because the uncertainties in both Beattie-
Jones and Matzen models are about the same (Fig. 1; Appendix1 
Table 1), and they propagate to significant uncertainties in the 
Ni content of olivine as shown in Figure 8. More work is needed 
to constrain the problem.

Olivine from Hawaii
Picrites from the West Greenland Vaigat Formation were 

proposed to have segregated below a thick 100–120 km conti-
nental lithosphere (Larsen and Pedersen 2000), consistent with 
model pressures reported by Hole and Millet (2016). These 
pressures are comparable to those below Hawaii (Li et al. 2000, 
2004), and mantle potential temperatures for WG and Hawaii 
are are about the same (TP = 1500–1600 °C; Herzberg and 
Gazel 2009; Hole and Millet 2016). Therefore, it is expected 

figure 9. Fe/Mn and Mg numbers of model olivines compared with 
measured olivines. Data from the South East India Rise, Theistareykir, 
Hawaii, are from Sobolev et al. (2007); data from West Greenland and 
Baffin Island are from this work (Appendix1 Table 5). Black form is 
model olivines of a peridotite source having 0.13% MnO (Herzberg 
2011). Measured olivines from Iceland are consistent with model 
olivines of a peridotite source having Mg numbers >90 and Fe/Mn in 
the 62 to 66 range. Fractional crystallization of olivine does not change 
Fe/Mn very much, but clinopyroxene fractionation can elevate Fe/Mn 
(Herzberg et al. 2014; Trela et al. 2015). Olivines from Hawaii have 
Fe/Mn that are higher than those expected of peridotite-source melting, 
owing possibly to retention of Mn in a garnet pyroxenite source, and 
elevation of primary melt Fe/Mn from which the olivines crystallized 
(Herzberg 2011). (Color online.)

figure 10. Histograms of V/Sc for West Greenland and Baffin Island 
lavas that have been filtered with Nd and Sr isotope ratios to exclude 
samples that have experienced crustal contamination. West Greenland 
lavas generally have higher V/Sc, consistent with deeper melting of 
garnet peridotite. (Color online.)
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that the model of Matzen et al. (2013) would predict olivine Ni 
contents from West Greenland picrites that are high like those 
from Hawaii owing to a comparable DT effect; however, this 
prediction is not consistent with measured Ni contents (Fig. 8). 
One possibility is that Hawaii melted from a peridotite source 
that was unusually rich in nickel. However, this interpretation is 
not unique because the higher Ni contents of Hawaiian olivines, 
together with lower Ca and higher Fe/Mn, are also consistent 
with the expectations of pyroxenite melting (Sobolev et al. 
2005, 2007; Herzberg 2011). Furthermore, both olivines and 
whole rock lava compositions in Mg-rich shield stage Hawai-
ian lavas are low in CaO; estimated high-MgO primary melt 
compositions have lower CaO contents than experimental and 
thermodynamic melts of mantle peridotite (Walter 1998; Herz-
berg 2006; Herzberg and Asimow 2008; Jennings and Holland 
2015), consistent with pyroxenite melting.

Cobalt Contents of oliVine and mantle melts 
of a peridotite sourCe

Model results
Compared with nickel, cobalt data for olivine are lacking in 

quality and quantity owing to its lower abundance levels. Also, 
there has never been a comparable understanding of how cobalt 
is partitioned between melts and olivine. Building on the success 
of the nickel modeling as discussed above, we will finish this 
contribution with a preliminary cobalt model.

Cobalt is more incompatible in olivine than Ni, but the parti-
tion coefficients depend on composition (Eqs. 4 and 5). Cobalt 
contents of primary and derivative magmas and their crystallizing 
olivines have been calculated using the same procedure discussed 
above for nickel, using the partition coefficient from Equation 5 
(Beattie et al. 1991). These are compared with new high-precision 
electron microprobe analyses of San Carlos olivine we provide 
in Appendix1 Table 6; our analytical method is discussed in the 
Appendix. We have found small differences in two San Carlos 
olivine grain populations; one grain has an Mg number of 90.03 
and 139 ppm Co (±7; 1s); another has an Mg number of 90.38 and 
142 ppm Co (±7; 1s). These data are similar to those reported by 
Sobolev et al. (2007; Mg number 90.22 and 140 ppm Co), and to 
142 ppm Co reported by De Hoog et al. (2010) from LA-ICP-MS. 
Taken at face value, these data suggest a slight positive correlation 
of Mg number and Co content. Regression yields a model olivine 
at the solidus with an Mg number of 89.5 and 135 ppm Co, and 
we use this in our modeling. We assume peridotite KR4003 has a 
105 ppm Co (McDonough and Sun 1995).

Primary magma solutions to the equation for accumulated 
fractional melting are shown in Figure 11a. Liquids extracted 
from dunite [L+Ol] and harzburgite [L+Ol+Opx] residues have 
similar Co contents at any specific MgO content. Co contents of 
liquids on the solidus can be higher by ~10 ppm for high-MgO 
melts; Co contents of liquids extracted from lherzolite are an 
interpolation. The compositions of olivines in equilibrium with 
these primary magmas of accumulated fractional melting are 
shown in Figure 11b.

Olivine from mantle peridotite
Computed olivine compositions in equilibrium with primary 

magmas produced by accumulated fractional melting at mantle 
pressures are shown in Figure 12. These are in excellent agree-
ment with those that have been measured for San Carlos olivine 
reported by Sobolev et al. (2007) and our new high-precision 
electron microprobe data (Appendix1 Table 6). The computed 
olivine compositions are also in good agreement with olivine 
compositions from orogenic peridotite and xenoliths that have 
been measured by LA-ICP-MS (De Hoog et al. 2010). As with 
Ni, the agreement between observed and calculated olivine Co 
contents indicates a robust computational method constructed 
from Beattie-Jones, Toplis, and Herzberg-O’Hara parameteriza-
tions of experimental data.

Olivine from the Siqueiros Transform of the East Pacific 
Rise

High-precision electron microprobe Co measurements made 
for olivines from the Siqueiros Transform are given in Appen-

figure 11. Model cobalt contents of peridotite-source primary 
magmas and their equilibrium olivines. Primary magma compositions 
are solutions to the equation for accumulated fractional melting 
(i.e., AFM) using an initial source composition having 105 ppm Co 
(McDonough and Sun 1995). Equilibrium olivine compositions at 
pressures of melt generation and 1 atm are computed from Beattie-
Jones, Toplis, and Herzberg-O’Hara parameterizations (please see 
text for details). Gray shaded form in panel b is the 1s uncertainty in 
olivine composition for AFM partial melts arising from application of 
the Beattie et al. (1991) parameterization (i.e., Eq. 5) to experimental 
data (Herd et al. 2009; Longhi et al. 2010; Mysen 2006, 2007; Takahashi 
1978). (Color online.)
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dix1 Table 4 and shown in Figure 13 together with those from 
the Knipovich ridge (Sobolev et al. 2007). Siqueiros olivine 
Co contents are in good agreement with those reported by 
Sobolev et al. (2007), and they are consistent with ~140 ppm 
Co calculated for olivines in equilibrium with primary magmas 
having 10–13% MgO. However, the olivine-only CLD at 1 atm 
has generally lower Co than those which have been reported 
for olivines from the Knipovich MORB (Fig. 13b; Sobolev et 
al. 2007). Similarly the calculated olivine-only LLD is lower 
in Co than those which have been measured for MORB glasses 
(Fig. 13a; Jenner and O’Neill 2012). We expect the elevated 
Co in both glasses and olivines are the result of plagioclase 
and clinopyroxene fractionation, but there are no partitioning 
data that permit a forward model and test of this conjecture.

Olivine from the Paleocene picrites of West Greenland 
and Baffin Island (WGBI): The ancient Icelandic mantle 
plume

New high-precision Co analyses (Appendix1 Table 5) for 
olivines from West Greenland and Baffin Island lavas are com-
pared with model olivines that crystallize from primary magmas 
(accumulated fractional melting) at 1 atm. The primitive WGBI 
olivines with Mg numbers of 90.0–92.5 have Co contents that 
differ by about ±10 ppm from the model olivines expected to 
crystallize from primary magmas (Fig. 14). Olivines in some 
samples display coherent and clearly separable crystal line of 
descent trends, such as DUR3, DUR6, and PAD8, which are 
larger than the ±7 ppm (1s) uncertainty in the precision of our 
San Carlos olivines. In other samples, the scatter in Co is similar 
to the uncertainty in precision. Notably, the slightly higher Ni 
contents for West Greenland olivines compared with those from 
Baffin Island are not evident in Co.

Whole-rock Co and MgO data reported by Larsen and 
Pedersen (2009) display a curved trend that coincides with a 
computed olivine-only LLD that extends from a primary magma 
having 20% MgO (Fig. 14a). This MgO content is similar to the 
range of primary magma composition inferred from PRIMELT2 
(Herzberg and Gazel 2009) and PRIMELT3 modeling (Hole and 
Millett 2016), which require a hot mantle plume source.

It is possible that the apparently well-resolved olivine Co 
contents for DUR3, DUR6, and PAD8 contain information about 
origin. In particular, an independent evaluation is needed of the 
model that WGBI lavas melted from a nickel-rich peridotite 
source by interaction with the core (Herzberg et al. 2013), as 
discussed above. This model predicts that the peridotite source 
might also be enriched in Co compared with the canonical 105 
ppm because the partitioning of Co, like Ni, between silicate 
and sulfide liquids is pressure dependent (Siebert et al. 2012). 
However, this conclusion is based on a parameterization of 
experimental data up to 70 GPa, and it may not be extrapo-
lated with confidence to 135 GPa at the core-mantle boundary. 
Furthermore, the effects of temperature, pressure, oxygen fugac-
ity, and composition can add to significant uncertainties in the 
distribution coefficients for Ni and Co between silicate and metal 
liquid (Walter and Cottrell 2013). The main conclusion is that the 
rough agreement between observed and calculated olivine Co 
is supportive of the Beattie-Jones, Toplis, and Herzberg-O’Hara 
parameterizations to within ±20 ppm (1s).

figure 12. Cobalt contents and Mg numbers [i.e., mol% 100MgO/
(MgO+FeO)] of model and measured olivines from mantle peridotite. 
Model olivines are those in equilibrium with primary magmas of 
accumulated fractional melting. Measured olivines are those for San 
Carlos olivine (Appendix1 Table 6; Sobolev et al. 2007), and olivines 
in peridotite from orogenic and xenoliths occurrences (De Hoog et al. 
2010) (Color online.).

figure 13. Model cobalt contents of peridotite-source primary 
magmas and their equilibrium olivines compared with observed cobalt 
contents of MORB glasses and olivines. Model results are from Figure 
11. (a) Measured MORB glasses are from Jenner and O’Neill (2012). (b) 
Measured olivines are from the Siqueiros transform of the East Pacific 
Rise (Appendix1 Table 4 and Sobolev et al. 2007) and Knipovich ridge 
(Sobolev et al. 2007). (Color online.)
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impliCations

Forward models of partial melting and crystallization of a 
peridotite source using existing olivine-liquid partitioning for Ni, 
Co, Fe, Mn, and Mg (Beattie et al. 1991; Toplis 2005; Herzberg 
and O’Hara 2002; Matzen et al. 2013) constrain the origins of 
measured olivines from mantle peridotite and a wide range of 
related igneous rocks. Cobalt contents of olivine are significantly 
lower than are Ni contents, and there are fewer high-precision 
Co data. Implications about origin are based mostly on high-
precision electron microprobe analysis of Ni, Fe, Mn, and Mg, 
and there is generally good agreement where high-precision Co 
data are available.

Olivines in mantle peridotite have Ni contents and Mg 
numbers that were largely determined by an initial stage of 
equilibrium crystallization in a turbulently convecting early 
Earth magma ocean; subsequent stages of partial melting oper-
ated to slightly elevate Ni and Mg number in peridotite residues 
and its olivines.

Olivines from Archean komatiites from the Abitibi greenstone 
belt have Ni contents and Mg numbers that are consistent with 

extensive melting peridotite source at great depths in the mantle. 
This olivine chemistry is also consistent with primary magmas 
that contained 30% MgO.

Some olivines from mid-ocean ridge basalts have Ni and 
Co contents and Mg numbers that are similar to those of model 
olivines from primary magmas having ~11.5% MgO; however, 
most have compositions that can be attributed to magma cham-
ber crystallization, recharge, and mixing (Coogan and O’Hara 
2015; O’Hara and Herzberg 2002; O’Neill and Jenner 2012), in 
addition to sequestration from a sulfide phase (Herzberg 2011).

Olivines from the present-day Icelandic mantle plume have 
compositions that are consistent with magma chamber crystal-
lization, recharge, and mixing imposed on a primary magma 
having about 17.6% MgO that formed by melting a peridotite 
source; unlike Hawaii, the melting of recycled crust as a dis-
tinct pyroxenite lithology is not evident in olivine chemistry 
of Iceland.

Paleocene picrites from Baffin Island and West Greenland 
from the ancient Icelandic plume have olivines with Ni contents 
that are consistent with either Ni-rich peridotite that formed by 
core-mantle interaction (Herzberg et al. 2013) or by low-pressure 
crystallization of hot and deep magmas (Matzen et al. 2013).

Olivine faithfully records in its chemistry the widespread oc-
currence of magma chamber fractional crystallization, recharge, 
and mixing (O’Hara 1977). These processes typically elevate the 
Ni content of olivine, and can potentially compromise interpreta-
tions of source lithology.

In summary, the partitioning of Ni, Mg, and Fe between oliv-
ine and liquid provides a successful foundation for understanding 
the compositions of naturally occurring olivine that formed in 
an extremely wide range of temperature and pressure condi-
tions on Earth. In general, hot magma oceans, mantle plumes, 
and ambient mantle magmatism form in ways that are captured 
by the compositions of the olivine crystals that they contained.
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