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Province constrains the thermal properties of Earth’s mantle through time 
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A B S T R A C T   

Basalts and komatiites in the ~1880 Ma Paleoproterozoic Circum-Superior Large Igneous Province are associated 
in space and time with the closure/subduction of the Manikewan ocean and formation of the Trans-Hudson 
Orogen during the construction of Laurentia and the supercontinent of Nuna/Columbia. In one model, the 
igneous rocks formed by the melting of ambient mantle during contemporaneous closure of the Manikewan 
ocean and rifting of the margins of the Superior craton. In another model melting took place in a mantle plume. 
Resolution to this problem can help in the understanding of the role of LIPS in supercontinent assembly or 
breakup over the last 2 billion years of Earth history. It can also constrain the thermal properties of ambient 
mantle and mantle plumes over the last 3.5 billion years. The contrasting hypotheses were tested by petrological 
modeling of a large database of basalts and komatiites from the Circum-Superior Large Igneous Province. Results 
reveal limited variability in mantle potential temperature, from 1540 to 1570 ◦C, over ~12 to 15 million years in 
time and over 1500 km in space from the Cape Smith Belt in the north to the Winnipegosis Belt in the southwest. 
The essential problem with the mantle plume model for the Circum-Superior LIP is that it predicts thermal 
heterogeneity, in contrast with the evidence presented here; there is no Phanerozoic mantle plume analog. The 
limited long wavelength variation in TP is characteristic of ambient mantle magmatism, evidence supporting the 
plate tectonic model for the Circum-Superior LIP. Results are consistent with ambient mantle thermal models 
characterized by sluggish mantle convection in the past and with a present-day Urey ratio of about 0.38 
(Korenaga, J. 2008. Urey ratio and the structure and evolution of Earth’s mantle. Rev. Geophys. 46, RG2007). In 
contrast, most high MgO komatiites in Paleoproterozoic and Archean greenstone belts melted from sources that 
were ~100–200 ◦C higher. This temperature excess is similar to 100–250 ◦C for most Phanerozoic mantle 
plumes, demonstrating approximate constancy of thermal properties of mantle plume structures through time.   

1. Introduction 

The belt of mafic and ultramafic rocks that is discontinuously 
distributed over 3400 km around the Superior craton (Fig. 1) is called 
the Circum-Superior Belt (Baragar and Scoates, 1981). In the Cape Smith 
Belt to the north (Fig. 1), there is a ~120 Ma time span between the 
oldest rocks at 1998 Ma (Kastek et al., 2018) and the youngest at 1881.5 
Ma (Bleeker and Kamo, 2018). Similarly in the Thompson Nickel Belt to 
the southwest, ages range from ~2100 Ma (Heaman et al., 2009) to 
1880 Ma (Hulbert et al., 2005; Scoates et al., 2017), a ~220 Ma time
span. Elsewhere in the Circum-Superior Belt the ages are more restricted 
to ~1880 Ma, a synchronicity that led Ernst and Buchan (2004) to 
conclude that these members of the Circum-Superior Belt are a large 
igneous province, now often referred to as the Circum-Superior Large 

Igneous Province, or CSLIP (e.g., Minifie et al., 2013; Ciborowski et al., 
2017). Thus, the CSLIP is now considered to be distinct from the Circum- 
Superior Belt in having an age of ~1880 Ma; however, evidence pre
sented in this work indicates it may have been a late-stage part of a 
magmatic continuum that started hundreds of millions of years earlier. 

Tectonically, the CSLIP is associated in space and time with the 
closure of the Manikewan ocean and formation of the Trans-Hudson 
Orogen during the construction of Laurentia (Percival et al., 2005; 
Corrigan et al., 2009). It is one of a global distribution of LIPS associated 
with collisional orogens that sutured cratons together during the as
sembly of the Nuna/Columbia supercontinent (French et al., 2008; 
Condie et al., 2021). In contrast, Phanerozoic LIPS are associated with 
continental rifting, breakup, and seafloor spreading (e.g., Coffin and 
Eldholm, 1994; Storey, 1995; Courtillot et al., 1999; Saunders et al., 
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1997; Buiter and Torsvik, 2014; Larsen and Williamson, 2020; Condie 
et al., 2021). Studies of the Circum-Superior Large Igneous Province can 
therefore potentially help in the understanding of the role of LIPS in 
supercontinent assembly and/or breakup over the last 2 billion years of 
Earth history (Condie et al., 2021). 

French et al. (2008) and Heaman et al. (2009) highlighted the as
sociation of widespread magmatism with intracontinental rifting and 
basin development around the Superior craton during closure and sub
duction of the Manikewan ocean; this is a plate tectonic model for the 
CSLIP wherein melting occurred during passive upwelling of upper 
ambient mantle asthenosphere. A plate tectonic model was similarly 
offered by Corrigan et al. (2009) to explain the penecontemporaneous 
relationship between the ~1880 Ma rocks of the CSLIP and continental 
arc type calc-alkaline plutons in the northwestern margin of the Superior 
craton. 

In contrast, the mantle plume model is currently favored (Ernst and 
Bleeker, 2010; Minifie et al., 2013; Ciborowski et al, 2017; Waterton 
et al., 2017; Kastek et al., 2020; Bleeker and Kamo, 2020; Barnes et al., 
2021; Condie et al., 2021). Advocates of the mantle plume model do not 
address the association of the CSLIP with the destruction of the Man
ikewan ocean and construction of Laurentia. And some authors suggest 
that it was a single mantle plume, not multiple plumes, that formed the 
CSLIP (Minifie et al., 2013; Ciborowski et al, 2017; Bleeker and Kamo, 
2020). 

The purpose of this paper is to review the evidence for the origin of 
the Circum-Superior LIP, whether it formed by melting of ambient 
mantle in a plate tectonic setting or by melting in a mantle plume. 
Resolution to this problem has important global implications. An origin 
by ambient mantle melting would help to constrain the thermal history 
of the Earth. In the hot ambient mantle model of Korenaga (2008) and 
Herzberg et al. (2010), the basalts and komatiites of the CSLIP would be 
samples of igneous rocks characteristic of ancient oceanic crust and 
continental rifts. In cooler ambient mantle models (Davies, 2009; Ganne 
and Feng, 2017; Aulbach and Arndt, 2019), such rocks would have been 

produced in mantle plumes, the presently preferred model for the CSLIP. 
Rocks occupying the Circum-Superior Large Igneous Province occur 

as extrusive basalts and komatiites as well as intrusive dykes and sills (e. 
g., Heaman et al., 2009; Desharnais et al., 2004; Ciborowski et al, 2017). 
Unlike the CSLIP, rocks in all other LIPS associated with Nuna/Columbia 
assembly are found strictly in dykes (see Condie et al., 2021 for 
compilation). The distinction is important because inferences regarding 
conditions of melting in the mantle can only be obtained through 
petrological modeling of solidified basaltic/komatiitic liquids found in 
lava flows, not cumulate lithologies in dykes and sills (e.g., Herzberg and 
Asimow, 2015). The basalts and komatiites of the Circum-Superior LIP 
are uniquely important for constraining the conditions of melting in the 
mantle during the ~1880 Ma time frame of the Paleoproterozoic. 

The approximate synchronicity at 1880 Ma for the CSLIP is consid
ered to be evidence for the mantle plume model. In contrast, a wider 
spectrum of ages is expected of the plate tectonic model. However, 
eruption ages of volcanic rocks are typically inferred from U-Pb dates 
obtained on intrusive rocks found in spatially associated dykes or sills 
(Heaman et al. 2009), and the assumption, typically implicit, is made 
that both were part of a contemporaneous magmatic plumbing system. 
Careful field studies can test this assumption (e.g., Bleeker and Kamo, 
2020). But should it fail, the timing of volcanism will be a minimum age, 
potentially compromising the mantle plume model that requires a short 
magmatic duration. In this work, it is assumed that the ages of volcanic 
rocks are similar to reported ages of intrusive igneous rocks. 

The challenge is to use the compositions of basalts and komatiites to 
constrain the temperature of the mantle source, the “mantle potential 
temperature”, TP (McKenzie and Bickle, 1988). This is the temperature 
that the adiabatically convecting mantle asthenosphere would be at the 
surface if it did not melt during decompression. It is a fixed pressure 
reference frame for quantitatively comparing hot from cold mantle 
sources that melt to produce magmas. Melts produced in the mantle are 
called “primary magmas”, and their MgO and FeO contents are impor
tant to determine because they increase with mantle potential temper
ature TP (Langmuir et al., 1992; Putirka et al., 2007; Herzberg and 
O’Hara, 2002). But they are always modified by fractional crystalliza
tion owing to heat loss during transit to the crust. Restoration of the 
primary magma composition from these differentiated lavas is the pri
mary magma problem in igneous petrology. The problem is tractable for 
erupted basalts and komatiites that only differ in composition from their 
primary magmas by olivine crystallization. These primitive volcanic 
rocks have high MgO contents and are common in the Circum-Superior 
Large Igneous Province. 

The petrological method used in this paper for calculating primary 
magma composition and mantle potential temperature is based on the 
PRIMELT3 model of Herzberg and Asimow (2015). This method is 
described in the following in Section 2 and special attention is devoted 
to its strengths and weaknesses. PRIMELT3 was implemented on basalt 
and komatiite whole rock compositions from the Circum-Superior LIP 
and solutions for primary magma compositions and mantle potential 
temperatures TP are given in Section 3. Results are then compared with 
the thermal properties of ambient mantle in Section 4. A review follows 
in Section 5 of the thermal properties of Precambrian mantle plumes and 
how much hotter they were compared with ambient mantle. With this 
background information in place, together with a review of studies on 
the thermal and temporal properties of modern mantle plumes, a critical 
evaluation is made of the mantle plume model for the Circum-Superior 
LIP in Section 6. Finally, Section 7 discusses a plate tectonic alternative 
to the mantle plume model. 

2. Petrological method 

2.1. PRIMELT3 for basalts and low MgO komatiites of the circum- 
superior LIP 

PRIMELT3 is used to solve the primary magma problem for basalts 

Fig. 1. Map showing the locations of members of the Circum-Superior Large 
Igneous Province, modified from Ciborowski et al. (2017). CS – Cape Smith 
Belt, RL – Roberts Lake, LT – Labrador Trough, TNB – Thompson Nickel Belt, 
MD – Molson dykes, WP – Winnipegosis Belt, FR – Fox River Belt, BI – Belcher 
Islands, FA – Fort Albany dykes, GF – Gunflint Formation, MR – Marquette 
Range Supergroup, OI – Ottawa Islands, PC – Pickle Crow dyke, SI – Sleeper 
Islands, SU – Sutton Inlier. Archean cratons: S – Superior, H – Hearne, N – Nain, 
R – Rae. G – Proterozoic Grenville Province. Numbers with location identifiers 
are mean mantle potential temperatures TP summarized in Table 1. 
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and low MgO komatiites having MgO > 9–10% and < 23%, limits 
imposed by its calibration; see discussion in section 2.1.2. Herzberg et al. 
(2010) used PRIMELT2 software of Herzberg and Asimow (2008) to 
infer the thermal state of the mantle that yielded the Chukotat Group 
basalts, as did Minifie et al. (2013) on the Fox River member of the 
CSLIP. In a follow up study Ciborowski et al. (2017) used the PRIMELT3 
upgrade of Herzberg and Asimow (2015) on basalts from the Chukotat 
Group, Winnipegosis, Fox River, Molson dykes, and Emperor volcanics. 
In this study, PRIMELT3 will continue to be applied on the CSLIP 
members investigated by Ciborowski et al. (2017); it will also be used on 
samples from the Thompson Nickel Belt (Zwanzig, 2005) and the Rob
erts Lake Syncline, located between the Cape Smith fold belt and the 
Labrador Trough (Kastek et al., 2020). PRIMELT3 was run on 425 whole 
rock basalt and komatiite compositions. Of these there were 86 suc
cessful primary magma solutions and results are summarized according 
to locality in Table 1. Most lavas yielded unsuccessful primary magma 
solutions that had compositions outside the calibration of the software, 
as discussed below. Original whole rock compositions and PRIMELT3 
solutions are listed separately in Appendix A. 

2.1.1. PRIMELT3 strengths 
The following information is provided by PRIMELT3: 1) primary 

magma composition, 2) mantle potential temperature TP, 3) olivine 
liquidus temperature TOL at 1 atmosphere, 4) melt fraction, 5) residual 
lithology, 6) Fe-Mg partition coefficient (KD) between olivine and pri
mary magma (i.e., (FeO/MgO)Ol/(FeO/MgO)melt) at 1 atmosphere, and 
7) Mg# (i.e., molar 100MgO/(MgO + FeO) of olivine in equilibrium 
with the primary magma composition at 1 atmosphere. 

PRIMELT3 provides solutions for batch melting, wherein a partial 
melt in the mantle is in equilibrium with its residue at all melt fractions. 
However, it is overly simple because partial melts drain from their 
sources by buoyant porous flow and matrix compaction at low melt 
fractions during decompression (Ahern and Turcotte, 1979; McKenzie, 
1984). Mixing of such melts produces an accumulated fractional melt. 
PRIMELT3 solutions for accumulated fractional melting (Herzberg and 
Asimow, 2015) are used here because they are more physically realistic. 
For primary magmas from the CSLIP, batch melts are typically higher in 
MgO than accumulated fraction melts by about 2%, yielding TP that is 
too high by about 50 ◦C. 

For primary magmas produced by accumulated fractional melting, 
olivine liquidus temperature at 1 atmosphere (TOl/L

1 ) and mantle po
tential temperature (TP) have been calibrated from their weight % 
contents of MgO (Herzberg and Asimow, 2015) with the equations:  

TOl/L
1 = 1020 + 24.4 MgO – 0.161 MgO2                                            (1)  

TP = 1025 + 28.6 MgO – 0.084 MgO2                                               (2) 

Mantle potential temperature can be related to olivine liquidus 
temperature (Herzberg and Asimow, 2015) with the equation:  

TP = 1.049 TOl/L
1 – 0.00019 (TOl/L

1 )2 + 1.487 ⋅ 10− 7(TOl/L
1 )3                    (3) 

Eq. (1) can reproduce MELTS temperatures (Ghiorso and Sack, 1995) 
to within ±7 ◦C. It is usually within 10 ◦C of the Beattie (1993) ther
mometer encoded in PRIMELT3 worksheets for primary magma solu
tions. Eq. (2) has an uncertainty in TP of ±42 ◦C (Herzberg and Asimow, 

2015). As discussion in Section 5.5, Eq. (3) is useful for estimating how 
the effect of H2O on lowering olivine liquidus temperature is propagated 
to mantle potential temperature (e.g., Sobolev et al., 2016). 

The PRIMELT algorithm differs from the commonly used method of 
calculating primary magma composition by incremental addition of 
olivine until it is in equilibrium with a target olivine with the highest 
observed Mg# (e.g., Arndt, 1986; Nisbet et al., 1993). As discussed in 
section 2.2, this is the method of choice for Precambrian komatiites 
having compositions outside the PRIMELT calibration bounds. The two 
methods may agree when primary magma olivine crystals were pre
served in a lava flow; an example is given below for Winnipegosis 
komatiites from the Circum-Superior LIP. However, a disadvantage of 
this method is that it will underestimate primary magma MgO content if 
applied to olivines that crystallized from differentiated rather than pri
mary magmas. And this method will fail in cases where olivine is not 
preserved during metamorphism; in this situation, the Mg# of olivine is 
often assumed. As an example, mantle potential temperatures TP can 
vary by about 100 ◦C depending on whether the target olivine Mg# is 
assumed to be 90.0 or 92.0. 

2.1.2. PRIMELT3 limitations 
PRIMELT3 has a number of important limitations. Before they are 

discussed, it is useful to understand how it calculates a primary magma 
composition. The PRIMELT family of algorithms was calibrated from 
experiments on nominally volatile-free fertile peridotite KR4003 (Wal
ter, 1998) and its parameterizations (Herzberg and O’Hara, 2002; 
Herzberg et al., 2007; Herzberg and Asimow, 2008; 2015). For a detailed 
explanation the reader is urged to consult Fig. 1 in Herzberg and Asimow 
(2015) and discussion therein. In brief, all possible compositions for 
melting fertile peridotite KR4003 with residual spinel and garnet peri
dotite and harzburgite have been parameterized in a forward model, and 
they are represented as melt fractions in both Ol-An-Qz and FeO-MgO 
projection space. The inverse model consists of adding or subtracting 
olivine in 1% increments to or from a basalt/komatiite composition, 
creating an array of potential primary magma compositions. For each 
increment, melt fractions are computed in both Ol-An-Qz-Di and FeO- 
MgO projection spaces. There is only one point on the array where 
there is a common melt fraction, and this uniquely identifies the primary 
magma composition; these melt fractions are given in PRIMELT3 
worksheets (Appendix A). However, the solution must also satisfy other 
oxide components of fertile peridotite melting that are not represented 
in these two projection spaces. Of these, the CaO contents of primary 
magmas of fertile peridotite are particularly useful because they have a 
restricted range of compositions (Herzberg and Asimow, 2008; Jennings 
and Holland, 2015; Tomlinson and Holland, 2021). PRIMELT3 solutions 
that satisfy these CaO contents, in addition to melt fractions in Ol-An-Qz 
and FeO-MgO projection spaces, are referred to in this paper as “suc
cessful solutions”. But there are a number of ways that primary magma 
solutions can be compromised. 

A major limitation is that PRIMELT3 only works on primitive basalts 
that differed from their primary magmas by olivine-only addition and 
subtraction. That is, it should be restricted to basalts that are members of 
an olivine liquid of descent (i.e., Ol LLD), or olivine-control. This re
striction excludes most basalts having less than 9–10% MgO owing to 
plagioclase and augite stability and fractionation. In all cases, these low 

Table 1 
Mean & 2 σ values of PRIMELT3 Primary Magma Solutions for Basalts & Komatiites from the Circum-Superior LIP.  

Location N solutions MgO (wt%) T Ol/L (◦C) T Ol/L (◦C) Tp (◦C) KD Ol Mg# Melt Fraction    
Beattie (1993) eq (1) eq (2)    

Povungnituk 1 17.5 1392 1398 1500 0.30 91.6 0.26 
Chukotat 19 19.1 (2.6) 1422 (42) 1428 (46) 1541 (64) 0.31 (0.02) 91.8 (0.4) 0.32 (0.04) 
Roberts Lake 2 19.1 (1.2) 1418 (20) 1427 (24) 1541 (32) 0.31 (0.0) 91.8 (0.2) 0.32 (0.0) 
Winnipegosis 44 20.3 (1.8) 1442 (34) 1449 (32) 1572 (46) 0.30 (0.0) 92.0 (0.4) 0.33 (0.06) 
Thompson Nickel Belt 10 19.1 (3.4) 1418 (60) 1427 (60) 1541 (84) 0.31 (0.02) 91.8 (0.6) 0.32 (0.10) 
Fox River 10 19.2 (4.0) 1414 (72) 1428 (74) 1543 (104) 0.31 (0.02) 91.8 (1.0) 0.33 (0.05)  
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MgO basalts were filtered and excluded before implementation of PRI
MELT3 to the remaining high MgO samples. The effect of augite frac
tionation is to yield derivative liquids that are high in FeO and low in 
CaO. If olivine is subsequently added to these derivative liquids, the 
result will be a high MgO cumulate that is also high in FeO and low in 
CaO. For these, PRIMELT3 will provide a solution anyway, but it will be 
“unsuccessful” and flagged with the error code “augite fractionation”. 

For many Phanerozoic high Mg basalts, such as those from the shield- 
building volcanoes of Hawaii, whole rock CaO contents can be low, 
yielding primary magma solutions that are too low in CaO to be partial 
melts of peridotite KR-4003 and KLB-1 (Davis et al., 2011; Herzberg, 
2006, 2011; Herzberg and Asimow, 2008; Jennings and Holland, 2015; 
Tomlinson and Holland, 2021). These low CaO melts are similar to those 
expected of some pyroxenite sources (Herzberg, 2006; 2011). PRIMELT3 
will calculate a primary composition anyway, but they are flagged as 
“pyroxenite source … no solution”. As discussed below, this is an un
likely interpretation for unsuccessful primary magma solutions from the 
CSLIP; metamorphic alteration is another way to lower whole rock CaO 
content. 

Whole rock CaO contents may be high owing to augite addition, and 
application of PRIMELT3 can yield solutions that have CaO contents that 
are higher than those of primary melts of fertile peridotite; these are also 
flagged and termed “unsuccessful solutions”. 

Another limitation is that successful PRIMELT3 solutions are only 
valid for primary magmas of a volatile-free fertile peridotite source; 
however, solutions for volatile peridotite are sometimes encountered, 
and when this happens, they are flagged with a “volatile peridotite” 
warning. 

The oxidation state of iron must also be known, and a value of FeO/ 
FeOT needs to be specified for the input lava composition. It is assumed 
that FeO/FeOT = 0.90. This is slightly lower than 0.91 captured by the 
Kress and Carmichael (1991) algorithm embedded in Rhyolite-MELTS at 
QFM-1 and 200 bars (Gualda et al., 2012). This fO2 also compares with 
QFM-1.2 reported for Archean age Belingwe and Alexo komatiites 
(Sobolev et al., 2016; Asafov et al., 2018). Modern MORB also have FeO/ 
FeOT = 0.90 (Bézos et al., 2021; Gaborieau et al., 2020; Berry et al., 
2018). At the more oxidizing condition of QFM, FeO/FeOT = 0.86. For a 
Chukotat basalt PRIMELT3 solution, a decrease of FeO/FeOT from 0.90 
to 0.86 would propagate to a decrease in the MgO content of the primary 
magma from 18.86 to 17.80% MgO; use of Eq. (2) shows that inferred 
mantle potential temperature TP would drop from 1535 to 1507 ◦C, well 
within the uncertainty of PRIMELT3. Nicklas et al. (2019) suggest QFM 
+ 1.2 for Winnipegosis komatiites from the CSLIP, as oxidizing as some 
modern mantle plumes that have been attributed to the recycling of 
oxidized subducted lithosphere (Moussallam et al. 2019) However, 
there is little evidence for recycled crust in the geochemistry of the 
CSLIP (e.g., Waterton et al., 2017; Barnes et al. 2021). And evidence is 
presented below that the Winnipegosis komatiites crystallized from a 
melt having FeO/FeOT = 0.90, equivalent to QFM-0.6. 

It is best to reconstruct primary magma compositions by addition of 
olivine into a lava composition having a lower MgO content. But PRI
MELT3 also performs the reconstruction by olivine subtraction from an 
olivine cumulate. The latter is generally successful when the FeO con
tent of the olivine is similar to that of the melts from which olivine has 
been extracted; for most CSLIP cases, this applies to olivines having Mg 
numbers of about 87 to 92. However, it will be shown below for the Fox 
River case that PRIMELT3 fails when applied to olivine cumulates with 
low Mg#s. 

Finally, all mafic and ultramafic rocks from the Circum-Superior LIP 
have had their compositions variably altered during metamorphism 
ranging from the prehnite-pumpellyite, greenschist, amphibolite to 
granulite facies. Assessing the effects of element mobility during meta
morphism is necessary to evaluate the extent to which igneous in
terpretations can be compromised. It will be shown that this can 
contribute to uncertainties in the thermal properties of the mantle from 
which the igneous rocks were formed as partial melts. 

2.2. PRIMELT3 “Olivine Calculator” for high MgO komatiites 

In general, PRIMELT3 cannot solve the primary magma problem on 
most Precambrian komatiites having MgO > 23% and Al2O3 < 5% using 
melt fraction in the algorithm. These are compositional bounds on its 
calibration from experimental data and its parameterizations, and PRI
MELT3 does not extrapolate well. Attempts to use it will typically result 
in error codes that inform the user that no solutions are possible. 

A method for constraining the primary magma composition of high 
MgO komatiites makes use of olivine Mg# as first introduced in the 
seminal papers by Arndt (1986) and Nisbet et al. (1993). A calculation is 
made of the magma composition in equilibrium with olivine having the 
highest Mg#. PRIMELT3 similarly offers the user the option of calcu
lating primary magma composition with its “Olivine Calculator”. In each 
spreadsheet, olivine is added to and subtracted from an input komatiite 
composition in 1 wt% increments, and for each derivative composition is 
given the Mg# of the equilibrium olivine composition in column AH. 
The calculated olivine composition is simply matched with an observed 
olivine composition of interest to give the MgO content of the primary 
magma. Of the parameters that most affect the outcome of these cal
culations, the most important are the oxidation state of iron (i.e., FeO/ 
FeOT) of the melts and the value of KD (i.e., (FeO/MgO)Ol/(FeO/ 
MgO)melt) used to calculate equilibrium olivine-melt compositions. Ex
amples are given below. PRIMELT3 uses the thermodynamic model of 
Toplis (2005) for KD, and it is typically close to 0.30 for high MgO 
komatiitic primary magmas that crystallize olivine at low pressures. The 
Olivine Calculator was applied to high MgO komatiites from Precam
brian greenstone belts, and results are discussed below in Section 5. 

3. Primary magmas and mantle potential temperatures for the 
circum-superior LIP 

3.1. Cape Smith Belt 

The Cape Smith Belt (Fig. 1) contains basalts of two broadly different 
ages and geochemical properties. The oldest are basalts of the Povung
nituk Group dominated by the Beauparlant Formation with an age of 
1998 ± 6 Ma (Kastek et al., 2018); these are light REE enriched (Francis 
et al., 1983), with EMORB-OIB characteristics (Kastek et al., 2018). The 
younger basalts of the Chukotat Group have ages of 1882.7 ± 1.3 Ma 
(Randall, 2005) and 1883–1882 Ma (Bleeker and Kamo, 2018; 2020) 
and relatively flat REE but slightly LREE-depleted patterns. 

3.1.1. Chukotat Group 
A comprehensive database of basalts from the Chukotat Group 

(Hynes and Francis, 1982; Francis et al., 1983; Picard, 1989; Ciborowski 
et al., 2017) is shown in Fig. 2a, normalized volatile-free and with FeO 
= 0.9FeOT. Most samples contain 9–20% MgO, with a restricted range of 
FeO contents that are characteristic of olivine fractionation from a pri
mary magma. This is an olivine control, or olivine liquid line of descent 
(i.e., Ol LLD), and it was modeled using the Olivine Calculator in PRI
MELT3 for the primary magma composition obtained from sample CHK- 
MGO14 of Hynes and Francis (1982). A small population of basalts with 
MgO < 9% display an iron enrichment trend characteristic of clino
pyroxene and plagioclase fractionation of tholeiitic basalts, and it is 
well-modelled with a Rhyolite-MELTS LLD at QFM-1 and 200 bars 
(Gualda et al., 2012). 

Of the 76 samples having MgO > 9%, primary magma solutions were 
obtained on 19 (Appendix A) and results are summarized in Table 1. The 
mean primary magma MgO content is 19.1 ± 2.6% (2σ) yielding TP =

1541 ± 64 ◦C (2σ); this is similar to 18.9% MgO for the primary magma 
composition and its LLD shown in Fig. 2a. Primary magma MgO contents 
are coupled to FeO. Most Chukotat basalts have FeO contents that are 
within ± 0.5% of the Ol LLD, but there are outliers that have higher FeO 
contents. In contrast, most Chukotat basalts have CaO contents that are 
highly scattered and much lower than those defined by the OL LLD 
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(Fig. 2b). For these, application of PRIMELT3 yields solutions that are 
too low in CaO to be primary accumulated fractional melts of fertile 
mantle peridotite and are flagged with pyroxenite-source melting; 
however, this interpretation is not likely because it predicts residual 
garnet and HREE depletions in the primary melts, which are not 
observed (Francis et al., 1983; Ciborowski et al., 2017). Augite frac
tionation and magma mixing can also be discounted because they pre
dict more widespread FeO-enrichment than is observed in Fig. 2a. 

It has long been known that Ca is a mobile element during greens
chist facies metamorphic alteration of komatiites (e.g., Herzberg, 1992; 
Nisbet et al., 1993; Lahaye and Arndt, 1996; Robin-Popieul et al., 2012). 
This is a plausible explanation for the low CaO contents of many of the 
Chukotat basalts. For these, there is no correlation between CaO and 
FeO. But that is not to say that metamorphic alteration did not also affect 
whole rock FeO contents; Robin-Popieul et al. (2012) presented evi
dence for FeO mobility in komatiites, and its effects could have been 
random and uncorrelatable with respect to CaO. Some insight into this 
problem can be gained by work on Alexo and Pyke Hill komatiites of 
Archean age because, like the Chukotat basalts, the Archean komatiites 
were metamorphosed in the greenschist facies. Fig. 3 shows data ob
tained on both whole rock samples (Arndt, 1986; Lahaye and Arndt, 
1996; Shore, 1996; Fan and Kerrich, 1997; Sproule et al., 2002; Puchtel 
et al., 2004; 2009) and olivine-hosted melt inclusions (Sobolev et al., 
2016). The variability in FeOT is approximately ± 0.5% for whole rocks 
at any given MgO content; in contrast, the variability is more with the 
limited in the melt inclusion data. The slight offset of melt inclusions to 
higher FeOT contents is not relevant to this discussion, but it is likely an 
artifact of how the melt inclusion data were reconstructed (Sobolev 

et al., 2016). The important message is that whole rock variability in 
FeO in Chukotat (Fig. 2a), and all CSLIP samples, is in part a meta
morphic rather than a magmatic feature. As primary magma MgO and 
FeO contents are coupled (Fig. 2a), a ± 0.5% range of FeO contents 
relative to the Ol LLD for Chukotat basalts propagates to a range in TP of 
± 40 ◦C, an erroneous variability if it is due to metamorphic alteration. 

3.1.2. Povungnituk group 
There is a substantial database of the older basalts from the 

Povungnituk Group (Hynes and Francis, 1982; Francis et al., 1983; 
Picard, 1989; Kastek et al., 2018). Except for 6 basalts reported by 
Kastek et al. (2018), they do not display a clear Ol LLD and are too 
differentiated to provide PRIMELT3 solutions. The 6 olivine phyric ba
salts of Kastek et al. (2018) yield pyroxenite or augite fractionation er
rors, but one basalt from Picard (1989) yielded a successful solution, TP 
= 1500 ◦C (Table 1), similar to those for the much younger Chukotat 
basalts. As discussed in Sections 3.8 and 8, the similarity in TP for vol
canic rocks with ages that range from 1998 (Kastek et al., 2018) to 
1881.5 Ma (Bleeker and Kamo, 2018) is supporting evidence for thermal 
homogeneity over a 116-million-year lifetime of the Cape Smith Belt. 
However, additional work is needed on more than one older sample 
before this conclusion is secure. 

3.2. Roberts Lake Syncline 

Lavas from the Roberts Lake Syncline, located between the Cape 
Smith fold belt and the Labrador Trough (Fig. 1), are mostly low MgO 
basalts exhibiting a Cpx and Plag LLD defined by FeO enrichment and 
CaO depletion (Kastek et al., 2020); these are similar to the more 
differentiated Chukotat basalts for which no successful PRIMELT3 so
lutions are obtained. However, there are 7 high MgO samples with 
relatively flat REE but slightly LREE-depleted patterns, also similar to 
those for Chukotat basalts (Francis et al., 1983). Of these PRIMELT3 
yielded 2 successful primary magma solutions, yielding a mean MgO =
19.1% and a mean TP = 1541 ◦C (Appendix; Table 1), identical to 19.1% 
MgO and 1541 ◦C for the Chukotat basalts. However, working with this 
low number of successful solutions does not permit a full examination of 
the ways that they can be compromised. And the ages are not known. 
However, based on trace and major element geochemical similarities, 
Kastek et al. (2020) suggested that the Roberts Lake Syncline is a 
continuation of the Cape Smith belt, a conclusion that is supported by 
the similarities in their mantle potential temperatures. 

Fig. 2. MgO, FeO and CaO contents of Chukotat basalts (filled circles), primary 
magma solutions (crosses), and model liquid compositions along the liquid line 
of descent (LLD) for the primary magma composition obtained from CHK- 
MGO14 of Hynes and Francis (1982; large white filled cross). Primary 
magmas calculated for basalts with MgO > 9.0%. Numbered straight lines 
connect liquid compositions on the olivine part of the LLD with their crystal
lizing olivine compositions indicated by their equilibrium Mg numbers. 

Fig. 3. MgO and total FeO contents of Archean komatiites from Alexo and Pyke 
Hill, Abitibi greenstone belt. Relative to olivine-hosted melt inclusions (Sobolev 
et al. 2016), whole rocks display a range of FeO contents that reflect iron 
mobility during greenschist facies metamorphism. 
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3.3. Thompson Nickel Belt 

About 1500 km to the southwest of the Cape Smith belt are several 
other members of the Circum-Superior LIP, one of which is the 
Thompson Nickel Belt (Fig. 1). Reported ages in Ma are: 1880 ± 5 
(Hulbert et al., 2005), 1885 ± 49 (Hulbert et al., 2005), 1876.7 ± 5.1 
(Heaman et al., 2009) and most recently 1880.2 ± 1.4 by Scoates et al 
(2017). Lavas from the Bah lake assemblage in the TNB are folded and 
intensely metamorphosed (Zwanzig, 2005) in the amphibolite to gran
ulite facies (Coueslan et al., 2013). There is a High-Mg suite with rela
tively flat REE but slightly LREE-depleted patterns (Zwanzig, 2005), 
similar to the Chukotat basalts (Francis et al., 1983), but they display a 
greater variability in FeO. Of the 47 samples in this database, there are 
10 successful PRIMELT3 primary magma solutions, yielding a mean TP 
= 1541 ◦C, identical to Chukotat. However, there is greater variation in 
FeO, which propagates to a 2σ variation in TP of 84 ◦C, higher than 64 ◦C 
for Chukotat (Table 1). As the grade of metamorphism is higher, the 
greater variability in TP for the Thomson Nickel Belt is interpreted to 
reflect Fe mobility, a problem revisited below. 

3.4. The Winnipegosis Komatiite Belt 

The Winnipegosis Komatiite Belt is located in Manitoba, Canada, 
adjacent to the Thompson Nickel Belt (Fig. 1) and lies beneath 120–500 
m of Palaeozoic cover centered beneath Lake Winnipegosis (Waterton 
et al. 2017). I work with data from drill core samples reported by 
Waterton et al. (2017). Of the 256 samples provided, some are miner
alized, and PRIMELT3 was run on 244 samples that appear least altered. 
Waterton et al. (2017) reported an age of 1870.3 ± 7.1 Ma, slightly 
younger than other members of the Circum-Superior LIP. Unlike the 
Thompson Nickel Belt, Winnipegosis komatiites had undergone a lower 
degree of metamorphism and deformation, yielding relatively fresh 
samples with igneous olivine (Waterton et al. 2017). Ciborowski et al. 
(2017) also provided whole rock data on 17 samples, and these were 
included in this work. 

Whole rock analyses and successful PRIMELT3 primary magma so
lutions are shown in Fig. 4a. The variability in FeO whole rock com
positions is more restricted than for Chukotat basalts, reflecting the 
relative freshness of these samples, and providing further evidence that 
metamorphic alteration can indeed compromise magmatic FeO con
tents. Successful PRIMELT3 solutions were obtained on 44 samples, 
yielding a mean MgO = 20.3 ± 1.8% (2σ) and TP = 1572 ± 46 ◦C (2σ) 
(Table 1). Sample RP1A-85 from Waterton et al. (2017) provides a so
lution that is representative of this mean, and its Ol LLD is shown in 
Fig. 4a. Primary magma MgO contents range from 18.5 to 23.0%, and 
PRIMELT3 predicts they will crystallize olivines at the surface with Mg 
numbers of 91.7 to 92.6 (Fig. 5a), the mean being 92.0. PRIMELT3 
calculates olivine Mg#s with KD from the thermodynamic model of 
Toplis (2005), and it is 0.304 for the mean primary magma composition. 
For olivine, there is good agreement amongst the PRIMELT3 predicted 
mean Mg# of 92.0 and the measured maximum Mg# of 92.3 in Win
nipegosis olivines (Waterton et al., 2017). However, PRIMELT3 predicts 
several outliers with Mg#s up to 92.6 (Fig. 5a), an outcome that is 
discussed below. 

Waterton et al. (2017) estimated an MgO content of 23.6% for the 
primary magma composition, significantly higher than our mean of 
20.3%. The calculation was made by determining the composition of the 
melt in equilibrium with olivine having the highest Mg#, this being 
92.3. Their higher MgO result stems from their use of KD = 0.345, higher 
than KD = 0.304 in PRIMELT3. The authors used 0.345 because it is the 
same as experimental measurements of Matzen et al. (2011) at 1 at
mosphere, and the parameterization of Herzberg and O’Hara (2002) of 
high-pressure experimental data for their primary magma having 23.6% 
MgO. However, it is notable that subsequent experiments of Matzen 
et al. (2013; 2017) at 1 atmosphere are typically much lower as shown in 
Fig. 6. In contrast, KD is higher in their experiments at elevated 

pressures, 1 to 3 GPa, consistent with the thermodynamic model of 
Toplis (2005) and the empirical parameterization of Herzberg and 
O’Hara (2002). The implication is that KD is ~0.33 to 0.35 at primary 
magma generation in the mantle, the basis of the PRIMELT forward 
model (Herzberg and O’Hara, 2002; Herzberg and Asimow, 2008; 
2015). However, those primary magmas will crystallize olivine at the 
surface with a KD closer to ~0.30, the original Roeder and Emslie (1970) 
experimental determination at 1 atmosphere. Therefore, we need to 
know where the Winnipegosis olivines crystallized. It is common to 
assume phenocryst crystallization at near surface conditions. However, 
this can now be examined quantitatively from the partitioning of Al2O3 
between olivine and liquid, which is temperature and pressure depen
dent (Agee and Walker, 1990): Ln DAl2O3

Ol-L = 0.082P(GPa) – 8290/T(K). 
For Winnipegosis, we calculate DAl2O3

Ol-L = 0.007–0.008 from 0.067% 
Al2O3, the mean Al2O3 in olivine reported by Waterton et al. (2017) and 
8.1–9.1% Al2O3 in Winnipegosis lavas. Primary magmas with 
20.3–23.6% have olivine liquidus temperatures of 1449–1495 ◦C at 1 
atmosphere, yielding DAl2O3

Ol-L = 0.008 according to Agee and Walker 
(1990), identical to that for Winnipegosis and confirming that their ol
ivines crystallized at near-surface conditions. Therefore, the correct KD 
to use is ~0.30, not 0.345, and the Winnipegosis primary magma had 
about 20.3% MgO, not 23.6% MgO. The significance of this attention to 
detail is its impact on inferred mantle potential temperature: for MgO =
20.3% TP = 1572 ◦C; for MgO = 23.6% TP = 1653 ◦C, 81 ◦C higher. 

Nicklas et al. (2019) obtained 21.1 ± 2.5% MgO, similar to 20.3 ±
1.8% in this study. In contrast, Ciborowski et al. (2017) used PRIMELT3 
to obtain primary magmas with 23.9–24.9% MgO, consistent with the 

Fig. 4. MgO, FeO and CaO contents of Winnipegosis komatiites (filled circles), 
primary magma solutions (crosses), and model liquid compositions along the 
olivine liquid line of descent for the primary magma composition obtained from 
sample RP1A-85 from Waterton et al. (2017; large white filled cross). 
Numbered straight lines connect liquid compositions on the olivine LLD with 
their crystallizing olivine compositions indicated by their equilibrium Mg 
numbers. Large black cross and line emanating from it is the Chukotat primary 
magma composition shown in Fig. 2 and its LLD, given for comparison. 
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high MgO contents inferred by Waterton et al. (2017). However, we 
obtain 19.4–21.9% MgO using PRIMELT3 on their same samples. How is 
it possible to get different outcomes from the same software applied to 
the same samples? As discussed in Section 2.1.1, PRIMELT3 offers so
lutions for primary magmas produced by both accumulated fractional 
melting and batch melting, and it appears that Ciborowski et al. (2017) 
used the later which always yields higher MgO contents. However, as 
also discussed above, this work is restricted to primary magmas pro
duced by accumulated fractional melting because it more accurately 
reflects the physics of melting of the mantle. Primary magma MgO 
contents estimated by Ciborowski et al. (2017) for Winnipegosis are too 
high. 

As an independent check on temperature reliability, a comparison is 
made of temperatures reported by Waterton et al. (2017) obtained by 
the Al-in-olivine method for olivine-spinel pairs (Coogan et al., 2014) 
with those obtained from olivine crystallization temperatures using Eq. 
(1). The primary magma derived from sample RP1A-85 has MgO =
20.21% and FeO/FeOT = 0.90, the condition at fO2 = QFM − 0.6 (Kress 
and Carmichael, 1991); it will crystallize olivine with Mg# 92.0 at 
1447 ◦C. Subsequent crystallization of olivine along the Ol LLD will yield 
derivative liquids with lower MgO contents, and these will crystallize 
olivines with Mg#s at the temperatures shown by the array in Fig. 5b. 
These temperatures are similar to those determined by Waterton et al. 
(2017) using the Al-in-olivine method; the offset to slightly lower tem
peratures than those of spinel saturation arises from slow diffusivity of 
Al in olivine. The similarities in olivine liquidus and olivine/spinel 
temperatures have been noted elsewhere (Coogan et al., 2014; Spice 
et al., 2016). In other cases, such as the Abitibi komattites, olivine/spinel 
temperatures are lower than olivine liquidus temperatures (Trela et al., 
2017). It is notable that the temperature agreement breaks down for 
more oxidizing conditions. If fO2 = QFM + 1.2 (Nicklas et al., 2019), 
then FeO/FeOT = 0.79 (Kress and Carmichael, 1991), the primary 
magma for sample RP1A-85 has lower FeO and MgO and will crystallize 
olivine with an Mg# = 91.5 at 1390 ◦C (Fig. 5b). Fractional crystalli
zation of olivine will yield temperatures that are lower than those ob
tained by Waterton et al. (2017) (Fig. 5b). This is an independent test of 
the assumption that the more reduced condition of FeO/FeOT = 0.90 is a 
good description of the oxidation state of iron for the Winnipegosis 
komatiites, in agreement with that independently determined by 
Waterton et al. (2017). 

Winnipegosis lavas display less variation in CaO (Fig. 4b) than do 
those for Chukotat lavas (Fig. 2b), as expected from their relatively fresh 
characteristics (Waterton et al., 2017). However, the variations have 
compromised many PRIMELT3 primary magma solutions, yielding un
successful solutions identified with pyroxenite melting, augite fraction 
and augite accumulation. However, as discussed with Chukotat, most of 
these unsuccessful solutions are likely the result of metamorphic alter
ation. And the successful solutions having the highest MgO contents 
should be considered suspect because PRIMELT3 predicts they would 
crystallize olivines with MgO # > 92.3, which is not observed (Waterton 
et al., 2017). Most solutions yielding MgO contents and olivine Mg#s 
greater than the means of 20.3% for MgO and 92.0, respectively 
(Table 1), could have been compromised by Fe addition during 

Fig. 5. Model and observed olivine Mg numbers and olivine crystallization temperatures for Winnipegosis komatiites. a) PRIMELT3 predicted olivines that would 
crystallize from primary magmas with the MgO contents shown. b) filled circles are temperatures and mean olivine Mg#s reported by Waterton et al. (2017); large 
white crosses are PRIMELT3 computed olivine compositions and olivine liquidus temperatures at 1 atmosphere for two assumed oxidation states of iron in the 
primary magma. Fractional crystallization of olivine from the two primary magmas yields predicted olivine crystallization temperatures and compositions along the 
two curved lines. 

Fig. 6. KD between olivine and liquid (i.e., (FeO/MgO)Ol/(FeO/MgO)melt) in 
melting experiments of Matzen et al. (2013; 2017) compared with their pre
dicted values using the thermodynamic model of Toplis (2005) and the high 
pressure parameterization of Herzberg and O’Hara (2002). KD is lower for near- 
surface olivine crystallization and higher at conditions of melt generation in 
the mantle. 
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metamorphic alteration. 

3.5. The Fox River Belt 

The Fox River Belt is located in Manitoba just east of the Thompson 
Nickel Belt (Fig. 1), and is dated at 1882 + 1.5/− 1.4 Ma (Heaman et al., 
1986). It consists of two stratigraphic sequences of basalts and koma
tiitic basalts and two intrusions, one of which is the 2-kilometer-thick 
Fox River Sill (Desharnais et al., 2004). Igneous lithologies are well 
preserved as the grade of metamorphism is low, the prehnite- 
pumpellyite to the lower greenschist facies (Scoates, 1990). PRIMELT3 
was run on samples containing MgO > 10%, 46 analyses provided by 
Desharnais et al. (2004) and 17 samples provided by Ciborowski et al. 
(2017). There are 11 successful primary magma solutions, yielding a 
mean TP = 1543 ◦C, similar to 1541 ◦C for the Chukotat group (Table 1). 
However, they have more highly variable MgO contents, 15.9–22.9%, 
yielding TP = 1457 to 1636 ◦C, greater than any other CSLIP member 
(Table 1). Given that the grade of metamorphism is low, an igneous 
explanation is now sought for this variability. 

In Fig. 7a is shown the compositions of the basalts and komatiitic 
basalts together with the lithologies in Lower Central Layer Zone (LCLZ) 
and Upper Central Layer Zone (UCLZ) of the Fox River sill. Ignored are 
lithologies of the Margin Zone at the base of the sill and the Lower 

Intrusion, both of which contain orthopyroxene and have been crustally 
contaminated (Desharnais et al., 2004). Dunite, olivine-pyroxenite and 
gabbro are the dominant lithologies of the sill, and these are well- 
described by the liquid line of descent of the primary magma of the 
Chukotat basalts: Ol, Ol + Cpx and OL + Cpx + Plag (Figs. 2a, 7a). Co- 
crystallization and possible sorting of olivine and augite are prominently 
displayed in the sill. And as revealed by the Chukotat basalts, many of 
the Fox River komatiitic basalts also have CaO contents that are lower 
than those described by the Ol LLD, indicating calcium loss during 
metamorphism. 

Using the Chukotat LLD as a model, the primary magma contains 
18.9% MgO and would form from the mantle at TP = 1535 ◦C. However, 
consider a whole rock composition formed by the mixing of a derivative 
liquid along the Ol LLD with olivine having an Mg# of ~83 (Fig. 7b). 
Application of PRIMELT3 will yield a successful primary magma solu
tion with no error codes, yielding MgO = 22.9% and TP = 1636 ◦C. But 
this is an erroneous result that is ~100 ◦C too high. In general, PRI
MELT3 can reconstruct primary magma compositions by subtraction of 
olivine from an olivine cumulate whole rock composition when there is 
similarity in the FeO contents of the olivine and liquids along the Ol LLD; 
for most CSLIP cases, this applies to olivines having Mg numbers of 
about 87 to 92 (Fig. 7b). For example, olivine accumulation does not 
significantly compromise solutions for Winnipegosis. However, the 
lesson from the Fox River case is that PRIMELT3 fails when applied to 
olivine cumulates having low Mg#s. 

3.6. Molson dykes 

The Molson dykes are located in the western margin of the Superior 
craton (Fig. 1) and are closely associated with the Thompson Nickel Belt 
(Heaman et al., 2009). Most were emplaced between 1885 and 1877 Ma 
(Heaman et al., 2009), a range that overlaps with the precise age of 
1880.2 ± 1.4 for the TNB (Scoates et al., 2017). They consist of diabase, 
gabbro, olivine gabbro, gabbronorite, pyroxenite and coarse-grain 
peridotite; common minerals are clinopyroxene, olivine, orthopyrox
ene and primary hornblende (Scoates and Macek, 1978; Heaman et al., 
2009). Whole rock analyses reveal an olivine control (Heaman et al., 
2009) and, like the Fox River Belt, there is substantial heterogeneity in 
FeO that likely reflects cumulate mineralogical sorting. Nevertheless, 
Ciborowski et al. (2017) provided two PRIMELT3 solutions even though 
this software is applicable only for lavas. Sorting of plagioclase, augite, 
orthopyroxene and olivine can form cumulate rocks that may resemble 
liquids; successful PRIMELT3 primary magma solutions can be erro
neous as will be their TP estimates. 

3.7. Emperor volcanic complex 

Ciborowski et al. (2017) reported 7 basalt compositions from the 
Emperor Volcanic Complex located in the Marquette Range (Fig. 1). 
Only one PRIMELT3 result was obtained yielding TP = 1438 ◦C, the 
lowest temperature for the CSLIP. This solution is considered untrust
worthy, and it cannot be properly evaluated for a number of reasons; 
none of the few samples from the Emperor Volcanic Complex show an Ol 
LLD; the PRIMELT3 solution was obtained on sample MME08-1 which 
has 8.5% MgO, generally lower than liquid compositions on any Ol LLD; 
there is no sample description to evaluate a possible role for cumulate 
minerals. 

3.8. Summary and analysis: Mantle potential temperatures for the 
circum-superior LIP 

Fig. 8 provides a summary of 81 successful PRIMELT3 TP solutions 
for 425 rock compositions from the Cape Smith Belt, Roberts Lake, 
Winnipegosis Belt, Thompson Nickel Belt and the Fox River Belt. Of the 
original 86 solutions, excluded are 4 results for Winnipegosis that pre
dict olivine Mg numbers > 92.3, higher than those measured by 

Fig. 7. MgO, CaO and FeO contents for rocks in the Fox River Belt (Desharnais 
et al., 2004) compared with model solutions. White filled circles: basalts and 
komatiites. Dark filled circles: intrusive igneous rocks in the Fox River sill. 
White crosses: PRIMELT3 primary magma solutions. Liquid line of descent is for 
the primary magma composition obtained from Chukotat CHK-MGO14 of 
Hynes and Francis (1982). Numbered circles in b) are olivine compositions 
having the Mg numbers shown. Gray field shows the effects of olivine addition 
into melts along the Ol part of the LLD. Komatiites can have a wide range of FeO 
contents that depend on the Mg number of olivine accumulated, yielding PRI
MELT3 primary magma solutions with a wide range of MgO contents and 
inferred TP. 
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Waterton et al. (2017). Also excluded is the one result for the older 
Povungnituk basalts. The mean TP is 1555 ◦C and there is a 2σ variation 
of 68 ◦C. The greatest variability in TP is for the Fox River; as discussed 
above, the high temperature end has been compromised by whole rock 
accumulation of olivine having low Mg numbers. Of the 425 PRIMELT3 
solutions, most are unsuccessful because they have CaO contents that 
are outside the bounds of primary magmas of fertile mantle peridotite. 
This result arises from Ca mobility during metamorphism. Evidence 
from the Chukotat basalts is that metamorphism also mobilized Fe, and 
that it compromised TP. A wide range of TP solutions are obtained for 
samples from the Thompson Nickel Belt that experienced amphibolite 
facies/granulite metamorphism and intense deformation (Fig. 8). In 
contrast, the relatively fresh Winnipegosis komatiites exhibit the least 
variability in TP. If Alexo komatiites are a guide (Fig. 3), there will be a 
± 40 ◦C variation in TP stemming from ± 0.5% variations in FeO owing 
to metamorphic alteration. 

A prediction of the hypothesis that metamorphism has contributed to 
TP is that its variability is correlated with a metric expected of alteration, 
this being variable CaO contents of the rocks with respect to the olivine 
LLD. The CaO contents along the Ol LLD for the primary magma of the 
Chukotat basalts shown in Fig. 2b is assumed to be representative of the 
CSLIP and is described by:  

CaOOl LLD = − 0.33MgOOl LLD + 16.18                                              (4) 

For each whole rock basalt/komatiite datum for the CSLIP, its CaO 
content is termed CaOCSLIP and is compared with the CaO content along 
the Ol LLD predicted from Eq. (4) using the mean square error as a 
measure of variability:  

2σCaO = 2(Σ(CaOOl LLD - CaOCSLIP)2/N)0.5                                        (5) 

where N represents the number of whole rock samples in each CSLIP 
member; Chukotat, Winnipegosis etc. N includes all samples run with 
PRIMELT3, successful and unsuccessful solutions. For Winnipegosis, for 
example, N = 244 samples from which 44 successful PRIMELT3 solu
tions were obtained. There are an insufficient number of rocks from the 
Roberts Lake Group to work with. But for the other four members of the 
CSLIP, the 2σCaO are compared with the 2σ variation in TP as shown in 
Fig. 9. Results demonstrate that variations in mantle potential 

temperatures are correlated with variations in the CaO contents of 
basalt/komatiites, consistent with the interpretation that meta
morphism has mobilized Ca together with Fe content which is coupled to 
primary magma MgO and TP. However, it was also shown that TP can be 
compromised by addition of low Mg# olivine into fractionating magmas 
for Fox River. This may also have affected other members of the CSLIP 
although no evidence for it was found; additionally, Ol Mg#s for Win
nipegosis (Waterton et al., 2017) are too high to have been compromised 
in this way. Assuming that TP estimates from basalts and komatiites from 
Chukotat, Winnipegosis and Thompson Nickel Belt were compromised 
only by metamorphism, Fig. 9 shows that:  

2σTP = 10 2σCaO + 30                                                                   (6) 

That is, TP varies by 10 ◦C for each 1 wt% CaO mobilized during 
metamorphism. And for perfectly fresh igneous rocks, the CSLIP varia
tion in TP is predicted to be 30 ◦C. It is no coincidence that 30 ◦C is also 
the difference in TP between the mean for Winnipegosis (1572 ◦C) and 
~1540 ◦C for Chukotat, Roberts Lake and Thompson Nickel Belt 
(Table 1). 

Much of the nominal ± 68 ◦C variation in TP for all 81 solutions 
(Fig. 8) is thus demonstrated to arise from metamorphic alteration and 
olivine addition. It does not reflect the true thermal variability of the 
mantle which is 30 ◦C across the CLIP; added to this there is an uncer
tainty of ± 42 ◦C stemming from the PRIMELT3 algorithm (Herzberg 
and Asimow, 2015). It is concluded that the TP range for the CSLIP is 
only 30 ◦C and extends in space to over 1500 km from the Cape Smith 
Belt in the north to the Winnipegosis Belt in the southwest (Fig. 1). 

There is evidence that this limited 30 ◦C variation in TP also occurred 
in time. While 1880 Ma is the commonly accepted age of the CSLIP 
(Heaman et al., 2009; Ciborowski et al., 2017), there exists variation: 
1883.4 ± 0.8 to 1881.5 ± 0.9 Ma for Chukotat (Bleeker and Kamo, 
2018; 2020); 1885 ± 2 to 1877 + 7/-4 Ma for the Molson Dyke Swarm 
(Heaman et al., 2009); 1870.3 ± 7.1 Ma for the Winnipegosis Belt 
(Waterton et al., 2017); 1870.7 ± 1.1 for the Hudson Bay Lowlands 
(Hamilton and Stott, 2008). These nominal ages indicate a ~12-to-15- 
million-year lifetime of magmatism. And at the northern margin of the 
Superior craton in the Cape Smith Fold Belt, the 1881.5 Ma Chukotat 

Fig. 8. Summary of mantle potential temperature estimates for members of the 
Circum-Superior Large Igneous Province. All PRIMELT3 solutions are given in 
Appendix A and mean values are summarized in Table 1 for each locality. Most 
of the variability is not a measure of true thermal variations in the mantle, but 
arises from metamorphic alteration and olivine addition as discussed in 
the text. 

Fig. 9. Variations in mantle potential temperatures TP (Table 1) and CaO 
contents of basalts/ komatiites of members of the Circum-Superior LIP with 
respect to the those along the Olivine-only segment of the LLD shown in Fig. 2b 
and given by Eq. (4). 
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Group magmatism having TP = 1541 ◦C was preceded by the 1998 Ma 
Povungnituk Group; for the later, only one sample yielded a successful 
solution, that being TP = 1500 ◦C, similar to those for the younger 
Chukotat basalts. More work is needed on these older basalts. Never
theless, if the similarity is robust, it would be evidence for very little 
change in TP over the 116-million-year lifetime of the Cape Smith fold 
belt, from 1998 (Kastek et al., 2018) to 1881.5 Ma (Bleeker and Kamo, 
2018). 

4. Thermal properties of ambient mantle in the Precambrian 

The constraint that there was only about a 30 ◦C variation in TP, from 
~1540 to 1570 ◦C for 12–15 million years, and possibly 116 million 
years, over thousand-kilometer distances for the Circum-Superior LIP 
(Fig. 1) is a characteristic of modern ambient mantle magmatism below 
oceanic ridges (Dalton et al., 2014) and any other plate tectonic envi
ronment removed from the influence of hotspots. The mean TP for each 
of the five members (Table 1) is shown again in Fig. 10 within the 
context of several global thermal history models. Results are similar to 
those reported previously (Herzberg et al., 2010) based exclusively on 
the Chukotat basalts. Fig. 10 shows that the results are consistent with 
ambient mantle thermal models characterized by sluggish mantle con
vection in the past (Korenaga, 2008; Herzberg et al., 2010) and with a 
present-day Urey ratio of about 0.38. The CSLIP temperatures in this 
study are higher than ambient mantle temperatures in the models of 
Davies (2009) and Ganne and Feng (2017), by 100 to 200 ◦C (Fig. 10). 
They are also nearly 200 ◦C higher than 1380 ◦C at 1.9 Ga suggested by 
Aulbach and Arndt (2019), an estimate that is similar to modern 
ambient mantle (Herzberg et al., 2007; Herzberg and Asimow, 2008; 
2015; Matthews et al. 2021) and one that is non-unique (Herzberg, 
2019). These low temperature ambient mantle models require a mantle 
plume origin for the basalts and komatiites from the Circum-Superior 

LIP and predict thermal and primary magma heterogeneity. This 
outcome is not consistent with the limited variability in primary magma 
compositions and inferred mantle potential temperatures of the CSLIP. 

5. Thermal properties of mantle plumes in the Precambrian 

A hot mantle plume origin has long been the preferred model for 
interpreting the high MgO contents and eruption temperatures of 
spinifex-textured Precambrian komatiites (Jarvis and Campbell, 1983; 
Herzberg, 1992; Nisbet et al., 1993; Arndt et al., 2008; Puchtel et al., 
2022). It must also satisfy the requirement that its thermal state be 
hotter than that of ambient mantle (Nisbet et al., 1993; Herzberg, 1995; 
Herzberg et al., 2007; 2010). However, in the early Earth, ambient 
mantle was also hot owing to increased radiogenic heat production 
(Davies, 1980; Richter, 1985; Christensen, 1985; Korenaga, 2008). 
Therefore, how can we distinguish the melt products of hot ambient 
mantle from those of a hot mantle plume? 

Petrological models of modern mantle plumes constrain them to 
have TP in excess of ambient mantle by 100–250 ◦C (Fig. 10; Herzberg 
and Asimow, 2008; 2015; Herzberg and Gazel, 2009; Jennings et al., 
2019; Matthews et al., 2021). Their magmatic products have no diag
nostic set of geochemical properties and could have formed by the 
melting of depleted, primitive, and enriched mantle sources (e.g., Kerr 
et al., 1995). The benchmark is that TP for ambient mantle be known, 
and this can be constrained from petrology to be about 1350 ◦C at the 
present time from work on olivine phyric basalts from the Siqueiros 
Fracture Zone, representative of the East Pacific Rise spreading center in 
that area (Herzberg and Asimow, 2015; Matthews et al., 2021). Ac
cording to Dalton et al. (2014), temperatures vary by 30 ◦C over oceanic 
ridge lengths similar in dimensions to the periphery of the Superior 
craton. But in deep Earth time, this tectonic constraint does not exist. 
Therefore, the identification of mantle plumes in the Precambrian must 
satisfy the requirement that their primary magmas were hotter than 
those produced from ambient mantle at the time. 

An examination is now made of the thermal properties of the mantle 
sources for well-studied komatiite occurrences from the Lapland, Abi
tibi, Barberton, and Commondale greenstone belts. The method used to 
solve the primary magma problem was discussed in Section 2.2. A 
determination is made of the melt composition in equilibrium with an 
observed olivine having the highest Mg#. Primary magma MgO contents 
are either as reported in the literature or calculated by application of the 
Olivine Calculator in PRIMELT3 on whole rock samples. Olivine liquidus 
and mantle potential temperatures were then obtained from primary 
magma MgO contents from Eqs. (1) and (2) (Herzberg and Asimow, 
2015). Results are given in Table 2 and shown in Fig. 10. 

5.1. Lapland greenstone belt 

Paleoproterozoic komatiites and picrites of Lapland Greenstone Belt 
are part of a belt that continues 400 km to northern Norway (Hanski 
et al., 2001), and the most thoroughly studied locations are from Jee
siörova and Kevitsa (Hanski et al., 2001; Puchtel et al., 2020) in Finland. 
Ages for Jeesiörova and Kevitsa are 2049 ± 13 Ma (Puchtel et al., 2020), 
similar to 2056 ± 25 Ma for Jeesiörova (Hanski et al., 2001). All vol
canic rocks have been metamorphosed in the greenschist to epidote 
amphibolite facies. Olivine is only preserved the Kevitsa dikes and it has 
a maximum Mg# of 94.1 (Puchtel et al., 2020). 

Puchtel et al. (2020) calculated MgO contents of 25.2 to 26.3% using 
the method of incremental addition of olivine into a selected komatiite 
composition, KD-14, until it was in equilibrium with olivine having the 
highest observed Mg#, 94.1. Using the PRIMELT3 Olivine Calculator for 
KD-14 yields a melt composition with 25.6% MgO that is in equilibrium 
with olivine Mg# of 94.1 (Table 2). Application of Eq. (2) yields TP ~ 
1700 ◦C for the Lapland komatiites, about 150 ◦C higher than the mean 
CSLIP (Fig. 10). 

Fig. 10. Summary of mean TP for members of the Circum-Superior LIP (CSLIP; 
Table 1), high MgO komatiites from Proterozoic/Archean greenstone belts 
(Table 2), basalts from Phanerozoic mantle plumes (Herzberg and Asimow, 
2008; 2015; Herzberg and Gazel, 2009; Jennings et al., 2019; Matthews et al., 
2021) and models of ambient mantle. Mean TP for Chukotat, Roberts Lake, 
Thompson Nickel Belt and the Fox River Belt are all close to 1540 ◦C and plot 
on top of each other; the higher TP result, 1572 ◦C, is for the Winnipegosis 
komatiites. Solid black circles are from Herzberg et al. (2010) with age cor
rections from Johnson et al. (2014). Uncertainty in PRIMELT3 TP solutions is ±
42 ◦C (Herzberg and Asimow, 2015). 
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5.2. Belingwe greenstone belt 

The 2.7 Ga komatiites from the Reliance Formation of the Belingwe 
Greenstone Belt are variably altered and with olivine phenocrysts pre
served (Nisbet et al. 1993). Using the Olivine Calculator in PRIMELT3 on 
samples from Puchtel et al. (2009) yields 25.5% MgO for primary 
magmas in equilibrium with olivine having an Mg# of 93.5 (Table 2). 
This result agrees well with chill compositions having 25.6% MgO and 
containing olivine phenocrysts with an Mg# of 93.6 (Nisbet et al. 1993). 

Asafov et al. (2018) determined the Belingwe primary magma with 
27.5% MgO was in equilibrium with olivine having an Mg# of 93.5. This 
calculation was based on the reconstruction of low MgO melt inclusions 
trapped in olivine using KD = 0.32 and FeO/FeOT = 0.92. Asafov et al. 
(2018) also determined the primary magma contained 0.2% H2O; this 
amount of water has a negligible effect on lowering olivine liquidus and 
mantle potential temperatures (Table 2), based on the calibration of 
Rhyolite-MELTS at QFM-1 and 250 bars (Gualda et al., 2012). Relative 
to ambient mantle with a Urey ratio of ~0.38 as constrained by the 
CSLIP, TP for the Belingwe mantle plume was hotter by about 
100–150 ◦C (Fig. 10). 

5.3. Abitibi greenstone belt 

Arndt (1986) reported a maximum olivine Mg number of 94.1 in the 
2.7 Ga komatiites at Alexo and calculated 28.2% in the primary magma. 
(Sobolev et al., 2016) reported a maximum of 94.5 and an olivine grain 
with this Mg# was found to host a reconstructed melt inclusion having 
28.6% MgO (Sobolev et al., 2016), very similar to the Arndt determi
nation. The volatile-free olivine liquidus TOl/L

1 and mantle potential TP 
temperatures in the melt inclusion study are 1586◦ and 1774 ◦C from 
Eqs. (1) and (2) (Herzberg and Asimow, 2015). But dissolved H2O will 
lower these temperatures. Sobolev et al. (2016) used a calibration by 
Falloon and Danyushevsky (2000) to suggest that TOl/L

1 would decrease 
by 60 ◦C owing to their measured 0.6% H2O in the primary magma. 
However, there exist other calibrations and these yield a lower tem
perature drop:  

- 9 ◦C (Sugawara 2000)  
- 23 ◦C (Medard and Grove, 2008; Ueki et al., 2020)  
- 17 ◦C (Rhyolite-MELTS at QFM-1 and 250 bars; Gualda et al., 2012). 

Making use of Eq. (3) shows that the Falloon and Danyushevsky 
(2000) calibration would propagate to a lowering of TP from 1774 to 

1687 ◦C, a significant decrease of 87 ◦C. Using MELTS and Eq. (3) yields 
decrease in TP of only ~21 ◦C with 0.6% H2O (Table 2), a result that is 
used here. 

As an independent test, the Olivine Calculator in PRIMELT3 was 
applied to komatiites from Pyke Hill reported by Puchtel et al. (2009). 
Results show that olivine with an Mg# of 94.5 would have been in 
equilibrium with a primary magma having 27.6% MgO, in good agree
ment with 28.2% and 28.6% MgO in the determinations by Arndt (1986) 
and Sobolev et al. (2016), respectively. Relative to ambient mantle with 
a Urey ratio of ~0.38 as constrained by the CSLIP, TP for the Abitibi 
mantle plume was hotter by 150 to 200 ◦C (Fig. 10). 

5.4. Barberton greenstone belt 

There are three komatiite types from the Barberton Greenstone Belt 
to consider. Those in the type locality of the Komati Formation were 
emplaced at 3.48 Ga (Blichert-Toft et al., 2015) and are depleted in 
alumina (UDK type) owing to separation from residual garnet (Herzberg, 
1992; Robin-Popieul et al., 2012). Slightly younger are komatiites from 
the Hooggenoeg Formation, which are alumina-undepleted (AUK type) 
indicating separation from residual harzburgite or dunite (Herzberg, 
1992; Robin-Popieul et al., 2012), similar to komatiites from the Abitibi 
Greenstone Belt. Younger still are the 3.3 Ga komatiites from the Wel
tevreden Formation, enriched in alumina and depleted in titanium (AEK 
type), and which separated from a highly refractory residue (Robin- 
Popieul et al., 2012). 

The primary magma composition for komatiites from the Komati 
Formation was estimated from whole rock compositions reported by 
Puchtel et al. (2013) and their olivine having the highest Mg#, which is 
93.4. Using the Olivine Calculator in PRIMELT3 and assuming FeO/ 
FeOT = 0.90, the primary magma has 26.7% MgO and KD is 0.30 
(Table 2), similar to 27% MgO estimated by Robin-Popieul et al. (2012). 
In contrast, Puchtel et al. (2013) and Nicklas et al. (2019) obtained 
29.4% MgO, higher only because they assumed FeO = FeOT rather than 
FeO = 0.9FeOT in this work (Table 2). Chill margins contain 25.3–29.4% 
MgO (Puchtel et al., 2013); while they are assumed to represent 
quenched liquids, 12% addition of cumulate olivine can raise MgO from 
26.7 to 29.4%. 

Parman et al. (2004) reported chill margin compositions at the Ho
rizon 1 section of the Komati Formation, which have the properties of 
AUK from the above Hooggenoeg Formation; olivine has 93.9 as the 
highest Mg#. Using the Olivine Calculator in PRIMELT3 and assuming 
FeO/FeOT = 0.90, the primary magma has 29.2% MgO (Table 2), similar 

Table 2 
Komatiite Primary Magma MgO Contents and Mantle Potential Temperatures.  

Location Age Source/Method KD FeO/FeOT Ol Mg# MgO TOl (◦C) H2O TP (◦C)  
(Ga)    (max) (wt%) eq (1) (wt%) eq (2) or (3) 

Lapland 2.05 Puchtel et al. (2020)   94.1 25.2* 1533 0 1692 
Lapland 2.05 Puchtel et al. (2020)   94.1 26.3* 1550 0 1719 
Lapland 2.05 Ol Calculator on Puchtel et al. (2020)  0.29  0.92 94.1 25.6 1539 0 1702 
Belingwe 2.7 Asafov et al. (2018)  0.32  0.92 93.5 27.5* 1569 0 1748 
Belingwe 2.7 Asafov et al. (2018)  0.32  0.92 93.5 27.5* 1563 0.2 1743 
Belingwe 2.7 Nisbet et al. (1993)  0.30  0.89 93.6 25.6* 1539 0 1702 
Belingwe 2.7 Ol Calculator on Puchtel et al. (2009)  0.30  0.89 93.6 25.5 1538 0 1700 
Belingwe 2.7 Ol Calculator on Puchtel et al. (2009)  0.30  0.89 93.6 25.5 1532 0.2 1696 
Alexo 2.7 Arndt (1986)  0.30  0.95 94.1 28.2* 1580 0 1765 
Pyke Hill 2.7 Sobolev et al. (2016)  0.30  0.90 94.5 28.6* 1586 0 1774 
Pyke Hill 2.7 Sobolev et al. (2016)  0.30  0.90 94.5 28.6* 1569 0.6 1753 
Pyke Hill 2.7 Ol Calculator on Puchtel et al. (2009)  0.29  0.90 94.5 27.6 1571 0 1750 
Pyke Hill 2.7 Ol Calculator on Puchtel et al. (2009)  0.29  0.90 94.5 27.6 1554 0.6 1729 
Barberton ADK 3.48 Ol Calculator on Puchtel et al. (2013)  0.30  0.90 93.4 26.7 1557 0 1729 
Barberton AUK 3.48 Ol Calculator on Parman et al. (2004)  0.29  0.90 93.9 29.2 1595 0 1788 
Barberton AEK 3.3 Ol Calculator on Connolly et al. (2011)  0.30  0.90 95.1 28.9 1655 0 1781 
Barberton AEK 3.3 Ol Calculator on Connolly et al. (2011)  0.30  0.90 95.1 28.9 1646 0.28 1771 
Commondale 3.33 Wilson (2019)  0.33  0.87 96.6 36.1* 1691 0 1948 
Commondale 3.33 Ol Calculator on Wilson (2019)  0.29  0.90 96.6 34.4 1669 0 1909 

* MgO contents as reported; T Ol, olivine liquidus temperature at 1 atmosphere; TP, mantle potential temperature. 

C. Herzberg                                                                                                                                                                                                                                       



Precambrian Research 375 (2022) 106671

12

to 30% MgO estimated by Robin-Popieul et al. (2012) for the Hoogge
noeg Formation. 

The primary magma problem was solved for komatiites from the 
Weltevreden Formation using whole rock data from Connolly et al. 
(2011) and their reported maximum Mg# for olivine, which is 95.1. The 
MgO content is 28.9% (Table 2), nearly identical to the result for AUK 
from the Komati Formation, but lower than 33% estimated by Robin- 
Popieul et al. (2012). Puchtel et al. (2013) and Nicklas et al (2019) 
obtained 31.4 ± 0.9% MgO higher than 28.9% in this work only because 
they assumed FeO = FeOT rather than FeO = 0.9FeOT (Table 2). Sobolev 
et al. (2019) reported 0.28% H2O in olivine-hosted melt inclusions, an 
amount that will have an insignificant effect on mantle potential 
temperature. 

In summary, primary magma compositions from the Barberton 
Greenstone belt are lowest for the ADK, 26.7%, increasing to ~29% for 
AUK and AEK types. Using Eq. (2), calculated TP ranges from 1729 to 
1788 ◦C (Table 2). This variation is characteristic of the tapping of 
primary magmas from a thermally heterogeneous mantle plume, cooler 
in the garnet-bearing periphery (ADK) and hotter in the axis containing 
residual harzburgite or dunite (AUK). These mantle potential tempera
tures are also about 200 ◦C higher than ambient mantle with a Urey ratio 
of ~0.38 as constrained by the CSLIP (Fig. 10). 

5.5. Commondale greenstone belt 

Wilson (2019) provided an authoritative documentation of komati
ites from the Commondale Greenstone Belt, and I will work exclusively 
with this information. They are located 50 km from the Barberton 
Greenstone Belt, and its komatiites are slightly younger, 3.3 Ga. The 
komatiites are highly depleted in all lithophile trace elements, and they 
are classified as alumina-enriched komatiites. They have the lowest 
FeOT contents on record and were likely formed as partial melts of a 
highly refractory residue (Wilson, 2019). They contain olivines with a 
maximum Mg# of 96.6, the highest worldwide. Wilson (2019) estimated 
36.1% MgO in the primary magma using KD = 0.33; using the Olivine 
Calculator in PRIMELT3 lowers this to 34.4% MgO with KD = 0.29. TP is 
1909 and 1948 ◦C for both cases (Table 2), potentially the hottest 
komatiites ever to have erupted (Wilson, 2019), a result that plots off the 
scale in Fig. 10. However, Wilson and Bolhar (2021) provided evidence 
that the Commondale komatiites may have contained water from the 
mantle transition zone and, if confirmed, the mantle potential temper
ature may have been lower. 

5.6. Summary for Precambrian mantle plumes 

Komatiites from the Lapland, Abitibi, and Barberton greenstone belts 
formed from sources that had mantle potential temperatures that were 
100–200 ◦C higher than that of ambient mantle as represented by the 
Circum-Superior LIP and the Korenaga (2008) model with a Urey ratio of 
~0.38 (Fig. 10). This temperature difference, or excess, is similar to 
100–250 ◦C of Phanerozoic mantle plumes (Herzberg and Asimow, 
2008; 2015; Herzberg and Gazel, 2009; Jennings et al., 2019; Matthews 
et al., 2021), demonstrating approximate constancy of thermal proper
ties of mantle plume structures through time. 

An alternate interpretation is that the high MgO komatiites formed in 
the hot axis of a mantle plume, and the basalts/ low MgO komatiites 
from the CSLIP formed in the plume head that was cooler owing to 
entrainment of ambient mantle (Campbell et al., 1989; Campbell and 
Griffiths, 1990; Barnes et al., 2021). However, there is no evidence for 
entrainment from numerical modeling and geochemistry (Farnetani and 
Samuel, 2005; Sleep, 2008). And petrological modelling indicates just 
the opposite; many Phanerozoic basalts that erupted initially from 
plume heads were hotter than those that later erupted from plume axes 
(Herzberg and Gazel, 2009; Trela et al., 2015). 

Of the Precambrian high MgO komatiites considered in Fig. 10, the 
Commondale komatiites are a notable high temperature outlier, with an 

excess temperature of about 350 ◦C. A notable outlier in the Phanerozoic 
is the Cretaceous age Tortugal lavas of Costa Rica, related to the 
ancestral Galapagos mantle plume (Trela et al., 2017); olivines have a 
maximum Mg# of 94.2 and crystallized from high MgO melts with 
spinel at 1570 ◦C as constrained by the Al-in-Olivine thermometer; use 
of Eq. (3) yields TP = 1754 ◦C, about 400 ◦C higher than ambient mantle 
at that time, and significantly hotter than any other Phanerozoic mantle 
plume. With these ancient and modern outliers in mind, the results of 
this study indicate that most Precambrian mantle plumes were 100 to 
200 ◦C hotter than the ambient mantle reference frame as defined by the 
Korenaga (2008) model with a present-day Urey ratio of ~0.38, similar 
to 100–250 ◦C for Phanerozoic mantle plumes (Fig. 10). 

6. The mantle plume model for the circum-superior LIP 

The most popular model for the CSLIP is that it formed in a mantle 
plume (Ernst and Bleeker, 2010; Ernst and Buchan 2004; Minifie et al., 
2013; Ciborowski et al, 2017; Waterton et al., 2017; Kastek et al., 2020; 
Bleeker and Kamo, 2020; Barnes et al., 2021; Condie et al., 2021). Based 
on the work of Sleep et al. (2002), Ciborowski et al. (2017), Waterton 
et al. (2017), Kastek et al. (2018) and Bleeker and Kamo (2020) pro
posed that a mantle plume impacted the base of the thick Superior 
craton, it flowed up and laterally, and melted around the margins where 
the craton was thinned previously. The essential problem for the mantle 
plume model for the CLIP is that it predicts thermal heterogeneity, in 
contrast with the evidence presented here that TP remained little 
changed at ~1540–1570 ◦C for 12–15 million years, and possibly 116 
million years, of CSLIP magmatism. 

Petrological modelling indicates that TP for Phanerozoic mantle 
plumes is in excess of ambient mantle by 100–250 ◦C (Fig. 10; Herzberg 
and Asimow, 2008; 2015; Herzberg and Gazel, 2009; Jennings et al., 
2019; Matthews et al., 2021), dropping to ambient mantle temperatures 
at the peripheries (Sleep, 2008; Farnetani and Samuel, 2005). This is 
consistent with Sleep’s (2008) model of a ~100 to 300 ◦C temperature 
variability from the hot interior to the cooler periphery. It is also 
consistent with petrological models that show a 100 ◦C variability in TP 
for basalts sampled from individual mantle plume occurrences (e.g., 
Galapagos; Herzberg and Gazel, 2009). Similarly, Al-in-olivine ther
mometry for high Mg# olivines reveals a ~100 ◦C variability for both 
the Paraná–Etendeka mantle plume (Jennings et al., 2019) and the 
ancestral Icelandic plume that produced the Paleocene picrites at Baffin 
Island and West Greenland (Spice et al., 2016). Primary magmas that are 
tapped from a thermally heterogenous mantle plume must have variable 
MgO contents, in contrast with those of the Circum-Superior LIP 
(Table 1). 

Another source of thermal heterogeneity can arise when a plume 
impacts the base of the lithosphere. Its high temperatures can yield melts 
with high TP for millions of years, but only if the plume head is 
continuously supplied by its conduit (Sleep, 2008). However, 3-D 
models of Sleep (2008) indicate a plume head can cool by 100 ◦C in 
about 2 million years owing to heat loss to the lithosphere should it rise 
as a blob not connected to a conduit. Rapid cooling is also expected as 
the lithosphere moves independently of the conduit, yielding an initial 
flood basalt stage followed by a hot spot track as in the modern Earth 
(Richards et al., 1989). There is a substantial body of evidence that rapid 
cooling of mantle plumes was responsible for the production of Phan
erozoic LIPS of short duration. 

Unlike the Paleoproterozoic Circum-Superior LIP, the main phase of 
volcanism for all major Phanerozoic continental LIPS was less than 1 
million years. Examples are the Central Atlantic Igneous Province 
(CAMP; Blackburn et al., 2013; Davies et al., 2021), the Siberian Traps 
(Kamo et al., 2003; Burgess et al., 2017), the Emeishan Traps (Xu et al., 
2018), the Karoo LIP (Svensen et al., 2012), the Columbia River basalt 
(Kasbohm and Schoene, 2018; Black et al., 2021), and the Deccan Traps 
(Sprain et al., 2019; Schoene et al., 2019). Exceptions are longer erup
tions for the Paraná–Etendeka LIP (3 Ma; Gomes and Vasconcelos, 2021) 

C. Herzberg                                                                                                                                                                                                                                       



Precambrian Research 375 (2022) 106671

13

and the North Atlantic Igneous Province (NAIP; Larsen et al., 2016). At 
the West Greenland part of the NAIP, where the chronostratigraphy is 
well-constrained, eruption rates were greatest between 62 and 60 Ma, 
and declined during the following 6 million years (Larsen et al., 2016). 
These short lifetimes are consistent with rapid cooling associated with 
lithospheric plates that moved independently of their conduits or mantle 
plumes that were mostly heads that separated from their tails (Sleep, 
2008). In contrast, the relative longevity of the 12–15 million years of 
the CSLIP would require a fixed coupling of the mantle conduit to the 
Superior cratonic lithosphere. It is difficult to imagine how a thermally 
heterogenous mantle plume could lock on and impact the base of the 
Superior craton, cool down as it flowed outwards at thousand-kilometer 
distances and melt to produce primary magmas that were all so similar, 
with 19–20% MgO (Table 1). A single mantle plume origin for the CSLIP 
(Ernst and Bleeker, 2010; Minifie et al., 2013; Ciborowski et al, 2017; 
Bleeker and Kamo, 2020) is without a Phanerozoic analog. 

7. A plate tectonic model for the circum-superior LIP 

Fig. 11 is a plate tectonic model for the CSLIP where ambient mantle 
melting could have occurred by passive upwelling of asthenosphere 
below continental rifts contemporaneously with plate convergence 
(Heaman et al., 2009; Corrigan et al., 2009; Percival et al., 2005). It is 
based on a geodynamic model of Chowdhury et al. (2020) at TP =

1525 ◦C. At these high mantle temperatures, the asthenosphere mantle 
viscosity is low and the angle of subduction is steep. This results in slab 
roll-back, retreat of the subduction trench, extension and thinning of the 
overriding continental lithospheric plate and its replacement with hot 
upwelling ambient asthenosphere mantle. In this model, partial melts 
yielded basalts and komatiites in both the Manikewan oceanic crust and 
continental rifts at the periphery of the Superior craton. The initial stage 
of lithosphere extension and asthenosphere upwelling is expected to 
have led to a close spatial association of melts from the cold subducted 
lithosphere and those from the hot asthenosphere. This is a plausible 
explanation for the penecontemporaneous relationship between the 
~1880 Ma Molson Dykes, Fox River, and Winnipegosis and continental 
arc type calc-alkaline plutons in the Fin Flon - Thompson Nickel Belt 
(Corrigan et al., 2009; Percival et al., 2005). 

The period between ~2.1 and 1.8 Ga corresponds with the world
wide formation of collisional orogenic belts (e.g. Zhao et al., 2002; 
French et al., 2008; Wan et al., 2020; Condie et al., 2021), which sutured 
together cratons during the assembly of the supercontinent Nuna/ 
Columbia (Wan et al., 2020). French et al. (2008) reviewed the evidence 
that during this period of global crustal amalgamation, mafic/ultramafic 
intraplate and plate margin magmatism occurred in association with 
crustal extension/transtension. The tectonics is very different from 

Phanerozoic mantle plumes that produced the NAIP, Karoo, Para
ná–Etendeka, and possibly CAMP large igneous provinces; for these, 
mantle plumes were associated in space and time with continental rift
ing, breakup, and seafloor spreading (e.g., Coffin and Eldholm, 1994; 
Storey, 1995; Courtillot et al., 1999; Saunders et al., 1997; Buiter and 
Torsvik, 2014; Larsen and Williamson, 2020; Condie et al., 2021). While 
LIPS such as the Ontong Java Plateau may be associated with subduction 
by accretion (Petterson et al., 1999), this is not the model of Ciborowski 
et al. (2017), Waterton et al. (2017), and Bleeker and Kamo (2020). 
Although the association of the CSLIP with collisional rather than 
breakup tectonics is insufficient evidence to falsify the mantle plume 
model, it is notable that there is no Phanerozoic analog. 

Delamination is another process wherein zones of subcontinental 
lithospheric mantle can be replaced by upwelling hot asthenosphere 
(Göğüş and Ueda, 2018; Chowdhury et al., 2020). It could have occurred 
by the peeling off of subcontinental lithospheric mantle in the down
going slab, exposing the overriding and thickened continental crust to 
heat from the hot upwelling asthenosphere. Delamination could explain 
the ultrahigh temperature metamorphism of the Trans-Hudson Orogen 
(Spencer et al., 2021). And ambient mantle potential temperatures 
remained high throughout the mid-Proterozoic (Fig. 10), which may 
explain why hot orogenesis continued during this time (Spencer et al., 
2021). 

It is concluded that the upwelling of hot ambient asthenosphere 
mantle by lithosphere extension and/or delamination in a plate tectonic 
model was important in the Paleoproterozoic. It can link production of 
high Mg basalts and komatiites in the Circum-Superior LIP with hot 
ambient mantle magmatism, collisional tectonics, the closure of the 
Manikewan Ocean, and formation of the hot Trans-Hudson Orogen of 
Laurentia (Corrigan et al., 2009). 

8. Discussion and conclusions 

Implementation of PRIMELT3 software (Herzberg and Asimow, 
2015) on a large database of basalts and komatiites from the Circum- 
Superior Large Igneous Province reveals limited variability in primary 
magma composition and inferred mantle potential temperature (Fig. 8; 
Table 1). Most of the variability is demonstrated to arise from Fe 
mobility during metamorphism and olivine addition into differentiated 
magmas. For volcanic rocks from the Cape Smith Belt, Roberts Lake, 
Thompson Nickel Belt, and the Fox River Belt, the mean MgO content is 
19.1% and the mean TP is 1541 ◦C; Winnipegosis komatiite means are 
slightly higher, 20.3% MgO and 1572 ◦C. The TP range for the CSLIP was 
therefore only about 30 ◦C, highly uniform over ~12 to 15 million years 
in time and over 1500 km in space from the Cape Smith Belt in the north 
to the Winnipegosis Belt in the southwest (Fig. 1). This limited long 

Fig. 11. A plate tectonic model for the Circum-Superior Large Igneous Province, modified from a simulation at TP = 1525 ◦C from Chowdhury et al. (2020). Similar 
plate tectonic models were proposed earlier by Percival et al. (2005) and Corrigan et al. (2009) to account for the close association of mafic/ultramafic rocks of the 
CSLIP with arc type calc-alkaline plutons in the Fin Flon - Thompson Nickel Belt area. 
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wavelength variation in TP is characteristic of modern ambient mantle 
magmatism below oceanic ridges and any other plate tectonic envi
ronment removed from the influence of hotspots, not mantle plumes. 

The ambient mantle melting model predicts limited primary magma 
temperature and composition variations elsewhere in the CSLIP not 
considered here (e.g., Labrador Trough), and more work would be 
welcomed. Moreover, there is similarity between one TP result for a 
basalt from the much older 1998 Ma Povungnituk Group and those for 
the 1882 Ma Chukotat Group of the Cape Smith Belt, indicating thermal 
homogeneity over a 116 Ma lifetime The implication is that all basalts 
and komatiites from the greater Circum-Superior Belt with ages span
ning the full ~1880 to 2100 Ma range (Heaman et al., 2009) may have 
originated by ambient mantle melting, and the CSLIP may have been a 
late-stage part of a magmatic continuum that started hundreds of mil
lions of years earlier; however, more work is needed before this 
conclusion is secure. 

Basalts and low MgO komatiites from the Circum-Superior LIP pro
vide an important ambient mantle temperature reference frame for 
understanding high MgO komatiites that formed in Precambrian mantle 
plumes. A critical evaluation of high MgO komatiites from the Lapland, 
Abitibi, and Barberton greenstone belts shows that they formed from 
sources that had mantle potential temperatures that were 100–200 ◦C 
higher than those of ambient mantle as represented by the Circum- 
Superior LIP and the Korenaga (2008) model with a Urey ratio of 
~0.38 (Fig. 10). This temperature difference, or excess, is similar to that 
of Phanerozoic mantle plumes, indicating that most mantle plumes 
throughout Earth history have been about 100 to 250 ◦C hotter than 
ambient mantle. 

Modern mantle plumes differ from ambient mantle in displaying 
spatial heterogeneity in temperature, with plume heads and conduits 
that can be 100–250 ◦C higher than their ambient mantle periphery. In 
time, mantle plume heads that impact the base of the lithosphere can 
cool rapidly owing to heat loss to the lithosphere. Rapid cooling explains 
why the main phase of volcanism for most major Phanerozoic conti
nental LIPS produced by mantle plumes took place in a time frame of 
under 1 million years. Thermal heterogeneity yields heterogeneous 
primary magmas having a range of MgO contents. It is therefore difficult 
to understand how a thermally heterogeneous mantle plume for the 
Circum-Superior LIP could have impacted the base of the Superior 
craton, cool down as it flowed outwards at thousand-kilometer distances 
and melted to produce primary magmas that were all so similar, with 
19–20% MgO during its 12–15-million-year lifetime. And the Circum- 
Superior LIP differs from modern LIPS wherein mantle plume magma
tism is associated in space and time with continental rifting, breakup, 
and seafloor spreading. There is no Phanerozoic mantle plume analog 
model for the CSLIP. 

Uniformity of primary magma compositions and mantle potential 
temperatures inferred for basalts and komatiites from the Circum- 
Superior LIP are consistent with ambient mantle melting below conti
nental rifts in a plate tectonic model as suggested in the pioneering 
studies of Heaman et al. (2009), Corrigan et al. (2009) and Percival et al. 
(2005). Ambient mantle melting could have occurred during slab roll- 
back, retreat of the subduction trench, extension and thinning of the 
overriding continental lithospheric plate and its replacement with hot 
upwelling asthenosphere mantle (Fig. 11). Partial melts yielded basalts 
and komatiites in both the Manikewan oceanic crust and continental 
rifts at the periphery of the Superior craton. The plate tectonic model 
associates the Circum-Superior LIP with collisional rather than breakup 
tectonics, closure of the Manikewan Ocean, formation of the Trans- 
Hudson Orogen of Laurentia (Corrigan et al., 2009), and the world
wide suturing of other cratons during assembly of the supercontinent of 
Nuna/Columbia about 1.9 billion years ago (e.g., Zhao et al., 2002; 
French et al., 2008; Wan et al., 2020; Condie et al., 2021). 

Understanding the association of LIPS with supercontinent breakup 
in the Phanerozoic and assembly in the Paleoproterozoic has proven 
puzzling (Ernst and Bleeker, 2010; Condie et al., 2021). The results of 

this study on the Circum-Superior LIP indicate that progress might be 
made by relaxing the commonly held assumption or expectation that all 
or most Precambrian LIPS were produced by mantle plumes. 
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Göğüş, O.H., Ueda, K., 2018. Peeling back the lithosphere: Controlling parameters, 
surface expressions and the future directions in delamination modeling. 
J. Geodynamics 117, 21–40. 

Gomes, A.S., Vasconcelos, P.M., 2021. Geochronology of the Paraná-Etendeka large 
igneous province. Earth-Sci. Rev. 220, 103716. https://doi.org/10.1016/j. 
earscirev.2021.103716. 

Gualda, G.A.R., Ghiorso, M.S., Lemons, R.V., Carley, T.L., 2012. Rhyolite-MELTS: a 
Modified Calibration of MELTS Optimized for Silica-rich, Fluid-bearing Magmatic 
Systems. J. Petrol. 53 (5), 875–890. 

Hamilton, M.A., Stott, G.M., 2008. Project Unit 04-018. The significance of new U/Pb 
baddeleyite ages from two Paleoproterozoic diabase dikes in northern Ontario. In: 
Summary of Fieldwork and Other Activities 2008. Ontario Geological Survey Open 
File Report 6226. Ministry of Northern Development and Mines, Toronto. 17-1–17-7. 

Hanski, E., Huhma, H., Rastas, P., Kamenetsky, 2001. The Palaeoproterozoic 
komatiite–picrite association of Finnish Lapland. J. Petrol. 42, 855–876. 

Heaman, L.M., Machado, N., Krogh, T.E., Weber, W., 1986. Precise U-Pb zircon ages for 
the Molson dyke swarm and the Fox River sill: constraints for early Proterozoic 
crustal evolution in northeastern Manitoba. Canada. Contrib. Miner. Petrol. 94 (1), 
82–89. 

Heaman, L.M., Peck, D., Toope, K., 2009. Timing and geochemistry of 1.88 Ga Molson 
Igneous Events, Manitoba: insights into the formation of a craton-scale magmatic 
and metallogenic province. Precambr. Res. 172 (1-2), 143–162. 

Herzberg, C., 1992. Depth and degree of melting of komatiites. J. Geophys. Res. 97 (B4), 
4521. https://doi.org/10.1029/91JB03066. 

Herzberg, C., 1995. Generation of plume magmas through time: an experimental 
perspective. Chem. Geol. 126 (1), 1–16. 

Herzberg, C., 2006. Petrology and thermal structure of the Hawaiian plume from Mauna 
Kea volcano. Nature 444, 605–609. 

Herzberg, C., 2011. Identification of Source Lithology in the Hawaiian and Canary 
Islands: Implications for Origins. J. Petrol. 52, 113–146. 

Herzberg, C., 2019. Origin of high-Mg bimineralic eclogite xenoliths in kimberlite: A 
comment on a paper by Aulbach and Arndt (2019). Earth Planet. Sci. Lett. 510, 
231–233. 

Herzberg, C., O’Hara, M.J., 2002. Plume-associated ultramafic magmas of phanerozoic 
age. J. Petrol. 43, 1857–1883. 

Herzberg, C., Gazel, E., 2009. Petrological evidence for secular cooling in mantle plumes. 
Nature 458, 619–622. 

Herzberg, C., Asimow, P.D., 2008. Petrology of some oceanic island basalts: PRIMELT2. 
XLS software for primary magma calculation. Geochem. Geophys. Geosyst. 8, 
Q09001. https://doi.org/10.1029/2008GC002057. 

Herzberg, C., Asimow, P.D., 2015. PRIMELT3 MEGA.XLSM software for Primary Magma 
Calculation: Peridotite Primary Magma MgO Contents from the Liquidus to the 
Solidus. Geochem. Geophys. Geosys. 16, 563–578. https://doi.org/10.1002/ 
2014G005631. 

Herzberg, C., Condie, K., Korenaga, J., 2010. Thermal evolution of the Earth and its 
petrological expression. Earth Planet. Sci. Lett. 292, 79–88. 

Herzberg C., Asimow, P.D., Arndt, N. Niu, Y. Lesher, C.M., Fitton, J.G., Cheadle, M.J., 
Saunders, A.D. 2007. Temperatures in ambient mantle and plumes: Constraints from 
basalts, picrites and komatiites. Geochem. Geophys. Geosyst. 8, Q02006. 10.1029/ 
2006GC001390. 

Hulbert, L.J., Hamilton, M.A., Horan, M.F., Scoates, R.F.J., 2005. U-Pb zircon and Re-Os 
isotope geochronology of mineralized ultramafic intrusions and associated nickel 
ores of the Thompson Nickel Belt, Manitoba. Canada. Econ. Geol. 100, 29–41. 

Hynes, A., Francis, D.M., 1982. A transect of the early Proterozoic Cape Smith foldbelt, 
New Quebec. Tectonophysics 88, 23–59. 

Jarvis, G.T., Campbell, I.H., 1983. Archean komatiites and geotherms: solution to an 
apparent contradiction. Geophys. Res. Lett. 10, 1133–1136. 

Jennings, E.S., Holland, T.J.B., 2015. A Simple Thermodynamic Model for Melting of 
Peridotite in the System NCFMASOCr. J. Petrol. 56, 869–892. 

Jennings, E.S., Gibson, S.A., Maclennan, J., 2019. Hot primary melts and mantle source 
for the Parana-Etendeka flood basalt province: New constraints from Al-in-olivine 
thermometry. Chem. Geol. 529, 119287. https://doi.org/10.1016/j. 
chemgeo.2019.119287. 

Johnson, T.E., Brown, M., Kaus, B., Van Tongeren, J.A., 2014. Delamination 
andrecycling of Archaean crust caused by gravitational instabilities. Nat. Geosci. 7, 
47–52. 

C. Herzberg                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0301-9268(22)00115-2/h0080
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0080
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0080
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0085
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0085
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0085
https://doi.org/10.1038/s41467-017-00083-9
https://doi.org/10.1038/s41467-017-00083-9
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0095
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0095
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0100
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0100
https://doi.org/10.1016/j.epsl.2020.116224
https://doi.org/10.1016/j.epsl.2020.116224
https://doi.org/10.1029/JB090iB04p02995
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0115
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0115
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0115
https://doi.org/10.1029/93RG02508
https://doi.org/10.1029/93RG02508
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0125
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0125
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0130
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0130
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0130
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0130
https://doi.org/10.1016/j.chemgeo.2014.01.004
https://doi.org/10.1016/j.chemgeo.2014.01.004
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0140
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0140
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0140
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0145
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0145
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0145
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0155
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0155
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0155
https://doi.org/10.1029/JB085iB05p02517
https://doi.org/10.1029/JB085iB05p02517
http://refhub.elsevier.com/S0301-9268(22)00115-2/h89
http://refhub.elsevier.com/S0301-9268(22)00115-2/h89
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0170
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0170
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0170
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0175
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0175
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0175
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0175
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0175
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0180
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0180
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0180
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0185
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0185
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0185
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0190
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0190
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0190
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0190
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0195
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0195
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0195
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0195
https://doi.org/10.1029/2005GL022360
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0205
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0205
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0210
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0210
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0210
https://doi.org/10.1016/j.chemgeo.2020.119646
https://doi.org/10.1016/j.chemgeo.2020.119646
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0220
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0220
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0225
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0225
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0225
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0225
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0230
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0230
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0230
https://doi.org/10.1016/j.earscirev.2021.103716
https://doi.org/10.1016/j.earscirev.2021.103716
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0240
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0240
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0240
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0255
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0255
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0255
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0255
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0260
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0260
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0260
https://doi.org/10.1029/91JB03066
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0270
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0270
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0275
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0275
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0280
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0280
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0285
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0285
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0285
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0290
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0290
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0295
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0295
https://doi.org/10.1029/2008GC002057
https://doi.org/10.1002/2014G005631
https://doi.org/10.1002/2014G005631
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0310
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0310
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0320
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0320
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0320
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0325
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0325
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0330
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0330
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0335
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0335
https://doi.org/10.1016/j.chemgeo.2019.119287
https://doi.org/10.1016/j.chemgeo.2019.119287
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0345
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0345
http://refhub.elsevier.com/S0301-9268(22)00115-2/h0345


Precambrian Research 375 (2022) 106671

16

Kasbohm, J., Schoene, B., 2018. Rapid eruption of the Columbia River flood basalt and 
correlation with the mid-Miocene climate optimum. Sci. Adv. 4, eaat8223. 

Kamo, S.L., Czamanske, G.K., Amelin, Y., Fedorenko, V.A., Davis, D.W., Trofimov, V.R., 
2003. Rapid eruption of Siberian food-volcanic rocks and evidence for coincidence 
with the Permian-Triassic boundary and mass extinction at 251 Ma. Earth Planet. 
Sci. Lett. 214, 75–91. 

Kastek, N., Ernst, R.E., Cousens, B.L., Kamo, S.L., Bleeker, W., Söderlund, U., Baragar, W. 
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