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Abstract

The Magma Chamber Simulator (MCS) quantitatively models the phase equilibria, mineral chemistry, major and trace ele-

ments, and radiogenic isotopes in a multicomponent–multiphase magma + wallrock + recharge system by minimization or 

maximization of the appropriate thermodynamic potential for the given process. In this study, we utilize MCS to decipher the 

differentiation history of a continental flood basalt sequence from the Antarctic portion of the ~ 180 Ma Karoo large igneous 

province. Typical of many flood basalts, this suite exhibits geochemical evidence (e.g., negative initial εNd) of interaction 

with crustal materials. We show that isobaric assimilation-fractional crystallization models fail to produce the observed lava 

compositions. Instead, we propose two main stages of differentiation: (1) the primitive magmas assimilated Archean crust at 

depths of ~ 10‒30 km (pressures of 300–700 MPa), while crystallizing olivine and orthopyroxene; (2) subsequent fractional 

crystallization of olivine, clinopyroxene, and plagioclase took place at lower pressures in upper crustal feeder systems without 

significant additional assimilation. Such a scenario is corroborated with additional thermophysical considerations of magma 

transport via a crack network. The proposed two-stage model may be widely applicable to flood basalt plumbing systems: 

assimilation is more probable in magmas pooled in hotter crust at depth where the formation of wallrock partial melts is 

more likely compared to rapid passage of magma through shallower fractures next to colder wallrock.
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Introduction

Differentiation of magmas in the crust has been one of the 

most studied topics in petrology since Daly (1914) and 

Bowen (1928) argued the relative importance of assimi-

lation and fractional crystallization (FC) in producing the 

compositional diversity of igneous rocks. Models of closed 

system crystallization—equilibrium and fractional—entered 
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the realm of chemical thermodynamics and phase equilibria 

in the late twentieth century following the earlier pioneering 

studies of N.L. Bowen and others and were accompanied 

by the introduction of various computational tools (e.g., 

Nathan and Van Kirk 1978; Ghiorso et al. 1983; Ghiorso 

1985; Ariskin et al. 1993; Ghiorso and Sack 1995; Gualda 

et al. 2012). In contrast, concurrent assimilation-fractional 

crystallization (AFC) models lagged behind and have largely 

relied on assessment of trace elements and isotopic ratios 

without consideration of detailed phase equilibria, major 

elements, and conservation of energy (Taylor et al. 1979; 

Taylor 1980; DePaolo 1981). The energy-constrained AFC 

(EC-AFC) models (Bohrson and Spera 2001, 2007; Spera 

and Bohrson 2001), including the Magma Chamber Simula-

tor (MCS; Bohrson et al. 2014), are able to model crystal-

lization, magma recharge (R), and assimilation processes 

more comprehensively. In particular, by coupling thermo-

dynamically based phase equilibria solutions to constraints 

based on trace elements and isotope geochemistry, a more 

detailed and complete picture of magma petrogenesis can 

be obtained, in part, because dozens of models (hypotheses) 

can be efficiently generated and carefully compared against 

existing petrological, geochemical, and field data.

Continental flood basalts (CFBs) are remnants of the larg-

est subaerial lava eruptions on Earth. Their petrogenesis is 

complex, in part, because they usually exhibit geochemi-

cal evidence of considerable interaction with (or derivation 

from) continental lithospheric materials (e.g., Lightfoot et al. 

1990; Hooper and Hawkesworth 1993; Jourdan et al. 2007a). 

Many CFBs also show evidence of polybaric crystalliza-

tion ± crustal assimilation (e.g., Gibson 1990; Fram and 

Lesher 1997; Hole 2018), which are difficult to decipher in 

detail without thermodynamic treatment of phase equilibria. 

Whereas traditional AFC trace element models have sug-

gested unreasonably high amounts of crustal assimilation for 

basaltic magmas (up to 60%; see Molzahn et al. 1996; Ewart 

et al. 1998; Larsen and Pedersen 2009), some recent EC-

AFC models have shown that basalts can inherit strong crus-

tal signatures by much lower and more thermodynamically 

feasible amounts of crustal contribution (< 20%; e.g., Fowler 

et al. 2004; Jourdan et al. 2007a; Heinonen et al. 2016). 

This is mainly because thermodynamic models such as EC-

AFC and MCS take into account the dynamics of wallrock 

partial melting, which may effectively enrich incompatible 

elements, thereby profoundly influencing also the radio-

genic  isotope compositions of contaminated magma. In 

contrast, older models (without explicit energy conserva-

tion) generally mix constant composition contaminants into 

magma, without regard for the compositional variability that 

attends partial melting of wallrock. Thermodynamic models 

clearly have the advantage over models that achieve pre-

cise mass balance but not at all or only roughly incorporate 

energy considerations.

In this study, we focus on a well-studied flood basalt 

type (low-εNd CT1 of Luttinen and Furnes 2000) from 

the Antarctic portion of the Karoo large igneous province 

(LIP) (Fig. 1). Preliminary EC-AFC models that approxi-

mated energy balance indicated that assimilation of ≤ 15% 

(a)

(b)

Fig. 1  a Reconstruction of Africa and Antarctica at 180  Ma show-
ing the schematic present-day distribution of Karoo CFBs and related 
intrusive rocks (Luttinen and Siivola 1997; Jourdan et al. 2007b) and 
the Archean/Paleoproterozoic core complex of Kalahari (Jacobs et al. 
2008). Division into North and South Karoo CFBs after Luttinen 
(2018); for a more detailed map of Karoo LIP exposure and its divi-

sion North and South subprovinces, see that reference. b Distribution 
of Jurassic CFBs and the Precambrian basement in western Dron-
ning Maud Land. Plogen nunatak in Vestfjella indicated. Lithospheric 
boundary reconstructed after Corner (1994). H.U.S. H.U. Sverdrup-
fjella
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of Archean crust by a depleted mantle-derived parental 

magma is sufficient to explain the incompatible crust-like 

trace element and Nd isotopic characteristics of the basalts 

(Heinonen et al. 2016). The present study attempts to con-

strain the magmatic evolution in more detail by simultane-

ous modeling of major elements and phase equilibria using 

the fully thermodynamic self-consistent MCS formulation, 

which supersedes the older EC-AFC class of models. In 

addition, thermophysical considerations for the magma 

ascent network are provided. When assimilation is called 

upon as part of a petrogenetic scenario, the mechanism by 

which contamination occurred is rarely specified. Here, 

we show that, in addition to mantle source heterogeneity, 

magma transport via a two-stage magma fracture network 

provides a potential explanation for some of the phase equi-

libria, major element, trace element, and isotope character-

istics of the low-εNd CT1 lavas. This analysis illustrates the 

effectiveness of coupling petrologic modeling with magma 

transport phenomena to simulate the petrogenesis of com-

plex magma systems.

Geological background

Regional geology

The generation of the ~ 180 Ma Karoo LIP marked the initial 

rifting stages of the Gondwana supercontinent (e.g., Jourdan 

et al. 2005). The Karoo CFBs and associated intrusive rocks 

consist of several geochemically distinct magma types (ini-

tial εNd from − 17 to + 9; e.g., Riley et al. 2005; Luttinen 

et al. 2015) (Fig. 2). Most of the geochemical variation is 

found among the CFBs and associated dikes close to the so-

called fossil “triple rift” structure (recently coined as South 

Karoo subprovince; Luttinen 2018) that is marked by abun-

dant dike swarms largely parallel to Precambrian zones of 

weakness in the lithosphere (Jourdan et al. 2006). The South 

Karoo subprovince also includes most of the primitive and 

Mg-rich magma types described from the Karoo LIP (e.g., 

Ellam and Cox 1989; Sweeney et al. 1991; Riley et al. 2005; 

Heinonen et al. 2010). On the contrary, the widespread and 

voluminous Karoo lava and sill formations that are found on 

or within the surrounding sedimentary basins (North Karoo 

subprovince; Luttinen 2018) are geochemically fairly homo-

geneous and more evolved (e.g., Neumann et al. 2011).

The Vestfjella CFBs (Fig. 1) belong to the South Karoo 

subprovince and may be among the oldest Karoo LIP lavas, 

because the cross-cutting dikes record 40Ar/39Ar ages as old 

as ~ 189 Ma (Luttinen et al. 2015). The CFBs overlie a com-

plex basement that consists of an Archean craton (Grune-

hogna craton that corresponds to the Kaapvaal craton in 

southern Africa; e.g., Marschall et al. 2010), which is largely 

overlain by Proterozoic igneous and metasupracrustal rocks 

(e.g., Moyes et al. 1995) in the north and a Proterozoic meta-

morphic belt (Maud Belt; e.g., Jacobs et al. 1998, 2003) in 

the south (Fig. 1). In addition, layers of Phanerozoic fossil-

bearing sedimentary rocks (e.g., Lindström 1995) are found 

sporadically overlying the Precambrian rocks. For a more 

detailed overview of the generalized geology of the area, 

the reader is referred to Wolmarans and Kent (1982) and 

Groenewald et al. (1995).

The geochemically diverse Vestfjella CFBs can be 

divided into four different chemical types (low-εNd CT1, 

high-εNd CT1, CT2, and CT3; Luttinen and Furnes 2000). 

The low εNd-CT1 and CT3 are the most common and well 

characterized. In addition to the CFBs, Vestfjella also con-

tains geochemically variable Karoo LIP dikes (Luttinen et al. 

2015) that include magma types that are isotopically indis-

tinguishable from modern mid-ocean ridge basalts (MORBs) 

of the Southwest Indian Ridge (SWIR) and likely sampled 

depleted upper mantle sources (Figs. 2, 3; Vestfjella depleted 

ferropicrites and Low-Nb; Heinonen et al. 2010). Prelimi-

nary trace element and Nd isotopic modeling using EC-AFC 

equations of Bohrson and Spera (2007) indicate that higher 
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Fig. 2  Initial εNd vs 87Sr/86Sr (180  Ma) compositions of the Vest-
fjella CFBs (low-εNd CT1, high-εNd CT1, CT2, and CT3) and low-Nb 
dikes compared with representative compositions of North and South 
Karoo CFBs and related intrusive rocks (Hawkesworth et  al. 1984; 
Ellam and Cox 1989; Harris et  al. 1990; Sweeney et  al. 1994; Lut-
tinen et al. 1998, 2010; Luttinen and Furnes 2000; Riley et al. 2005, 
2006; Jourdan et  al. 2007a; Neumann et  al. 2011). Compositions 
of depleted MORB mantle (DMM; Workman and Hart 2005), and 
SWIR MORB that are most isotopically similar to the low-Nb dikes 
(Hamelin and Allegre 1985; le Roex et al. 1989; Mahoney et al. 1989, 
1992; Janney et al. 2005; see Heinonen and Kurz 2015) are also indi-
cated. DMM and SWIR MORB have been back-calculated at 180 Ma 
using Rb/Sr and Sm/Nd of the DMM reservoir (Workman and Hart 
2005)
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degree partial melts from depleted sources similar to those 

that formed these dikes are promising candidates for the 

parental magmas of the four different types of Vestfjella CFB 

lavas (Fig. 3; Heinonen et al. 2016).

Low‑εNd CT1 lavas

The low-εNd CT1 lavas are mainly found in northern Vest-

fjella (Luttinen and Furnes 2000). The great majority of the 

lavas are subalkaline tholeiitic basalts or basaltic andesites: 

MgO contents range from 5 to 13 wt% in samples that do 

not show evidence of olivine or pyroxene accumulation. The 

lavas exhibit characteristically low initial εNd (from − 16 to 

− 11) (Fig. 2). According to the high-Ti vs. low-Ti classifi-

cation scheme of Erlank et al. (1988) (high-Ti: Ti/Y > 410, 

Zr/Y > 6; low-Ti: Ti/Y < 410, Zr/Y < 6), the low-εNd CT1 

lavas show low-Ti character in terms of Ti/Y (240–360), 

but transitional character in terms of Zr/Y (3.9–7.4). Several 

dikes of low-εNd CT1 character are also known from Vest-

fjella; they post-date the generation of the lavas and have 

been interpreted to record relatively lower degrees of mantle 

partial melting (Luttinen et al. 2015).

Most of the low-εNd CT1 lavas are porphyritic, but all 

samples considered in this study have been collected from 

the massive interior parts of the flow units, lack cumulate 

textures, and are thus considered to closely correspond to 

melt compositions (Luttinen and Furnes 2000). The predom-

inant phenocrysts are in the order of abundance: plagioclase, 

clinopyroxene, and olivine. Groundmass, when crystals are 

optically visible, consists of microlites of clinopyroxene, 

plagioclase, and Fe–Ti oxides. Plagioclase is usually the 

only phenocryst phase, although in more primitive samples, 

it is accompanied by clinopyroxene or olivine, or both. Oli-

vine phenocrysts (up to  Fo90; Luttinen 2000; Heinonen et al. 

2018) have generally been altered to secondary minerals. 

Overall major element oxide variations have been explained 

by a fractionation sequence of olivine + augite (7:3; when 

Mg# > 0.55) and olivine + plagioclase + augite (2:5:3; when 

Mg# < 0.55) (Luttinen and Furnes 2000). Orthopyroxene 

phenocrysts (Mg# up to 84; Luttinen 2000), however, are 

also known from the most primitive (MgO > 10 wt%) lava 

flows suggesting some role for orthopyroxene in the differ-

entiation as well. These lavas are highlighted in Figs. 4, 5, 6, 

7, 8, 9. In projection from olivine into the plane CS-MS-A 

in the QMAS system of O’Hara (1968), most of the lavas 

plot close to the 0.1 MPa (1 bar) olivine–augite–plagioclase 

cotectic and far from high-pressure cotectics, which suggests 

last equilibration at low pressure (Fig. 5). Whereas the other 

CT magma types seem to record assimilation of lithospheric 

mantle materials and possibly lower crust based on their 

incompatible trace element and Nd isotopic compositions, 

the low εNd-CT1 magmas most likely assimilated Archean 

crust (Fig. 3; Luttinen et al. 1998; Luttinen and Furnes 2000; 

Heinonen et al. 2016).     

The most extensive continuous stratigraphic cross-section 

of Vestfjella CFBs, about 900 m, is found at the Plogen nuna-

tak (Figs. 1, 4). This particular cross-section includes all four 

magma types of the Vestfjella CFB lavas and illustrates the 
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Heinonen et al. (2016)

EC-AFC PM (εNd(t) = +7.7)
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(a) (b)

Fig. 3  Primitive-mantle-normalized (Sun and McDonough 1989) 
incompatible trace element patterns shown for a the uncontaminated 
MORB-like Low-Nb dikes (Luttinen and Furnes 2000; Heinonen 
et al. 2010, 2016; Luttinen et al. 2015; isotopically, the most primi-
tive sample P27-AVL highlighted in dark blue) and b representative 
low-εNd CT1 lavas (Luttinen and Siivola 1997; Luttinen et al. 1998; 
Luttinen and Furnes 2000; picritic orthopyroxene-bearing sample 
P2-AVL highlighted in orange) and best-fit EC-AFC trace element 

models with an Archean TTG assimilant presented by Heinonen et al. 
(2016). Average N-MORB (Sun and McDonough 1989) shown for 
reference in a; residual garnet is responsible for the relatively lower 
Y, Yb, and Lu concentrations in the low-Nb dikes relative to average 
MORB. Parental melt constructed on the basis of the low-Nb dikes 
for the EC-AFC trace element models presented by Heinonen et  al. 
(2016) is shown in both subfigures
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variability of the CFB magma transport network and long 

travel distances of the low-viscosity basaltic lavas from their 

currently unexposed eruptive centers (Luttinen and Furnes 

2000). The cross-section is dominated by low-εNd CT1, espe-

cially in the lower and upper parts of the section (Fig. 4). 

We use this cross-section as a reference for temporal evolu-

tion of the low-εNd CT1 magma type during Vestfjella CFB 

magmatism. Whereas some trace element ratios (e.g., Ti/Y) 

show sublinear variation in relation to stratigraphic height, 

others (e.g., Zr/Y) and major elements (e.g., MgO) do not 

and are poorly correlated with it (Fig. 4).

In summary, low εNd-CT1 is an ideal suite for studying 

the differentiation history of an early CFB magma type, 

because there is an abundance of temporally constrained 

geochemical data available (Figs. 2, 3, 4) and clear indica-

tions for crustal assimilation having a role in its petrogenesis 

(Fig. 3; Luttinen and Furnes 2000; Heinonen et al. 2016).

Modeling software and parameters

Magma Chamber Simulator

The Magma Chamber Simulator (Bohrson et al. 2014) 

combines EC-AFC equations introduced by Spera and 

Bohrson (2001) with multicomponent–multiphase mod-

els for silicate solid–liquid systems (rhyolite-MELTS 

software; Gualda et al. 2012; Ghiorso and Gualda 2015; 

v.1.2.0 used in this study). The input includes major ele-

ment composition, mass, temperature, and pressure speci-

fication for the parental melt (magma), wallrock, and up to 

five recharge magmas. In addition, a percolation threshold 

value for mobilization of wallrock partial melts is speci-

fied. Solidus and liquidus temperatures and initial melt 

 Fe2O3/FeO of the different subsystems at given pressures 

can be constrained with the help of MELTS software.
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Fig. 4  Variations in a MgO, b Ti/Y, and c Zr/Y in the Plogen section 
of the Vestfjella CFBs. Linear trends with R2 values are given for the 
low-εNd CT1 lavas above and below 644 m in b and c. Arrows F and 
A in b and c approximate relative influences of increase in degree of 
melting in the source and assimilation with TTG crust, respectively; F 

is more important for variation in Ti/Y, whereas assimilation is more 
important for variation in Zr/Y. Data sources: Luttinen and Siivola 
(1997), Luttinen et  al. (1998), and Luttinen and Furnes (2000); the 
full dataset of low-εNd CT1 lavas used in this study is available in 
Online Resource 3
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After priming the behavior of wallrock at near-solidus 

temperatures, MCS proceeds as follows in an EC-AFC 

run: (1) Fractional crystallization of the parental melt 

(that composes the resident magma body) occurs until 

the wallrock has been heated above its solidus and the 

percolation threshold of wallrock partial melt has been 

exceeded. More specifically, FC is modeled as individual 

equilibrium crystallization steps within a temperature 

range defined by the user. In the end of each tempera-

ture step, all equilibrium solids are fractionated from the 

melt to form cumulates. (2) After the solidus temperature 

and melt percolation threshold of the wallrock have been 

exceeded, wallrock partial melts are introduced into the 

resident magma body. Wallrock changes its modal and 

chemical compositions as the melting proceeds—a frac-

tion of melt defined by the percolation threshold always 

remains within the wallrock. The fraction of wallrock 

melt above the percolation threshold is mixed into and 

equilibrated with the resident magma such that the major 

element composition and equilibrium mineral phases are 

updated accordingly. (3) Subsequent fractionation and 

assimilation steps follow until the run ends based on user-

defined mass or temperature constraints or when thermal 

MSCS
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equilibrium between the resident magma and wallrock is 

attained.

Trace element and isotope models can be implemented 

after evolution of major elements and mineral phases have 

been constrained. The trace element calculations utilize 

the solid-melt-fluid equations of Spera et al. (2007) in 

each crystallization/melting step. MCS output records the 

major and trace element and isotope evolution of melt and 

crystals (and associated fluid phase, if present) in resident 

magma, cumulates, and wallrock.

Constraining the thermodynamic and geochemical 
parameters for MCS modeling

All low-εNd CT1 lavas and Archean wallrock data used for 

MCS modeling have been published in previous studies 

(Luttinen and Siivola 1997; Luttinen et al. 1998; Kreissig 

et al. 2000; Luttinen and Furnes 2000; Heinonen et al. 

2010). The full dataset of low-εNd CT1 lavas used in this 

study is available in Online Resource 3.

Parental melt composition

In a previous study that utilized the EC-AFC model of 

Bohrson and Spera (2007), we showed that the low-εNd CT1 

trace element and Nd isotopic compositions can be readily 

modeled by incorporation of Archean crust into a depleted 

mantle-derived parental melt (Heinonen et al. 2016). The 

parental melt was constrained on the basis of the MORB-like 

Low-Nb dikes found in the area (Fig. 3). This study focuses 

on the compositional variability and magmatic plumbing 

system of the low-εNd CT1 magma type and, therefore, we 

use a parental melt composition that has been constrained 

on the basis of the most depleted and primitive low-εNd CT1 

lavas that have already experienced some degree of crustal 

contamination.

The low-εNd CT1 parental melt (PM; Table  1) is an 

average of the most primitive non-cumulate lava samples 

(P1-AVL, P2-AVL, and P63-AVL; Luttinen and Furnes 

2000), except that the lowest values are used for Nd and Y 

(that show anomalous enrichment in some samples) and the 

highest values recorded from the low-εNd CT1 suite are used 

for 143Nd/144Nd(180 Ma) (olivine cumulate sample AL/307; 

Fig. 7  Results of MCS AFC 
models for PM and TTG 
assimilant (Table 1) at different 
pressures (100, 300, 500, and 
700 MPa) shown for major 
elements together with the low-
εNd CT1 whole-rock data (for 
sources, see Fig. 4). MCS FC 
models at 0.1 and 700 MPa (see 
Fig. 6) also shown for reference. 
All data and models normal-
ized to 100 wt% volatile-free. 
Lavas containing orthopyroxene 
phenocrysts and MgO range for 
model melts in equilibrium with 
orthopyroxene indicated. See 
Sect. “Assimilation: fractional 
crystallization (AFC) modeling” 
for more details. For full input 
and output, see Online Resource 
2. For MCS AFC models with 
recharge events  (R5AFC), see 
Online Resource 1
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Heinonen et al. 2010). The Fe oxidation state is not known, 

but we used the commonly assigned  Fe2+/Fetot = 0.85 (e.g., 

Luttinen and Furnes 2000) as the initial oxidation state for 

almost all runs (the runs themselves were not buffered for 

oxygen). To test the effect of reasonable variation in the PM 

oxidation state, some models with respective values 0.8 and 

0.9 were also ran (Online Resource 1). Another unknown 

but potentially significant factor is the water content of the 

parental melt. Because the ultimate source of the Vestfjella 

lavas likely resided in moderately water-enriched depleted 

mantle (Heinonen et al. 2016, 2018), we constrained  H2O 

contents using  H2O/Ce ratio of 600 (PM  H2O = 1.2 wt% 

before normalization; Table 1), which is the average between 

MORB and Karoo CFBs derived from enriched mantle 

sources (Liu et al. 2017). Again, for testing the effect of 

 H2O on phase equilibria, we also ran models that correspond 

to  H2O/Ce of average MORB (200, PM  H2O = 0.4 wt%) and 

average Karoo LIP (1000, PM  H2O = 2 wt%) as defined by 

Liu et al. (2017) on the basis of a specific set of samples 

(Online Resource 1). Note that models ran at 0.1 MPa were 

always degassed (i.e.  H2O = 0 wt%).

Phase-specific and temperature-independent partition 

coefficients used for trace element modeling were esti-

mated based on listings given for mafic melt compositions 

in EarthRef database (https ://earth ref.org/KDD/). When 

partition coefficient data were lacking, similar phases and/

or elements were used to estimate the values. Partition coef-

ficients are listed in the MCS output files given in Online 

Resource 2.

Wallrock composition

Based on the very low εNd of the lavas and the previous EC-

AFC trace element and isotopic modeling (Heinonen et al. 

2016), the most plausible assimilant of the low-εNd CT1 

lavas is Archean crust. Because of very limited exposure and 

lack of comprehensive compositional data on the Archean 

rocks of western Dronning Maud Land (Marschall et al. 

2010), we selected the assimilant among the rocks related 

to the Kaapvaal craton in southern Africa. A tonalite–trond-

hjemite–granodiorite (TTG) sample 96/203 (Table  1) 

reported by Kreissig et al. (2000) provides the best fit in 

trace element EC-AFC models (Heinonen et al. 2016) and 

we also adopted its Nd isotopic composition (calculated at 

180 Ma). As in the case of PM, Fe oxidation state and  H2O 

contents for the wallrock are not known. Because the TTGs 

reported by Kreissig et al. (2000) contain both magnetite 

and ilmenite as accessory phases, we used  Fe2O3/FeO of 

Fig. 8  Results of MCS 
AFC + FC (500 MPa, 
MgO > 9 wt%) + FC (0.1 MPa, 
MgO < 9 wt%) models for 
PM and TTG assimilant 
(Table 1) shown for major 
elements together with the 
low-εNd CT1 whole-rock data 
(for sources, see Fig. 4). The 
yellow filled circles mark the 
transitional compositions for 
the high-P AFC/FC and low-P 
FC models. MCS FC model at 
0.1 MPa (see Fig. 6) also shown 
for reference. All data and 
models normalized to 100 wt% 
volatile-free. Lavas containing 
orthopyroxene phenocrysts and 
MgO range for model melts in 
equilibrium with orthopyroxene 
indicated. Note that the two 
lavas within Stage 1 MgO range 
but without orthopyroxene 
phenocrysts may have crystal-
lized at lower pressures earlier 
than suggested by the two-stage 
model. The yellow field covers 
the compositions bracketed 
by the different models. See 
Sect. “Polybaric two-stage 
modeling” for more details. For 
full input and output, see Online 
Resource 2
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0.5, which has been suggested as the divisive value between 

ilmenite- and magnetite-series granitoids (Ishihara 1981), 

both of which are known from the Kaapvaal craton (Ishi-

hara et al. 2006). An average bound  H2O content of 0.6 wt% 

from the latter study is also applied here. Preliminary testing 

indicated that varying Fe oxidation state and  H2O content of 

the wallrock within reasonable limits have negligible effects 

on the results of the MCS AFC models (the only significant 

effect of adding  H2O is to lower the solidus temperature of 

the wallrock). This is because all such models are dominated 

in weight by the resident magma. Partition coefficients were 

estimated based on listings in the EarthRef database (but this 

time data for felsic melt compositions were used) and are 

listed in the MCS output files given in Online Resource 2.

Pressure, temperature, and mass constraints

The pressures used in the models were 0.1 MPa (atmos-

pheric pressure, only used in pure FC models), 100 MPa 

(depth of ~ 4 km), 300 MPa (~ 10 km), 500 MPa (~ 20 km), 

and 700 MPa (~ 30 km). The depths have been calculated to 

one significant digit to allow for uncertainty in crustal den-

sity (2800 kg/m3 assumed in the calculation). We did not run 

models at higher pressures, because at and above 700 MPa, 

olivine is not a stable phase in the fractionating parental 

magma (primitive  Fo90 olivine phenocrysts have been docu-

mented from the lavas; Heinonen et al. 2018). Note that the 

same parental melt and wallrock compositions are used in 

every model. The initial temperature of PM was the liquidus 

temperature as defined by MCS in the beginning of the run. 

For the wallrock, we assumed that it had already been heated 

to its solidus temperature by earlier magma pulses and used 

an initial temperature few degrees below to its solidus at a 

given pressure. A default melt percolation value of 10% was 

used for the wallrock (see discussion of melt percolation 

thresholds in Bohrson et al. 2014). For the purposes of mod-

eling, the mass of the parental melt and wallrock was always 

100 units. In the case of AFC in a hypothetical spherical 

magma body that has a diameter of 1 km, this would mean a 

wallrock aureole with a thickness of ~ 100 meters.

Modeling the differentiation of the low‑εNd 
CT1 flood basalt sequence using MCS

The results of the MCS FC and AFC models are discussed 

below, illustrated in Figs. 6, 7, 8 and 9, and all the input and 

output data are included in Online Resource 2 as tabulated 

Fig. 9  Results of MCS AFC/FC 
(500 MPa, MgO > 9 wt%) + FC 
(0.1 MPa, MgO < 9 wt%) mod-
els for PM and TTG assimilant 
(Table 1) shown for trace ele-
ments Zr and Y and εNd together 
with the low-εNd CT1 whole-
rock data (for sources, see 
Fig. 4). The yellow circles mark 
the transitional compositions for 
the high-P AFC/FC and low-P 
FC models. MCS FC model at 
0.1 MPa (see Fig. 6) also shown 
for reference. All data and 
models normalized to 100 wt% 
volatile-free. Lavas containing 
orthopyroxene phenocrysts and 
MgO range for model melts in 
equilibrium with orthopyroxene 
indicated. The yellow field cov-
ers the compositions bracketed 
by the different models. See 
Sect. “Polybaric two-stage 
modeling” for more details. For 
full input and output, see Online 
Resource 2



 Contributions to Mineralogy and Petrology (2019) 174:87

1 3

87 Page 10 of 18

worksheets. Fractional crystallization models with vary-

ing Fe oxidation state and  H2O content of PM and an AFC 

model with five recharge events  (R5AFC) are illustrated in 

Online Resource 1. In the following discussion, we con-

centrate on the relationships of MgO,  SiO2,  Al2O3,  TiO2 

and  FeOtot since these are the most abundant major element 

oxides and have not been notably affected by secondary 

alteration (CaO,  Na2O, and  K2O have been affected to some 

degree; see Luttinen and Furnes 2000). Trace element (Zr 

and Y) and Nd isotope models are only presented for the 

best-fit major element models; Nd is the only isotope system 

for which there is representative data available for both the 

lavas and the wallrock.

Any presented model should be consistent with two 

key observations from the major element data and modal 

composition of the low-εNd CT1 lavas: (1) stability of 

orthopyroxene in the most primitive lavas (MgO > 12 wt%) 

and (2) the inflection point at MgO ≈ 7 wt% in major oxide 

diagrams marking the onset of plagioclase fractionation 

(Fig. 6).

Fractional crystallization (FC) modeling

It is evident from the FC model results that pressure has a 

significant effect on the phase equilibria and major element 

evolution of the parental melt (Fig. 6). The results illustrate a 

dilemma: the “plagioclase inflection point” in the  Al2O3 vs. 

MgO trend is best reproduced by low-pressure models (0.1 

and 100 MPa), but orthopyroxene is only a liquidus phase 

in picritic melts in models with pressures above 300 MPa.

The effects of varying Fe oxidation state and  H2O con-

tents in PM are illustrated in Online Resource 1. Summariz-

ing, the effect of Fe oxidation state on the phase equilibria 

and major element evolution of the models is negligible. 

Lower MORB-like  H2O contents stabilize early orthopyrox-

ene at 300 MPa or higher pressure, but higher  H2O contents 

akin to purported average values for Karoo CFBs stabilize 

early orthopyroxene only at 500 MPa or higher pressure. 

Higher  H2O contents in PM also delay the onset of plagio-

clase fractionation.

These observations effectively preclude isobaric FC to 

explain the evolution of the low-εNd CT1 magmatic system.

Assimilation: fractional crystallization (AFC) 
modeling

On the basis of considerable incompatible trace element 

enrichment in the low-εNd CT1 lavas (Fig. 3), crustal con-

tamination of their parental melts was dominated by interac-

tions with wallrock partial melts instead of bulk assimilation 

(Heinonen et al. 2016). The MCS models involving assimila-

tion of wallrock partial melts are illustrated in Fig. 7. Such 

simulations result in profound differences in the chemistry 

and phase equilibria of the magma relative to the FC-only 

model at an equal pressure.

In terms of major oxides, the AFC models result in higher 

 SiO2, lower or similar  Al2O3, and lower  TiO2 and  FeOtot 

compared to the FC model at the same pressure at a given 

MgO (Fig. 7). This is because the main contributing phases 

to the wallrock partial melt are quartz and Si-rich albitic 

plagioclase. The stability of orthopyroxene in the resident 

magma increases because of Si added from the wallrock, 

and orthopyroxene is stable even in low-Mg magmas at 

high pressures. In contrast, the stability of plagioclase in 

the magma is significantly decreased, because Ca and Al 

activities in the resident magma are lower for the AFC mod-

els than for the FC models at the same MgO. The models do 

not thus replicate the inflection point seen in the data.

Table 1  Parental melt (PM) and wallrock (WR) compositions used in 
most of the models

Note that the oxides do not sum up to 100 wt%. This is because for 
the models with varying Fe oxidation state and  H2O (see text), the 
listed values for the other oxides were always used before normali-
zation. In MCS, the compositions are always normalized to 100 wt% 
before the run. The above presentation guarantees that the results are 
reproducible
a The standard Fe oxidation state used in the models for PM  (Fe2+/
Fetot = 0.85;  see Sect.  “Parental melt composition”). For testing 
the effects of varying Fe oxidation state,  Fe2+/Fetot values of 0.8 
 (Fe2O3 = 2.17  wt%, FeO = 7.81  wt%) and 0.9  (Fe2O3 = 1.08  wt%, 
FeO = 8.78  wt%) were also used in some FC models (Online 
Resources 1‒2)
b The standard  H2O content used in the models for PM (see 
Sect. “Parental melt composition”). For testing the effects of varying 
 H2O, values of 0.4 wt% and 2 wt% were also used in some FC models 
(Online Resources 1‒2). Models ran at 0.1 MPa (atmospheric pres-
sure) were always degassed (i.e.,  H2O = 0 wt%)

PM WR

SiO2 (wt%) 52.48 70.25

TiO2 0.91 0.29

Al2O3 12.17 15.39

Fe2O3 1.63a 0.92

FeO 8.30a 1.83

MnO 0.17 0.03

MgO 12.70 1.64

CaO 9.33 2.69

Na2O 1.54 5.5

K2O 0.70 1.39

P2O5 0.15 0.16

H2O 1.2b 0.6

Nd (ppm) 11.47 22

Zr 83 132

Y 18 10
143Nd/144Nd(180 Ma) 0.511858 0.510551

ɛNd(180 Ma) − 10.7 − 36.2
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Like in the case of the FC-only models, none of the iso-

baric AFC models explain the key characteristics and the 

evolution of the low-εNd CT1 magmatic system. Adding five 

recharge events to the AFC model using five aliquots of PM 

(each 10 mass units) causes negligible geochemical variation 

relative to AFC-only trend (Online Resource 1). For drastic 

changes to occur, the recharge magma would have to be of 

considerably distinct composition relative to PM and other 

compositions on the AFC trend within a relevant range.

Polybaric two‑stage modeling

It is evident from the discussion above and from the model 

results illustrated in Figs. 6 and 7 that neither FC nor AFC 

at constant pressure can explain the geochemistry and modal 

composition of the low-εNd CT1 lavas. To weld together 

the most promising traits of the different models, we per-

formed modeling in two stages: (1) AFC/FC at high pres-

sures (500 MPa; ~ 20 km depth) followed by (2) FC of the 

variably assimilated magmas at low pressure (0.1 MPa) after 

the resident magma reached MgO of ~ 9 wt%. In case of the 

AFC model, this meant assimilation of 6% relative to the 

mass of the PM during Stage 1. It is important to remind 

here that PM already represents a contaminated composition 

(see Sect. “Parental melt composition”), so this number does 

not correspond to the total amount of crustal contamination 

experienced by the low-εNd CT1 magmas. Based on trace 

element modeling of a depleted mantle-derived parental melt 

composition, the total amount of crustal contamination expe-

rienced by the most contaminated low-εNd CT1 lavas is ≤ 

15% (Heinonen et al. 2016).

The results of these two-stage models accompanied by 

those of a low-pressure FC-only model (Sect. “Fractional 

crystallization (FC) modeling”) are illustrated in Figs. 8 and 

9. These two-stage models plausibly replicate the key char-

acteristics of the lavas: (1) AFC/FC at high-pressure stabi-

lizes orthopyroxene in high-Mg melts, and largely explains 

the variation in major element compositions; (2) Subse-

quent FC at low-pressure stabilizes plagioclase at ~ 7 wt% 

of MgO, which explains the inflection point observed in the 

data (Fig. 8). The total amount of formed cumulates relative 

to the mass of PM to reach the most evolved lava composi-

tions (MgO ≈ 5 wt%) in all the models presented in Figs. 8 

and 9 are in the order of 40–60%. Detailed evaluation of 

the models on the basis of mineral chemistry is hampered 

by the lack of representative mineral chemical data on the 

low-εNd CT1 lavas, but it is noteworthy that the earliest oli-

vine and orthopyroxene in the 300–700 MPa models (olivine 

Fo = 88 mol.%, orthopyroxene Mg# = 89) correspond quite 

closely to the most primitive compositions measured from 

the lavas (olivine Fo = 90 mol.%, orthopyroxene Mg# = 84; 

Luttinen 2000; Heinonen et al. 2018).

Trace element (Zr and Y) and Nd isotopic models for 

the two-stage scenario are presented in Fig. 9. Zirconium, 

which is relatively enriched in the wallrock, shows higher 

variation in the models than Y, which is relatively depleted 

in the wallrock. Notable enrichment in Zr/Y is only pro-

duced by a model that includes assimilation—in FC-only 

models Zr/Y remains nearly constant throughout the runs; 

MgO-independent variation in Zr/Y can thus be reason-

ably explained by variable AFC/FC control during Stage 1 

(Fig. 9). Alternatively, the variation in Zr/Y in the lavas may 

also indicate variable compatibility of Zr during wallrock 

partial melting (see, e.g., Watson and Harrison 1983) due to 

wallrock containing zircon (Kreissig et al. 2000).  ZrO2 and 

zircon are not included in MELTS components and phases, 

respectively, and thus the Dsm(Zr) used for the wallrock in 

the model is likely to represent a minimum value at least in 

the early melting steps. Notably, Nd isotopes also exhibit 

MgO-independent variation that is best explained by vari-

able AFC/FC-evolution of the parental magma, although 

possibility of variable compatibility of Nd due to allanite in 

the wallrock (see Kreissig et al. 2000) cannot be completely 

ruled out either.

In summary, a polybaric two-stage AFC/FC + FC model 

plausibly explains the mineral identity and major element, 

trace element, and Nd isotopic composition of the low-εNd 

CT1 lavas. The pressure range for Stage 1 was likely within 

300–700 MPa (depth of ~ 10–30 km) that is constrained by 

early stability of olivine + orthopyroxene as discussed for the 

previous models. Implications of the best-fit models together 

with thermophysical considerations are discussed in the fol-

lowing sections.

Thermophysical considerations

To further estimate the plausibility of the two-stage model 

presented in the previous section, it is possible to approxi-

mate the thermophysics of assimilation based on a model of 

melt transport through cracks. The transport of magma via 

a crack network has been analyzed by many authors (e.g., 

Weertman 1971; Spera 1980; Shaw 1980; Emerman et al. 

1986; Bruce and Huppert 1990; Spera 1992; Takada 1994; 

Rubin 1995). Flood basalts have generally been extruded 

during relatively brief episodes throughout geologic his-

tory and are a first-order petrotectonic association. Such 

igneous events characterized by high volumetric discharge 

and total volume imply rapid transport of mantle-generated 

magma in vertical or sub-vertical crack networks created by 

slightly over-pressurized magma. Typical magma-fracture 

dike widths are from one to several tens of meters and can 

extend for hundreds of meters to hundreds of kilometers 

along strike. Because volumetric discharge rates are high 

and sustained, vertical (or sub-vertical) heat advection with 
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associated lateral heat conduction into host wallrock can 

trigger partial melting there and hence, afford the opportu-

nity for basalt contamination by (generally) more silicic par-

tial melts. Here, we use an approximate model that illustrates 

the dominant effect of local pre-intrusion crustal temperature 

on the proclivity of magma contamination by wallrock par-

tial melting and concomitant assimilation of partial melts by 

ascending basaltic magma. Although one should not mini-

mize the uncertainties associated with lack of information 

regarding the lithologic structure and geothermal gradient 

of the crust through which the magmas rose, it is useful 

to frame the thermodynamic evidence for assimilative con-

tamination of low-εNd CT1 magmas by Archean crust in the 

context of magma transport.

According to the presented MCS models, deep AFC 

contrasts with FC at shallower depths. The essence of the 

problem for application to low-εNd CT1 magmatism is to 

demark in parameter space the conditions where the wall-

rock-magma contact migrates either into wallrock (i.e., wall-

rock meltback, whereby magma is contaminated) or into 

the magma (frozen magma near wallrock-magma contact 

chemically insulates ascending magma from contamination). 

Here, we examine flow in a dike from a thermal perspective 

once a fracture filled with magma has been generated, per-

haps by the magma fracture mechanism discussed elsewhere 

(Shaw 1980; Spera 1992; Rubin 1995; Detournay 2016). 

The key aspect for contamination of mantle-derived mag-

mas by Archean crust is the crustal depth where assimilation 

occurs. Based purely on the geochemistry, we have argued 

that primitive mantle-derived magmas assimilated crust at 

depths of ~ 10‒30 km (~ 300–700 MPa) accompanied by oli-

vine and orthopyroxene crystallization. A plausible mech-

anism for polybaric AFC is by conduit wall partial melt-

ing and incorporation of such melts into ascending basalt 

accompanied by mafic phase crystallization; this is explored 

semi-quantitatively below.

The model presented here assumes that at time t = 0, a 

planar crack initially of uniform width (wi) and length (l) 

instantaneously forms, and magma flow is initiated along the 

crack. Thermal boundary layers develop along the walls of 

the crack, in both marginal wallrock and within the magma 

conduit per se. Three temperatures are important: T∞ is the 

far-field temperature of ambient crustal temperature, Tw is 

the temperature at which rheological blocking occurs in 

either wallrock or magma (assumed equal for simplicity), 

and Tm is the liquidus (or near liquidus) magma temperature. 

The rheological blocking temperature is the temperature at 

which a material makes the solid to fluid transition. In two-

phase silicate melt + crystal systems, the blocking tempera-

ture is defined roughly when the mixture is 50% solid by 

volume (Lesher and Spera 2015). Heat is transported across 

the crack by conduction and by advection along the crack 

parallel to its walls. The migration velocity of the interface 

between solid and mush at T < Tw and melt at T > Tw is pro-

portional to the conductive heat flux across the wall and 

depends on the latent heat and isobaric heat capacities of 

magma and wallrock. The magma flow rate is driven by a 

fixed pressure excess (Δp, above the local mean lithostatic 

pressure) and is associated with a volumetric flow rate (dis-

charge,  m3/s) Qt related by Poiseuille’s relation to the crack 

width (wt), l, and magma dynamic viscosity (η).

Solution to the non-linear coupled energy, continuity, and 

momentum equations including relevant transient terms is 

formidable as noted by Bruce (1989) and requires numerical 

solutions that are difficult to generalize for different param-

eters. However, Bruce and Huppert (1990) present approxi-

mate solutions based on a reasonable set of assumptions for 

the limiting cases when conductive heat transport dominates 

over advection and vice versa. The latter case, where verti-

cal advection of heat cannot be neglected is most relevant to 

CFB petrogenesis at Vestfjella and is the case pursued here. 

In particular, the transition between crack closing by freez-

ing (lateral heat loss dominates over vertical heat advec-

tion) and wallrock meltback leading to magma contamina-

tion (advection balances conduction in steady state) enables 

one to define an approximate critical temperature difference 

between magma and far-field country rock delineating the 

transition between the processes. There are three dimension-

less parameters that govern the critical transition between 

crack closing and crack meltback. These are the Stefan num-

bers for wallrock and magma and a dimensionless shear flow 

term and are defined accordingly:  Stm = Δhf,m/cp(Tm − Tw), 

 Stwr = Δhf,wr/cp(Tw − T∞), and Π = (ηκl2/Δpwi
4)1/3. The Stefan 

numbers gage the role of latent heat relative to sensible heat 

in wallrock heating and magma cooling, where Δh is the 

enthalpy of fusion of magma (Δhm) or wallrock (Δhwr) and 

cp is the specific isobaric heat capacity (assumed identical 

for wallrock and magma here). The flow term is a ratio of 

factors impeding flow to those enhancing flow where κ is 

the thermal diffusivity. Other variables have been defined 

earlier.

Although we lack detailed knowledge of the parameters 

that pertain to any given episode of intrusion or volcanism 

pertinent to the Vestfjella CFBs, it is possible to test the 

hypothesis that assimilation during Stage 1 of the low-εNd 

CT1 magmas was governed by larger  Stwr in the hotter deep 

crust than during magma transport through the upper cooler 

crust. If values for the parameters that are roughly constant 

are set, one can determine an approximate value for the 

initial crustal temperature that delimits the crack-meltback 

and crack-closing regimes. For example, scaling the solu-

tions in Bruce and Huppert (1990) and adopting the reason-

able constant values Δhf,m = 600 kJ/kg, Δhf,wr = 320 kJ/kg, 

cp = 950 J/kg K, η = 1000 Pa s, κ = 5 × 10−7 m2/s, l = 10 km, 

Δp = 10 MPa, wi = 1.5 m, Tm = 1250 °C, and Tw = 1075 °C 

(Stebbins et al. 1984; Lange and Carmichael 1990; Rubin 
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1995; Lange 1997; Petcovic and Dufek 2005; Giordano et al. 

2008; Pertermann et al. 2008; Hofmeister et al. 2009; Tikun-

off and Spera 2014; Lesher and Spera 2015; Karlstrom et al. 

2019; see Online Resource 1 for more details), the transition 

between crack meltback and crack closing occurs roughly at 

the initial crustal temperature T∞ = 280 °C.

In summary, for the parameters listed above, wallrock 

meltback would occur provided the local country rock tem-

perature was above ~ 300 °C. For a typical pre-intrusion geo-

therm, this corresponds to depths greater than about 10 km. 

At shallower levels, by shielding, a selvage of uncontami-

nated frozen magma would prevent chemical pollution of the 

upward flowing magma in the interior of the crack. Although 

this is a rough estimate, it is consistent with the geochemi-

cal observations based on the MCS thermodynamic model 

presented above. Better knowledge of the crustal structure 

and geotherm as well as the size distribution of the basaltic 

dikes would provide the necessary information to warrant a 

more detailed calculation and to test the wallrock meltback 

hypothesis more thoroughly.

Discussion

The presented modeling provides important constraints on 

the magma transport system of the low-εNd CT1 lavas, and 

possibly CFBs in general. A two-stage model suggested 

based on MCS modeling and corroborated by thermophysi-

cal considerations achieves the closest match to observed 

low-εNd CT1 lava compositions (Figs. 8, 9): (1) AFC/FC at 

pressures of ~ 300–700 MPa (depths of ~ 10–30 km) followed 

by (2) FC at shallow pressure (< 100 MPa; see also Fig. 5). 

In nature, these would translate to (1) AFC/FC affecting 

rather primitive magmas either in magma bodies or during 

ascent via a crack network, followed by (2) further differen-

tiation dominated by FC in shallow magma feeder systems 

(dikes and sills) without significant assimilation (Fig. 10). 

Near-surface (depth of < 3 km) positive density anomalies 

revealed by geophysical studies at Vestfjella (Ruotoisten-

mäki and Lehtimäki 1997) are compatible with Stage 2 shal-

low feeder systems as suggested by the MCS model.

The rather uniform major element compositions (e.g., 

MgO = 6.8 ± 0.8 (1σ) wt%, not including the picrite flow; 

Fig. 4a) of the low-εNd CT1 lavas indicate that the crustal 

magma transport system was replenished by fresh batches 

of magma and filtered for a rather constant density of 

the magma (Fig. 4a). The picritic lava flow that contains 

orthopyroxene phenocrysts obviously bypassed this density 

filter and ascended towards the surface without forming 

significant shallow magma chambers (Fig. 10). It is pos-

sible that its eruption was initiated by an injection of fresh 

recharge magma, release of volatiles from the wallrock, or 

some other process that caused overpressure in the system 

(see Hartley and Maclennan 2018). Notably, this picritic lava 

flow already shows signs of crustal assimilation in its trace 

element signature (Fig. 3), which means that assimilation 

was taking place very early in the system (see Heinonen 

et al. 2016). Multiple recharge pulses of primitive magmas 

may well have heated the wallrock close to its solidus rela-

tively quickly (see previous sections) and before significant 

Fig. 10  A schematic two-stage 
model for the crustal architec-
ture of the magmatic plumbing 
system of the low-εNd CT1 
basalts of Vestfjella. Stage 1: 
assimilation and fractional crys-
tallization of early olivine and 
orthopyroxene take place within 
the Archean craton at depths 
of ~ 10‒30 km (pressures of 
300–700 MPa). Stage 2: subse-
quent differentiation in shallow 
dikes and sills is dominated 
by fractional crystallization of 
clinopyroxene and plagioclase 
(pressures of ≤ 100 MPa)
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amounts of crystallization took place. In addition, the appar-

ent steady-state compositions of the lavas may suggest the 

involvement of an RTF-type (periodically replenished and 

tapped, continuously fractionating; O’Hara and Mathews 

1981) process that was able to buffer the compositions of 

magmas, even if they are generated by mixing of very dif-

ferent components (see Luttinen and Furnes 2000).

The gradational stratigraphic variations in contamination-

insensitive incompatible trace element ratios (e.g., Ti/Y: 

slight increase until ~ 640 m, then slight decrease; Fig. 4b) 

indicate that over the course of the generation of the low-εNd 

CT1 lava pile, there were slight changes occurring in the 

parental melt composition (Fig. 4b). These could have been 

caused, e.g., by variations in the degree of melting or source 

composition or both. Such processes have been well docu-

mented for presently active volcanic systems such as Hawaii 

(Marske et al. 2008; Greene et al. 2013). In contrast, con-

tamination-sensitive trace element ratios (e.g., Zr/Y, Fig. 4c) 

exhibit more chaotic behavior in relation to stratigraphy and 

are more likely be controlled by variable degree of AFC/

FC processes taking place during Stage 1 differentiation or 

variation in the composition of the assimilant.

Notwithstanding the likely variations in the parental melt 

and assimilant composition, we suggest that the  Al2O3 vs. 

MgO inflection points in CFB magmas may generally not 

form under continuous AFC processes, but are governed 

by fractional crystallization (likely at shallow depths, see 

Figs. 6, 7, 8 and 9). On the other hand, existence of orthopy-

roxene in a CFB sample may hint that at least some of the 

differentiation took place at high pressures and/or included 

assimilation of Si-rich crustal materials. We emphasize that 

these generalized observations always have to be scaled to 

the specific compositions and magmatic environments of 

the rocks that are studied. In addition to depth, timing may 

also be important. Early in the formation of a flood basalt 

province (such as in the case of the low-εNd CT1 lavas that 

are some of the oldest lavas of Karoo LIP; Luttinen et al. 

2015), deeper assimilation is more likely, whereas after up 

to millions of  km3 of magma have been pumped into the 

system and the upper crust has been significantly heated, 

notable shallow contamination can also take place. Such a 

scenario has been suggested to have taken place during the 

evolution of the Steens magmatic system of the Columbia 

River Flood Basalt province (Moore et al. 2018). On the 

other hand, prolonged melting of the crust after assimilation 

has begun depletes fusible materials and, in some cases, can 

inhibit further assimilation (Meade et al. 2014).

It is also relevant to ask if the two-stage differentiation 

process that took place in the evolution of low-εNd CT1 

magmas was common in other CFB magmas in Karoo LIP 

and elsewhere. Neumann et al. (2011) indeed suggested a 

very similar two-stage crustal differentiation model for the 

widespread and voluminous North Karoo CFBs. Based on 

MELTS and EC-AFC modeling, they inferred the first crus-

tal stage to record up to 10% assimilation of lower crustal 

granulites and the second crustal stage to be dominated by 

fractional crystallization within the Karoo basin sedimentary 

rocks. Their and our findings imply that such plumbing sys-

tems may be common in other CFB magma types as well. 

In many studies on other CFB provinces, polybaric AFC/

FC histories are inferred, but without detailed constraints on 

whether the two processes overlapped or were confined to 

different depths (e.g., Farnetani et al. 1996; Fram and Lesher 

1997; Larsen and Pedersen 2009; Hole 2018). Future studies 

combining thermodynamical and geochemical approaches 

hopefully will give more insight into this issue.

Concluding remarks

Modeling with the Magma Chamber Simulator provides 

a pathway for deciphering the differentiation of a lava 

sequence (low-εNd CT1 magma type) from the Antarctic 

portion of the Karoo LIP. Fractional crystallization of man-

tle-derived magmas alone cannot explain the geochemical 

characteristics of the lavas; assimilation of Archean crust is 

required. This assimilation must have taken place deep in 

the crust, where Archean wallrock was available and olivine 

and orthopyroxene were able to crystallize from the melt 

(300–700 MPa, depth of ~ 10–30 km). Continuous assimila-

tion and/or crystallization models at these pressures do not 

stabilize plagioclase at MgO ≈ 7 wt%, however, contrary to 

what is observed in the lavas. Therefore, a second stage of 

crystallization at low pressures (≤ 100 MPa) without notable 

additional assimilation is required. This likely took place in 

shallow feeder zones, where colder wallrock and/or chill-

ing of earlier near-wall magma shielded the upward flow-

ing magma from wallrock assimilation. Such a two-stage 

scenario may be feasible for other CFB magmatic systems 

as well.

Acknowledgements Open access funding provided by University 
of Helsinki including Helsinki University Central Hospital. We are 
grateful to reviewers Andrea Marzoli and Else-Ragnhild Neumann and 
Editor Mark Ghiorso for a swift and balanced processing of the manu-
script. Thanks to the MCS team for all the support and comradery over 
the past years: Jenna Adams, Melissa Scruggs, Marie Takach, Garrett 
Zeff, and the ever-cheerful cultivator of IGOR’s brains, Guy Brown. 
This work was supported by Academy of Finland Grants 295129, 
305663, and 306962.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Contributions to Mineralogy and Petrology (2019) 174:87 

1 3

Page 15 of 18 87

References

Ariskin AA, Frenkel MY, Barmina GS, Nielsen RL (1993) Comagmat: 
a Fortran program to model magma differentiation processes. 
Comput Geosci 19:1155–1170. https ://doi.org/10.1016/0098-
3004(93)90020 -6

Bohrson WA, Spera FJ (2001) Energy-constrained open-system mag-
matic processes II: application of energy-constrained assimi-
lation-fractional crystallization (EC-AFC) model to magmatic 
systems. J Petrol 42:1019–1041. https ://doi.org/10.1093/petro 
logy/42.5.1019

Bohrson WA, Spera FJ (2007) Energy-constrained recharge, assimi-
lation, and fractional crystallization (EC-RAXFC): a visual 
basic computer code for calculating trace element and isotope 
variations of open-system magmatic systems. Geochem Geo-
phys Geosyst 8:Q11003. https ://doi.org/10.1029/2007G C0017 
81

Bohrson WA, Spera FJ, Ghiorso MS, Brown GA, Creamer JB, Mayfield 
A (2014) Thermodynamic model for energy-constrained open-
system evolution of crustal magma bodies undergoing simultane-
ous recharge, assimilation and crystallization: the magma cham-
ber simulator. J Petrol 55:1685–1717. https ://doi.org/10.1093/
petro logy/egu03 6

Bowen NL (1928) The evolution of igneous rocks. Dover Publications, 
New York, p 334

Bruce PM (1989) Thermal convection within the Earth’s crust. Ph.D. 
Thesis, University of Cambridge, UK

Bruce PM, Huppert HE (1990) Solidification and melting along dykes 
by the laminar flow of basaltic magma. In: Ryan MP (ed) Magma 
transport and storage. Wiley, New York, pp 87–101

Corner B (1994) Geological evolution of western Dronning Maud Land 
within a Gondwana framework: Geophysics subprogramme. 
Final project report to SACAR. Department of Geophysics, 
Witwaterstrand University, South Africa

Daly RA (1914) Igneous rocks and their origin. McGraw-Hill Book 
Company Inc., New York, p 563

DePaolo DJ (1981) Trace element and isotopic effects of combined 
wallrock assimilation and fractional crystallization. Earth 
Planet Sci Lett 53:189–202. https ://doi.org/10.1016/0012-
821x(81)90153 -9

Detournay E (2016) Mechanics of hydraulic fractures. Annu Rev Fluid 
Mech 48:311–339. https ://doi.org/10.1146/annur ev-fluid -01081 
4-01473 6

Ellam RM, Cox KG (1989) A proterozoic lithospheric source for 
Karoo magmatism: evidence from the Nuanetsi picrites. Earth 
Planet Sci Lett 92:207–218. https ://doi.org/10.1016/0012-
821X(89)90047 -2

Emerman SH, Turcotte DL, Spence DA (1986) Transport of magma 
and hydrothermal solutions by laminar and turbulent fluid 
fracture. Phys Earth Planet Inter 41:249–259. https ://doi.
org/10.1016/0031-9201(86)90004 -X

Erlank AJ, Duncan AR, Marsh JS, Sweeney RJ, Hawkesworth CJ, 
Milner SC, Miller RM, Rogers NW (1988) A laterally exten-
sive geochemical discontinuity in the subcontinental Gondwana 
lithosphere. In: Proceedings of the geochemical evolution of the 
continental crust conference, Pocos de Caldes, Brazil, pp 1–10

Ewart A, Milner SC, Armstrong RA, Duncan AR (1998) Etendeka 
volcanism of the Goboboseb Mountains and Messum igneous 
complex, Namibia. Part I: geochemical evidence of Early Creta-
ceous Tristan plume melts and the role of crustal contamination 
in the Paraná-Etendeka CFB. J Petrol 39:191–225. https ://doi.
org/10.1093/petro j/39.2.191

Farnetani CG, Richards MA, Ghiorso MS (1996) Petrological models 
of magma evolution and deep crustal structure beneath hotspots 

and flood basalt provinces. Earth Planet Sci Lett 143:81–94. https 
://doi.org/10.1016/0012-821X(96)00138 -0

Fowler SJ, Bohrson WA, Spera FJ (2004) Magmatic evolution of the 
Skye Igneous Centre, Western Scotland: modelling of assimila-
tion, recharge and fractional crystallization. J Petrol 45:2481–
2505. https ://doi.org/10.1093/petro logy/egh07 4

Fram MS, Lesher CE (1997) Generation and polybaric differentiation 
of East Greenland early Tertiary flood basalts. J Petrol 38:231–
275. https ://doi.org/10.1093/petro j/38.2.231

Ghiorso MS (1985) Chemical mass transfer in magmatic processes; 
1, thermodynamic relations and numerical algorithms. Contrib 
Mineral Petrol 90:107–120. https ://doi.org/10.1007/BF003 78254 

Ghiorso MS, Gualda GAR (2015) An  H2O–CO2 mixed fluid saturation 
model compatible with rhyolite-MELTS. Contrib Mineral Petrol 
169:53. https ://doi.org/10.1007/s0041 0-015-1141-8

Ghiorso MS, Sack RO (1995) Chemical mass transfer in magmatic 
processes IV. A revised and internally consistent thermody-
namic model for the interpolation and extrapolation of liquid-
solid equilibria in magmatic systems at elevated temperatures 
and pressures. Contrib Mineral Petrol 119:197–212. https ://doi.
org/10.1007/bf003 07281 

Ghiorso MS, Carmichael ISE, Rivers ML, Sack RO (1983) The Gibbs 
free energy of mixing of natural silicate liquids; an expanded 
regular solution approximation for the calculation of magmatic 
intensive variables. Contrib Mineral Petrol 84:107–145. https ://
doi.org/10.1007/BF003 71280 

Gibson SA (1990) The geochemistry of the Trotternish sills, Isle of 
Skye: crustal contamination in the British Tertiary Volcanic 
Province. J Geol Soc 147:1071–1081. https ://doi.org/10.1144/
gsjgs .147.6.1071

Giordano D, Russell JK, Dingwell DB (2008) Viscosity of magmatic 
liquids: a model. Earth Planet Sci Lett 271:123–134. https ://doi.
org/10.1016/j.epsl.2008.03.038

Greene AR, Garcia MO, Pietruszka AJ, Weis D, Marske JP, Vollinger 
MJ, Eiler J (2013) Temporal geochemical variations in lavas 
from Kīlauea’s Pu‘u ‘Ō‘ō eruption (1983–2010): cyclic varia-
tions from melting of source heterogeneities. Geochem Geophys 
Geosyst 14:4849–4873. https ://doi.org/10.1002/ggge.20285 

Groenewald PB, Moyes AB, Grantham GH, Krynauw JR (1995) East 
Antarctic crustal evolution: geological constraints and modelling 
in western Dronning Maud Land. Precambrian Res 75:231–250. 
https ://doi.org/10.1016/0301-9268(95)80008 -6

Gualda GAR, Ghiorso MS, Lemons RV, Carley TL (2012) Rhyolite-
MELTS: a modified calibration of MELTS optimized for silica-
rich, fluid-bearing magmatic systems. J Petrol 53:875–890. https 
://doi.org/10.1093/petro logy/egr08 0

Hamelin B, Allegre CJ (1985) Large-scale regional units in the 
depleted upper mantle revealed by an isotope study of the 
South-West Indian Ridge. Nature 315:196–199. https ://doi.
org/10.1038/31519 6a0

Harris C, Marsh JS, Duncan AR, Erlank AJ (1990) The petrogenesis of 
the Kirwan Basalts of Dronning Maud Land, Antarctica. J Petrol 
31:341–369. https ://doi.org/10.1093/petro logy/31.2.341

Hartley M, Maclennan J (2018) Magmatic densities control erupted 
volumes in icelandic volcanic systems. Front Earth Sci 6:29. 
https ://doi.org/10.3389/feart .2018.00029 

Hawkesworth CJ, Marsh JS, Duncan AR, Erlank AJ, Norry MJ (1984) 
The role of continental lithosphere in the generation of the Karoo 
volcanic rocks: evidence from combined Nd- and Sr-isotope stud-
ies. In: Erlank AJ (ed) Petrogenesis of the volcanic rocks of the 
Karoo Province. Geological Society of South Africa, Special 
Publication 13, Johannesburg, South Africa (ZAF), pp 341–354

Heinonen JS, Kurz MD (2015) Low-3He/4He sublithospheric mantle 
source for the most magnesian magmas of the Karoo large igne-
ous province. Earth Planet Sci Lett 426:305–315. https ://doi.
org/10.1016/j.epsl.2015.06.030

https://doi.org/10.1016/0098-3004(93)90020-6
https://doi.org/10.1016/0098-3004(93)90020-6
https://doi.org/10.1093/petrology/42.5.1019
https://doi.org/10.1093/petrology/42.5.1019
https://doi.org/10.1029/2007GC001781
https://doi.org/10.1029/2007GC001781
https://doi.org/10.1093/petrology/egu036
https://doi.org/10.1093/petrology/egu036
https://doi.org/10.1016/0012-821x(81)90153-9
https://doi.org/10.1016/0012-821x(81)90153-9
https://doi.org/10.1146/annurev-fluid-010814-014736
https://doi.org/10.1146/annurev-fluid-010814-014736
https://doi.org/10.1016/0012-821X(89)90047-2
https://doi.org/10.1016/0012-821X(89)90047-2
https://doi.org/10.1016/0031-9201(86)90004-X
https://doi.org/10.1016/0031-9201(86)90004-X
https://doi.org/10.1093/petroj/39.2.191
https://doi.org/10.1093/petroj/39.2.191
https://doi.org/10.1016/0012-821X(96)00138-0
https://doi.org/10.1016/0012-821X(96)00138-0
https://doi.org/10.1093/petrology/egh074
https://doi.org/10.1093/petroj/38.2.231
https://doi.org/10.1007/BF00378254
https://doi.org/10.1007/s00410-015-1141-8
https://doi.org/10.1007/bf00307281
https://doi.org/10.1007/bf00307281
https://doi.org/10.1007/BF00371280
https://doi.org/10.1007/BF00371280
https://doi.org/10.1144/gsjgs.147.6.1071
https://doi.org/10.1144/gsjgs.147.6.1071
https://doi.org/10.1016/j.epsl.2008.03.038
https://doi.org/10.1016/j.epsl.2008.03.038
https://doi.org/10.1002/ggge.20285
https://doi.org/10.1016/0301-9268(95)80008-6
https://doi.org/10.1093/petrology/egr080
https://doi.org/10.1093/petrology/egr080
https://doi.org/10.1038/315196a0
https://doi.org/10.1038/315196a0
https://doi.org/10.1093/petrology/31.2.341
https://doi.org/10.3389/feart.2018.00029
https://doi.org/10.1016/j.epsl.2015.06.030
https://doi.org/10.1016/j.epsl.2015.06.030


 Contributions to Mineralogy and Petrology (2019) 174:87

1 3

87 Page 16 of 18

Heinonen JS, Carlson RW, Luttinen AV (2010) Isotopic (Sr, Nd, Pb, 
and Os) composition of highly magnesian dikes of Vestfjella, 
western Dronning Maud Land, Antarctica: a key to the origins of 
the Jurassic Karoo large igneous province? Chem Geol 277:227–
244. https ://doi.org/10.1016/j.chemg eo.2010.08.004

Heinonen JS, Luttinen AV, Bohrson WA (2016) Enriched continental 
flood basalts from depleted mantle melts: modeling the lith-
ospheric contamination of Karoo lavas from Antarctica. Contrib 
Mineral Petrol 171:9. https ://doi.org/10.1007/s0041 0-015-1214-8

Heinonen JS, Luttinen AV, Whitehouse MJ (2018) Enrichment of 18O 
in the mantle sources of the Antarctic portion of the Karoo large 
igneous province. Contrib Mineral Petrol 173:21. https ://doi.
org/10.1007/s0041 0-018-1447-4

Hofmeister AM, Whittington AG, Pertermann M (2009) Transport 
properties of high albite crystals, near-endmember feldspar and 
pyroxene glasses, and their melts to high temperature. Contrib 
Mineral Petrol 158:381–400. https ://doi.org/10.1007/s0041 
0-009-0388-3

Hole MJ (2018) Mineralogical and geochemical evidence for poly-
baric fractional crystallization of continental flood basalts 
and implications for identification of peridotite and pyroxen-
ite source lithologies. Earth Sci Rev 176:51–67. https ://doi.
org/10.1016/j.earsc irev.2017.09.014

Hooper PR, Hawkesworth CJ (1993) Isotopic and geochemical con-
straints on the origin and evolution of the Columbia River 
Basalt. J Petrol 34:1203–1246. https ://doi.org/10.1093/petro 
logy/34.6.1203

Ishihara S (1981) The granitoid series and mineralization. In: Skin-
ner BJ (ed) Economic geology, seventy-fifth anniversary vol-
ume. Economic Geology Publishing Company, New Haven, pp 
458–484. https ://doi.org/10.5382/AV75.14

Ishihara S, Ohmoto H, Anhaeusser CR, Imai A, Robb LJ (2006) Dis-
covery of the oldest oxic granitoids in the Kaapvaal Craton and 
its implications for the redox evolution of early Earth. In: Kes-
ler SE, Ohmoto H (eds) Evolution of early Earth’s atmosphere, 
hydrosphere, and biosphere—constraints from ore deposits. 
Geological Society of America Memoir 198, pp 67–80. https 
://doi.org/10.1130/2006.1198(04)

Jacobs J, Fanning CM, Henjes-Kunst F, Olesch M, Paech H (1998) 
Continuation of the Mozambique Belt into East Antarctica: 
grenville-age metamorphism and polyphase Pan-African high-
grade events in central Dronning Maud Land. J Geol 106:385–
406. https ://doi.org/10.1086/51603 1

Jacobs J, Bauer W, Fanning CM (2003) New age constraints for 
Grenville-age metamorphism in western central Dronning 
Maud Land (East Antarctica), and implications for the palaeo-
geography of Kalahari in Rodinia. Int J Earth Sci 92:301–315. 
https ://doi.org/10.1007/s0053 1-003-0335-x

Jacobs J, Pisarevsky S, Thomas RJ, Becker T (2008) The Kalahari 
Craton during the assembly and dispersal of Rodinia. Pre-
cambrian Res 160:142–158. https ://doi.org/10.1016/j.preca 
mres.2007.04.022

Janney PE, le Roex AP, Carlson RW (2005) Hafnium isotope and 
trace element constraints on the nature of mantle heterogeneity 
beneath the central Southwest Indian Ridge (13°E to 47°E). J 
Petrol 46:2427–2464. https ://doi.org/10.1093/petro logy/egi06 0

Jourdan F, Féraud G, Bertrand H, Kampunzu AB, Tshoso G, Wat-
keys MK, Le Gall B (2005) Karoo large igneous province: 
brevity, origin, and relation to mass extinction questioned 
by new 40Ar/39Ar age data. Geology 33:745–748. https ://doi.
org/10.1130/G2163 2.1

Jourdan F, Féraud G, Bertrand H, Watkeys MK, Kampunzu AB, Le 
Gall B (2006) Basement control on dyke distribution in large 
igneous provinces: case study of the Karoo triple junction. 
Earth Planet Sci Lett 241:307–322. https ://doi.org/10.1016/j.
epsl.2005.10.003

Jourdan F, Bertrand H, Schaerer U, Blichert-Toft J, Féraud G, Kam-
punzu AB (2007a) Major and trace element and Sr, Nd, Hf, and 
Pb isotope compositions of the Karoo large igneous province, 
Botswana-Zimbabwe: lithosphere vs mantle plume contribu-
tion. J Petrol 48:1043–1077. https ://doi.org/10.1093/petro logy/
egm01 0

Jourdan F, Féraud G, Bertrand H, Watkeys MK (2007b) From flood 
basalts to the inception of oceanization: example from the 
40Ar/39Ar high-resolution picture of the Karoo large igneous 
province. Geochem Geophys Geosyst 8:Q02002. https ://doi.
org/10.1029/2006G C0013 92

Karlstrom L, Murray KE, Reiners PW (2019) Bayesian Markov-Chain 
Monte Carlo inversion of low-temperature thermochronology 
around two 8–10 m wide Columbia River Flood Basalt Dikes. 
Front Earth Sci 7:90. https ://doi.org/10.3389/feart .2019.00090 

Kreissig K, Naegler TF, Kramers JD, van Reenen DD, Smit CA (2000) 
An isotopic and geochemical study of the northern Kaapvaal 
Craton and the Southern Marginal Zone of the Limpopo Belt: 
are they juxtaposed terranes? Lithos 50:1–25. https ://doi.
org/10.1016/S0024 -4937(99)00037 -7

Lange RA (1997) A revised model for the density and thermal expan-
sivity of  K2O–Na2O–CaO–MgO–Al2O3–SiO2 liquids from 700 
to 1900 K: extension to crustal magmatic temperatures. Contrib 
Mineral Petrol 130:1–11. https ://doi.org/10.1007/s0041 00050 345

Lange RA, Carmichael ISE (1990) Thermodynamic properties of sili-
cate liquids with emphasis on density, thermal expansion and 
compressibility. In: Nicholls J, Russell JK (eds) Modern meth-
ods of igneous petrology: understanding magmatic processes. 
Reviews in Mineralogy 24, Mineralogical Society of America, 
pp 25–64. https ://doi.org/10.1515/97815 01508 769-006

Larsen LM, Pedersen AK (2009) Petrology of the paleocene picrites 
and flood basalts on Disko and Nuussuaq, West Greenland. J 
Petrol 50:1667–1711. https ://doi.org/10.1093/petro logy/egp04 8

le Roex AP, Dick HJB, Fisher RL (1989) Petrology and geochemistry 
of MORB from 25°E to 46°E along the Southwest Indian Ridge: 
evidence for contrasting styles of mantle enrichment. J Petrol 
30:947–986. https ://doi.org/10.1093/petro logy/30.4.947

Lesher CE, Spera FJ (2015) Thermodynamic and transport properties 
of silicate melts and magma. In: Sigurdsson H (ed) The ency-
clopedia of volcanoes, 2nd edn. Academic Press, Amsterdam, pp 
113–141. https ://doi.org/10.1016/b978-0-12-38593 8-9.00005 -5

Lightfoot PC, Naldrett AJ, Gorbachev NS, Doherty W, Fedorenko VA 
(1990) Geochemistry of the Siberian Trap of the Noril’sk area, 
USSR, with implications for the relative contributions of crust 
and mantle to flood basalt magmatism. Contrib Mineral Petrol 
104:631–644. https ://doi.org/10.1007/BF011 67284 

Lindström S (1995) Early Late Permian palynostratigraphy and 
palaeo-biogeography of Vestfjella, Dronning Maud Land, 
Antarctica. Rev Palaeobot Palynol 86:157–173. https ://doi.
org/10.1016/0034-6667(94)00104 -R

Liu J, Xia Q, Kuritani T, Hanski E, Yu H (2017) Mantle hydration and 
the role of water in the generation of large igneous provinces. Nat 
Commun 8:1824. https ://doi.org/10.1038/s4146 7-017-01940 -3

Luttinen AV (2000) Origin of Jurassic Vestfjella flood basalts, Dron-
ning Maud Land, Antarctica. PhD thesis, University of Helsinki, 
Helsinki, Finland

Luttinen AV (2018) Bilateral geochemical asymmetry in the Karoo 
large igneous province. Sci Rep 8:5223. https ://doi.org/10.1038/
s4159 8-018-23661 -3

Luttinen AV, Furnes H (2000) Flood basalts of Vestfjella: Jurassic mag-
matism across an Archaean-Proterozoic lithospheric boundary in 
Dronning Maud Land, Antarctica. J Petrol 41:1271–1305. https 
://doi.org/10.1093/petro logy/41.8.1271

Luttinen AV, Siivola JU (1997) Geochemical characteristics of Meso-
zoic lavas and dikes from Vestfjella, Dronning Maud Land: 
recognition of three distinct chemical types. In: Ricci CA (ed) 

https://doi.org/10.1016/j.chemgeo.2010.08.004
https://doi.org/10.1007/s00410-015-1214-8
https://doi.org/10.1007/s00410-018-1447-4
https://doi.org/10.1007/s00410-018-1447-4
https://doi.org/10.1007/s00410-009-0388-3
https://doi.org/10.1007/s00410-009-0388-3
https://doi.org/10.1016/j.earscirev.2017.09.014
https://doi.org/10.1016/j.earscirev.2017.09.014
https://doi.org/10.1093/petrology/34.6.1203
https://doi.org/10.1093/petrology/34.6.1203
https://doi.org/10.5382/AV75.14
https://doi.org/10.1130/2006.1198(04)
https://doi.org/10.1130/2006.1198(04)
https://doi.org/10.1086/516031
https://doi.org/10.1007/s00531-003-0335-x
https://doi.org/10.1016/j.precamres.2007.04.022
https://doi.org/10.1016/j.precamres.2007.04.022
https://doi.org/10.1093/petrology/egi060
https://doi.org/10.1130/G21632.1
https://doi.org/10.1130/G21632.1
https://doi.org/10.1016/j.epsl.2005.10.003
https://doi.org/10.1016/j.epsl.2005.10.003
https://doi.org/10.1093/petrology/egm010
https://doi.org/10.1093/petrology/egm010
https://doi.org/10.1029/2006GC001392
https://doi.org/10.1029/2006GC001392
https://doi.org/10.3389/feart.2019.00090
https://doi.org/10.1016/S0024-4937(99)00037-7
https://doi.org/10.1016/S0024-4937(99)00037-7
https://doi.org/10.1007/s004100050345
https://doi.org/10.1515/9781501508769-006
https://doi.org/10.1093/petrology/egp048
https://doi.org/10.1093/petrology/30.4.947
https://doi.org/10.1016/b978-0-12-385938-9.00005-5
https://doi.org/10.1007/BF01167284
https://doi.org/10.1016/0034-6667(94)00104-R
https://doi.org/10.1016/0034-6667(94)00104-R
https://doi.org/10.1038/s41467-017-01940-3
https://doi.org/10.1038/s41598-018-23661-3
https://doi.org/10.1038/s41598-018-23661-3
https://doi.org/10.1093/petrology/41.8.1271
https://doi.org/10.1093/petrology/41.8.1271


Contributions to Mineralogy and Petrology (2019) 174:87 

1 3

Page 17 of 18 87

The Antarctic Region: geological evolution and processes. Terra 
Antarctica Publications, Siena, pp 495–503

Luttinen AV, Rämö OT, Huhma H (1998) Neodymium and strontium 
isotopic and trace element composition of a Mesozoic CFB 
suite from Dronning Maud Land, Antarctica: implications for 
lithosphere and asthenosphere contributions to Karoo magma-
tism. Geochim Cosmochim Acta 62:2701–2714. https ://doi.
org/10.1016/S0016 -7037(98)00184 -7

Luttinen AV, Leat PT, Furnes H (2010) Björnnutane and Sembberget 
basalt lavas and the geochemical provinciality of Karoo mag-
matism in western Dronning Maud Land, Antarctica. J Volcanol 
Geotherm Res 198:1–18. https ://doi.org/10.1016/j.jvolg eores 
.2010.07.011

Luttinen AV, Heinonen JS, Kurhila M, Jourdan F, Mänttäri I, Vuori SK, 
Huhma H (2015) Depleted Mantle-sourced CFB Magmatism in 
the Jurassic Africa-Antarctica Rift: petrology and 40Ar/39Ar and 
U/Pb Chronology of the Vestfjella Dyke Swarm, Dronning Maud 
Land, Antarctica. J Petrol 56:919–952. https ://doi.org/10.1093/
petro logy/egv02 2

Mahoney JJ, Natland JH, White WM, Poreda R, Bloomer SH, Fisher 
RL, Baxter AN (1989) Isotopic and geochemical provinces of 
the western Indian Ocean Spreading Centers. J Geophys Res 
B94:4033–4052. https ://doi.org/10.1029/JB094 iB04p 04033 

Mahoney JJ, le Roex AP, Peng Z, Fisher RL, Natland JH (1992) South-
western limits of Indian Ocean ridge mantle and the origin of 
low 206Pb/204Pb mid-ocean ridge basalt: isotope systematics of 
the central Southwest Indian Ridge (17°–50°E). J Geophys Res 
B97:19771–19790. https ://doi.org/10.1029/92JB0 1424

Marschall HR, Hawkesworth CJ, Storey CD, Dhuime B, Leat PT, 
Meyer H-, Tamm-Buckle S (2010) The Annandagstoppane 
Granite, East Antarctica: evidence for Archaean Intracrustal 
recycling in the Kaapvaal-Grunehogna Craton from zircon O 
and Hf isotopes. J Petrol 51:2277–2301. https ://doi.org/10.1093/
petro logy/egq05 7

Marske JP, Garcia MO, Pietruszka AJ, Rhodes JM, Norman MD (2008) 
Geochemical Variations during Kīlauea’s Pu‘u ‘Ō‘ō Eruption 
Reveal a Fine-scale Mixture of Mantle Heterogeneities within the 
Hawaiian Plume. J Petrol 49:1297–1318. https ://doi.org/10.1093/
petro logy/egn02 5

Meade FC, Troll VR, Ellam RM, Freda C, Font L, Donaldson CH, 
Klonowska I (2014) Bimodal magmatism produced by progres-
sively inhibited crustal assimilation. Nat Commun 5:4199. https 
://doi.org/10.1038/ncomm s5199 

Molzahn M, Reisberg L, Wörner G (1996) Os, Sr, Nd, Pb, O isotope 
and trace element data from the Ferrar flood basalts, Antarctica: 
evidence for an enriched subcontinental lithospheric source. 
Earth Planet Sci Lett 144:529–545. https ://doi.org/10.1016/
S0012 -821X(96)00178 -1

Moore NE, Grunder AL, Bohrson WA (2018) The three-stage pet-
rochemical evolution of the Steens Basalt (southeast Oregon, 
USA) compared to large igneous provinces and layered mafic 
intrusions. Geosphere 14:2505–2532. https ://doi.org/10.1130/
GES01 665.1

Moyes AB, Krynauw JR, Barton JM Jr (1995) The age of the Ritscher-
flya Supergroup and Borgmassivet Intrusions, Dronning Maud 
Land, Antarctica. Antarct Sci 7:87–97. https ://doi.org/10.1017/
S0954 10209 50001 25

Nathan HD, Van Kirk CK (1978) A model of magmatic crystalliza-
tion. J Petrol 19:66–94. https ://doi.org/10.1093/petro logy/19.1.66

Neumann E, Svensen H, Galerne CY, Planke S (2011) Multistage evo-
lution of dolerites in the Karoo Large Igneous Province, Central 
South Africa. J Petrol 52:959–984. https ://doi.org/10.1093/petro 
logy/egr01 1

O’Hara MJ, Mathews RE (1981) Geochemical evolution in an advanc-
ing, periodically replenished, periodically tapped, continuously 

fractionated magma chamber. J Geol Soc 138:237–277. https ://
doi.org/10.1144/gsjgs .138.3.0237

O’Hara MJ (1968) The bearing of phase equilibria studies in syn-
thetic and natural systems on the origin and evolution of basic 
and ultrabasic rocks. Earth Sci Rev 4:69–133. https ://doi.
org/10.1016/0012-8252(68)90147 -5

Pertermann M, Whittington AG, Hofmeister AM, Spera FJ, Zayak 
J (2008) Transport properties of low-sanidine single-crystals, 
glasses and melts at high temperature. Contrib Mineral Petrol 
155:689–702. https ://doi.org/10.1007/s0041 0-007-0265-x

Petcovic HL, Dufek JD (2005) Modeling magma flow and cooling in 
dikes: implications for emplacement of Columbia River flood 
basalts. J Geophys Res. https ://doi.org/10.1029/2004j b0034 32

Riley TR, Leat PT, Curtis ML, Millar IL, Duncan RA, Fazel A 
(2005) Early-Middle Jurassic dolerite dykes from Western 
Dronning Maud Land (Antarctica): identifying mantle sources 
in the Karoo Large Igneous Province. J Petrol 46:1489–1524. 
https ://doi.org/10.1093/petro logy/egi02 3

Riley TR, Curtis ML, Leat PT, Watkeys MK, Duncan RA, Millar IL, 
Owens WH (2006) Overlap of Karoo and Ferrar magma types 
in KwaZulu-Natal, South Africa. J Petrol 47:541–566. https ://
doi.org/10.1093/petro logy/egi08 5

Rubin AM (1995) Propagation of magma-filled cracks. Annu Rev 
Earth Planet Sci 23:287–336. https ://doi.org/10.1146/annur 
ev.earth .23.1.287

Ruotoistenmäki T, Lehtimäki J (1997) Analysis of bedrock geology 
and thermal gradients using geophysical ground measurements 
on glaciated terrain in Queen Maud Land, Antarctica. In: Ricci 
CA (ed) The Antarctic Region: geological evolution and pro-
cesses. Terra Antarctica Publications, Siena, pp 1149–1152

Shaw HR (1980) The fracture mechanisms of magma transport from 
the mantle to the surface. In: Hargraves RB (ed) Physics of 
magmatic processes. Princeton University Press, Princeton, pp 
201–264. https ://doi.org/10.1515/97814 00854 493.201

Spera FJ (1980) Aspects of magma transport. In: Hargraves RB (ed) 
Physics of magmatic processes. Princeton University Press, 
Princeton, pp 265–324. https ://doi.org/10.1515/97814 00854 
493.265

Spera FJ (1992) Lunar magma transport phenomena. Geochim Cos-
mochim Acta 56:2253–2265. https ://doi.org/10.1016/0016-
7037(92)90187 -N

Spera FJ, Bohrson WA (2001) Energy-constrained open-system 
magmatic processes I: general model and energy-constrained 
assimilation and fractional crystallization (EC-AFC) formu-
lation. J Petrol 42:999–1018. https ://doi.org/10.1093/petro 
logy/42.5.999

Spera FJ, Bohrson WA, Till CB, Ghiorso MS (2007) Partitioning of 
trace elements among coexisting crystals, melt, and supercritical 
fluid during isobaric crystallization and melting. Am Mineral 
92:1881–1898. https ://doi.org/10.2138/am.2007.2326

Stebbins JF, Carmichael ISE, Moret LK (1984) Heat capacities and 
entropies of silicate liquids and glasses. Contrib Mineral Petrol 
86:131–148. https ://doi.org/10.1007/bf003 81840 

Sun SS, McDonough WF (1989) Chemical and isotopic systematics 
of oceanic basalts: implications for mantle composition and 
processes. In: Saunders AD, Norry MJ (eds) Magmatism in 
the ocean basins. Geological Society Special Publications 42, 
United Kingdom (GBR), pp 313–345. https ://doi.org/10.1144/
GSL.SP.1989.042.01.19

Sweeney RJ, Falloon TJ, Green DH, Tatsumi Y (1991) The mantle 
origins of Karoo picrites. Earth Planet Sci Lett 107:256–271. 
https ://doi.org/10.1016/0012-821x(91)90075 -s

Sweeney RJ, Duncan AR, Erlank AJ (1994) Geochemistry and 
petrogenesis of central Lebombo basalts of the Karoo igne-
ous province. J Petrol 35:95–125. https ://doi.org/10.1093/petro 
logy/35.1.95

https://doi.org/10.1016/S0016-7037(98)00184-7
https://doi.org/10.1016/S0016-7037(98)00184-7
https://doi.org/10.1016/j.jvolgeores.2010.07.011
https://doi.org/10.1016/j.jvolgeores.2010.07.011
https://doi.org/10.1093/petrology/egv022
https://doi.org/10.1093/petrology/egv022
https://doi.org/10.1029/JB094iB04p04033
https://doi.org/10.1029/92JB01424
https://doi.org/10.1093/petrology/egq057
https://doi.org/10.1093/petrology/egq057
https://doi.org/10.1093/petrology/egn025
https://doi.org/10.1093/petrology/egn025
https://doi.org/10.1038/ncomms5199
https://doi.org/10.1038/ncomms5199
https://doi.org/10.1016/S0012-821X(96)00178-1
https://doi.org/10.1016/S0012-821X(96)00178-1
https://doi.org/10.1130/GES01665.1
https://doi.org/10.1130/GES01665.1
https://doi.org/10.1017/S0954102095000125
https://doi.org/10.1017/S0954102095000125
https://doi.org/10.1093/petrology/19.1.66
https://doi.org/10.1093/petrology/egr011
https://doi.org/10.1093/petrology/egr011
https://doi.org/10.1144/gsjgs.138.3.0237
https://doi.org/10.1144/gsjgs.138.3.0237
https://doi.org/10.1016/0012-8252(68)90147-5
https://doi.org/10.1016/0012-8252(68)90147-5
https://doi.org/10.1007/s00410-007-0265-x
https://doi.org/10.1029/2004jb003432
https://doi.org/10.1093/petrology/egi023
https://doi.org/10.1093/petrology/egi085
https://doi.org/10.1093/petrology/egi085
https://doi.org/10.1146/annurev.earth.23.1.287
https://doi.org/10.1146/annurev.earth.23.1.287
https://doi.org/10.1515/9781400854493.201
https://doi.org/10.1515/9781400854493.265
https://doi.org/10.1515/9781400854493.265
https://doi.org/10.1016/0016-7037(92)90187-N
https://doi.org/10.1016/0016-7037(92)90187-N
https://doi.org/10.1093/petrology/42.5.999
https://doi.org/10.1093/petrology/42.5.999
https://doi.org/10.2138/am.2007.2326
https://doi.org/10.1007/bf00381840
https://doi.org/10.1144/GSL.SP.1989.042.01.19
https://doi.org/10.1144/GSL.SP.1989.042.01.19
https://doi.org/10.1016/0012-821x(91)90075-s
https://doi.org/10.1093/petrology/35.1.95
https://doi.org/10.1093/petrology/35.1.95


 Contributions to Mineralogy and Petrology (2019) 174:87

1 3

87 Page 18 of 18

Takada A (1994) Accumulation of magma in space and time by crack 
interaction. In: Ryan MP (ed) Magmatic systems. International 
geophysics, vol 57, Academic Press, San Diego, pp 241–257. 
https ://doi.org/10.1016/s0074 -6142(09)60099 -1

Taylor HP (1980) The effects of assimilation of country rocks by 
magmas on 18O/16O and 87Sr/86Sr systematics in igneous rocks. 
Earth Planet Sci Lett 47:243–254. https ://doi.org/10.1016/0012-
821X(80)90040 -0

Taylor HP, Giannetti B, Turi B (1979) Oxygen isotope geochemistry 
of the potassic igneous rocks from the Roccamonfina volcano, 
Roman comagmatic region, Italy. Earth Planet Sci Lett 46:81–
106. https ://doi.org/10.1016/0012-821X(79)90067 -0

Tikunoff D, Spera FJ (2014) Thermal conductivity of molten and 
glassy  NaAlSi3O8,  CaMgSi2O6, and  Mg2SiO4 by non-equilibrium 
molecular dynamics at elevated temperature and pressure. Am 
Mineral 99:2328–2336. https ://doi.org/10.2138/am-2014-4918

Watson EB, Harrison TM (1983) Zircon saturation revisited: tempera-
ture and composition effects in a variety of crustal magma types. 

Earth Planet Sci Lett 64:295–304. https ://doi.org/10.1016/0012-
821X(83)90211 -X

Weertman J (1971) Theory of water-filled crevasses in glaciers applied 
to vertical magma transport beneath oceanic ridges. J Geophys 
Res 76:1171–1183. https ://doi.org/10.1029/JB076 i005p 01171 

Wolmarans LG, Kent KE (1982) Geological investigations in western 
Dronning Maud Land, Antarctica—a synthesis. S Afr J Antarct 
Res Suppl 2:93

Workman RK, Hart SR (2005) Major and trace element composition 
of the depleted MORB mantle (DMM). Earth Planet Sci Lett 
231:53–72. https ://doi.org/10.1016/j.epsl.2004.12.005

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/s0074-6142(09)60099-1
https://doi.org/10.1016/0012-821X(80)90040-0
https://doi.org/10.1016/0012-821X(80)90040-0
https://doi.org/10.1016/0012-821X(79)90067-0
https://doi.org/10.2138/am-2014-4918
https://doi.org/10.1016/0012-821X(83)90211-X
https://doi.org/10.1016/0012-821X(83)90211-X
https://doi.org/10.1029/JB076i005p01171
https://doi.org/10.1016/j.epsl.2004.12.005

	Deep open storage and shallow closed transport system for a continental flood basalt sequence revealed with Magma Chamber Simulator
	Abstract
	Introduction
	Geological background
	Regional geology
	Low-εNd CT1 lavas

	Modeling software and parameters
	Magma Chamber Simulator
	Constraining the thermodynamic and geochemical parameters for MCS modeling
	Parental melt composition
	Wallrock composition
	Pressure, temperature, and mass constraints


	Modeling the differentiation of the low-εNd CT1 flood basalt sequence using MCS
	Fractional crystallization (FC) modeling
	Assimilation: fractional crystallization (AFC) modeling
	Polybaric two-stage modeling

	Thermophysical considerations
	Discussion
	Concluding remarks
	Acknowledgements 
	References


