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Abstract

The purpose of this thesis was to study 
the origin and nature of the massif-type 
anorthosite-related monzodioritic rocks and 
to investigate the possibility that they could 
be utilized to shed light on the melt evolution 
of massif-type anorthosite parental magmas. 
This thesis also presents new means to apply 
state-of-the-art thermodynamic modeling 
tools, the Magma Chamber Simulator 
(MCS) and rhyolite-MELTS, to study the 
petrogenesis of massif-type anorthosites 
and related rocks. Although the petrogenesis 
of anorthosites has been studied for over a 
century, some questions still remain open. 
The massif-type anorthosites are often 
found together with more felsic rock types 
in anorthosite-magnerite-charnockite-
granite (AMCG) intrusions and are mainly 
restricted to the Proterozoic times. Related 
minor	 fine-grained	 high-Al	 gabbros	 and	
monzodioritic rocks (also referred to 
as jotunites, ferrodiorites, monzonites, 
monzonorites, etc.), have proven to play a 
key role in the search of melt compositions 
of massif-type anorthosites. Despite their 
simple modal compositions, the evaluation 
of parental magma compositions has proven 
to be challenging and suggestions of  high-Al 
basaltic or monzodioritic compositions and 
mantle or crustal origins have been made.

The 1.64 Ga Ahvenisto complex in 
southeastern Finland is an AMCG complex 
that comprises a granitic intrusion surrounded 
by an anorthositic envelope with minor 
monzodioritic rocks. The monzodioritic 
rocks	 are	 fine-grained	 and	 are	 presumed	 to	
represent near-melt compositions left after the 
fractional crystallization of the anorthositic 
cumulates. The monzodioritic rocks also 
show evidence melt interaction with the 

granitic rocks as mingled monzodioritic 
pillows with net-veined granites and hybrid 
rocks.

This thesis uses routine analytical 
methods	 complemented	 with	 detailed	 field	
and petrographic descriptions to study 
the monzodioritic, granitic, and olivine-
bearing anorthositic rocks of the Ahvenisto 
complex. The produced data complemented 
with existing data are applied to various 
petrological modeling to shed light on the 
origin of these rocks and related interaction 
structures in the Ahvenisto complex. A 
dataset of suggested parental and residual 
magma compositions, mantle-derived melts, 
and wallrock compositions was compiled for 
the thermodynamic modeling.

Field, petrographic, and geochemical data 
complemented with petrological modeling 
indicates that the monzodioritic rocks of 
the Ahvenisto complex represent near-
melt compositions that were produced by 
fractional crystallization of the anorthositic 
cumulates.	 Three	 different	 monzodioritic	
types were recognized: olivine, pillow, 
and, massive monzodiorite, which form 
an evolutionary trend. The compositions 
of the monzodioritic rocks also control 
the interaction with the granitic melts ¬– 
only the more evolved pillow and massive 
monzodiorites are involved in the mingling 
and	hybridization,	respectively.	Mafic	phases	
in the monzodioritic rocks show Fe-enriched 
compositions that are not in equilibrium with 
the host whole-rock compositions. Thus, 
the monzodioritic rocks are suggested to be 
formed by a local equilibrium crystallization 
process.

The thermodynamic modeling 
indicates that the massif-type anorthosite 
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parental magmas were of high-Al basaltic 
compositions and were produced from 
mantle-derived melts assimilating lower 
crustal material rather than by direct melting 
of lower crust. The models further suggest 
that the monzodioritic rocks represent the 

residual melts left after polybaric fractional 
crystallization of the anorthosite parental 
melts. The models conducted for this thesis 
serve as a framework for future  applications 
of more detailed studies of AMCG suites and 
other intrusions.

Tiivistelmä (in Finnish)

Tämän työn tarkoituksena oli tutkia 
massiivityypin anortosiitteihin liittyvien 
monzodioriittisten kivien alkuperää 
ja mahdollisuutta hyödyntää niitä 
massiivityypin anortosiittien sulaevoluutiota 
koskevien kysymysten selvittämisessä. 
Tässä työssä myös esitetään uusia tapoja 
hyödyntää uudenlaisia termodynaamisia 
mallinnustyökaluja massiivityypin 
anortosiittien petrogenesiksen tutkimuksessa. 
Vaikka anortosiittien petrogenesistä on 
tutkittu jo yli vuosisadan ajan, jotkin siihen 
liittyvät kysymykset ovat yhä avoimia. 
Massiivityypin anortosiitteja tavataan usein 
yhdessä felsisempien kivilajien kanssa 
anortosiitti-mangeriitti-charnokiitti-graniitti 
(AMCG) -intruusioissa, jotka rajoittuvat 
yleensä proterotsooiselle maailmankaudelle. 
Pienempiä määriä hienorakeisia kivilajeja, 
kuten runsasalumiinisia gabroja sekä 
monzodioriittisia kiviä, tavataan myös 
usein ja niillä oletetaan olevan tärkeä rooli 
anortosiitteihin liittyvien sulakoostumusten 
tunnistamisessa. Vaikka anortosiitit ovat 
mineraalikoostumukseltaan yksinkertaisia, 
on niiden kantasulien koostumuksen 
arvioiminen osoittautunut haastavaksi, 
ja koostumukselle ja alkuperälle onkin 
ehdotettu useampia vaihtoehtoja. Lähteeksi 
on ehdotettu joko vaipan yläosan osittaisia 
sulia tai alakuoren sulia ja koostumukseksi 
joko runsasalumiinisia basaltteja tai 
monzodioriittisia sulia.

Paleproterotsooinen, 1,64 miljoonaa 
vuotta vanha Ahveniston kompleksi 
Kaakkois-Suomessa on AMCG-seurue, 
joka koostuu graniittisesta batoliitista 
sekä sitä ympäröivistä anortosiittisista ja 

monzodioriittisista kivilajeista koostuvasta 
kaarimaisesta intruusiosta. Monzodioriittitset 
kivet ovat hienorakeisia, ja niiden oletetaan 
edustavan anortosiittisten kumulaattien 
kiteytymisen yhteydessä muodostuneita 
sulakoostumuksia. Monzodioriittiset magmat 
ovat myös sekoittuneet ja sekaantuneet 
kompleksin graniittisten magmojen kanssa 
muodostaen sekaantumisrakenteita sekä 
hybridikiviä.

Tässä työssä hyödynnettiin 
geokemiallisia analyyttisiä menetelmiä 
yhdessä yksityiskohtaisten kenttä- ja 
petrografisten	havaintojen	kanssa	Ahveniston	
kompleksin monzodioriittisten, graniittisten, 
ja oliviinipitoisten anortosiittisten 
kivien tutkimukseen. Tuotettua aineistoa 
täydennettynä olemassa olevalla aineistolla 
hyödynnettiin petrologisessa mallinnuksessa, 
jonka avulla selvitettiin näiden kivien ja niihin 
liittyvien sekoittumisrakenteiden alkuperää. 
Termodynaamista mallinnusta varten kerättiin 
aineistotietokanta, joka sisältää ehdotettuja 
kanta- ja jäännössulakoostumuksia sekä 
vaipan osittaisten sulien ja alakuoren 
koostumuksia. 

Tutkimuksen tulokset viittaavat 
siihen, että Ahveniston kompleksin 
monzodioriittiset kivet edustavat 
sulakoostumuksia, jotka muodostuivat 
anortosiittisten kumulaattien kiteytymisen 
yhteydessä syntyneiden jäännössulien 
kiteytyessä. Tutkimuksessa tunnistettiin 
kolme erilaista monzodioriittityyppiä: 
oliviinimonzodioriitti, tyyny-monzodioriitti 
ja massiivinen monzodioriitti. Nämä 
tyypit muodostavat kehittyvän kemiallisen 
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koostumuksen trendin primitiivisimmästä 
(oliviinimonzodioriitti) kehittyneimpään 
(massiivinen monzodioriitti). 
Monzodioriittisten kivien koostumus on 
myös vaikuttanut niiden vuorovaikutustapaan 
sekaantumis- ja hybridisaatioprosesseissa 
– vain kehittyneimmät tyynymonzodioriitit 
ja massiiviset monzodioriitit ovat 
sekaantuneet ja sekoittuneet graniittisen 
materiaalin kanssa. Monzodioriittisen 
kivien	 mafiset	 mineraalit	 ovat	 rikastuneet	
raudasta ja ovat epätasapainossa 
vastaavan kokokivikoostumuksen kanssa, 
minkä perusteella niiden ehdotetaan 
muodostuneen paikallisesti tasapainoisessa 
kiteytymisprosessissa. 

Termodynaamiset mallit viittaavat 
siihen, että massiivityypin anortosiitit 
olivat koostumukseltaan runsasalumiinisia 
basaltteja, jotka muodostuivat, kun 
vaippaperäiset sulat kontaminoituivat 
alakuoren materiaalista todennäköisemmin 
kuin pelkän alakuoren sulamisen yhteydessä. 
Termodynaamiset mallit viittaavat myös 
siihen, että monzodioriittiset kivet edustavat 
kiteytyneitä jäännössulia, jotka muodostuivat 
anortosiittisten kumulaattien polybaarisen 
kiteytymisen yhteydessä. Tässä työssä 
tehdyt mallit toimivat perustana käytettyjen 
mallinnustyökalujen hyödyntämiseen 
yksityiskohtaisempaa AMCG-seurueiden ja 
muiden intruusioiden mallinnusta varten. 
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1. Massif-type anorthosites

Anorthosites, sensu stricto, mainly consist 
of cumulus plagioclase (>90 vol%; Ashwal, 
1993).They usually occur with related less 
feldsphatic lithologies (e.g. leucogabbronorites, 
leucotroctolites, gabbros), consisting usually 
of plagioclase (>60 vol%), ortho- and 
clinopyroxenes, Fe-Ti-oxides and in some 
cases, olivine (e.g., Ashwal, 1993). Although 
these plagioclase rich rocks show simple modal 
compositions, the evaluation of the composition 
of anorthosite parental magmas has proven to 
be challenging. Anorthosites are important 
intrusive	 rocks	 and	 cover	 significant	 areas	of	
Earth’s surface and also form a notable portion 
of the crust of the Moon (e.g., Ashwal 1993). 
There are several types of anorthosites and the 
six basic types include a) Archean megacrystic 
anorthosites, b) Proterozoic massif-type 
anorthosites, c) anorthosites in layered intrusions, 
d) anorthosites in oceanic settings, e) anorthosite 
inclusions, and f) extraterrestrial anorthosites 
(Ashwal, 1993). These types show distinctive 
characteristics. For clarity, anorthosites and the 
related less feldspathic lithologies are referred 
to collectively as anorthositic rocks throughout 
this thesis.  

One of the most controversial and abundant 
types of terrestrial anorthosites, are the massif-type 
anorthosites. These are found on all continents 
(Fig. 1) often in close relation with more silicic 
rocks in anorthosite-mangerite-charnockite-
granite (AMCG) intrusions (e.g., Emslie, 1978; 
Ashwal, 1993; Ashwal, 2010). They usually 
occur	with	minor,	but	relevant,	fine-grained	dike	
rocks and cumulates of peculiar compositions, 
such as high-Al gabbros, monzodioritic rocks, 
and oxide-apatite-gabbronorites (OAGNs; e.g., 
Emslie et al., 1994; Mitchell et al., 1995; Dymek 
and Owens, 2001). Despite years of intensive 

studies on the anorthositic rocks ever since the 
beginnings of the 20th century (Bowen, 1917), 
there are still some uncertainties concerning the 
source, parental magma compositions, limited 
temporal extend, and tectonic setting of the 
massif-type anorthosites (Ashwal and Bybee, 
2017 and references therein).

The anorthositic rocks in the AMCG suites 
usually consist of intermediate plagioclase 
(An50±10; global average variation An30¬70), Fe-
enriched orthopyroxene (En60±10), clinopyroxene 
(Mg#<70), and – in the most primitive 
anorthositic rocks – olivine (Fo50¬70; e.g., Owens 
and Dymek, 1995; Ashwal et al., 1998; Li et al., 
2000; Ashwal, 2010; Ashwal and Bybee, 2017). 
Fe-Ti oxides and apatite are common minor 
phases. Another petrogenetically important 
phases in most massif-type anorthosites are high-
aluminum orthopyroxene megacrysts (HAOMs) 
that preserve evidence of early processes in the 
petrogenetic evolution (e.g., Charlier et al., 
2010; Heinonen et al. 2020). Although these 
high-Al megacrysts are usually orthopyroxene, 
also clinopyroxene megacrysts with high-Al 
compositions are known (e.g., Emslie, 1975; 
Scoates and Frost, 1996). Plagioclase megacrysts 
are also common and they show somewhat 
higher An content compared to the groundmass 
plagioclase (e.g., Xue and Morse, 1994). In 
addition, plagioclase in olivine-bearing rocks of 
the anorthosite massifs are usually more enriched 
in Ca compared to that of the pyroxene-bearing 
anorthositic rocks (e.g., Alviola et al., 1999, 
Gleißner et al., 2011).

Most studies agree that the formation of 
the massif-type anorthosites includes at least 
two stages (e.g., Ashwal and Bybee, 2017). 
First is ponding of the parental magmas at 
the crust-mantle boundary (~1000 MPa) 
followed by fractional crystallization of 
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Figure 1. A world map showing examples of the widespread occurrence of  massif-type anorthosites in all 
of the continents and their respective ages in Ma (data collected from Eklund et al., 1994; Ashwal et al., 
1998; Ashwal, 2010).

mafic	 cumulates	 and	 later	 plagioclase.	 The	
dense,	mafic	 cumulates	 sink	 (possibly	 even	
back	to	the	mantle)	while	plagioclase	floats	to	
the upper parts of the magma reservoir (e.g., 
Emslie et al., 1994). Buoyant plagioclase-
rich melt mushes then ascend through 
the crust undergoing polybaric fractional 
crystallization until they reach emplacement 
levels at upper crust (5–10 km; e.g., Ashwal, 
1993; Charlier et al., 2010). The heat 
released from the crystallizing magmas at 
the high-pressure magma reservoir enables 
partial melting of the lower crust leading 
to contamination of the parental magmas 
with crustal material. Some hypotheses 
suggest that the silicic rocks of the AMCG 
suites were produced from the lower crustal 
melts that ascended to upper crustal levels 
and crystallized in close relation with 
the anorthositic rocks (e.g., Rämö, 1991; 
Emslie et al., 1994). However, the source 
of the parental magmas and the cogenetic/-
magmatic relation with the silicic rocks is not 
entirely clear and is further discussed in the 
following sections.

1.1 Mantle or crustal source for 
massif-type anorthosites?

The source and compositions of the 
anorthosite parental magmas have been a 
crucial component in the discussion on the 
origin of massif-type anorthosites. While 
most studies in the 20th century agreed 
that the parental magmas were of basaltic 
composition and derived from the mantle 
(e.g., Emslie, 1978; Emslie et al., 1994; Fram 
and Longhi, 1992; Mitchell et al., 1995) lower 
crustal sources have also been suggested 
(e.g., Taylor et al., 1984;  Duchesne et al., 
1999; Schiellerup et al., 2000). In addition, 
the aforementioned comagmatic or cogenetic 
relation of the MCG rocks has been a part of 
this discussion (e.g., Rämö, 1991; Emslie et 
al., 1994; Frost and Frost, 1997; Duchesne et 
al., 1999).

There are two prevailing hypotheses that 
stand for the mantle source: “the tholeiitic 
model” and “the classic two source model”. 
In the former, the AMCG rocks crystallize 
from partial melts of mantle-derived tholeiitic 
basaltic melts in extensional or hot spot 
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regions (Frost and Frost, 1997). The tholeiitic 
basaltic melts pond at the base of the crust 
and	differentiate	to	form	new	lower	crust	that	
comprise gabbro, ferrodiorite, and anorthosite 
(Frost and Frost, 1997). Continued rifting and 
intrusion of further basaltic melts induce the 
melting	of	this	newly	formed	mafic	crust	and	
lead to production of granitic melts (Frost 
and Frost, 1997).  In the latter, “two source-
model”, the anorthositic rocks crystallize 
from the mantle-derived basaltic parental 
melts, while the MCG rocks crystallize 
from crustal anatectic melts produced by the 
heat released from the crystallizing basaltic 
magma reservoir to the surrounding crust 
(e.g., Rämö, 1991; Emslie et al., 1994).

In the hypothesis that favors a lower crustal 
source, “the crustal tongue model”, sheets of 
lower crustal material got underthrusted to the 
mantle at high pressures (1100–1300 MPa), 
and after tens of m.y. of relaxation time, 
combined with lithospheric delamination, the 
temperature was high enough for production 
of jotunitic and high-Al basaltic melts 
(Duchesne et al., 1999). The melted lower 
crustal material formed a magma reservoir 
that underwent similar evolution compared 
to the reservoir in the classical model, but 
the ascent of the plagioclase rich mushes was 
controlled by crustal structures (Duchesne et 
al., 1999). The felsic melts were produced 
either	by	differentiation	of	the	mafic	melts	or	
by crustal anatexis (Duchesne et al., 1999).

1.2 Polybaric fractional crystal-
lization

Regardless of the source and composition 
of the parental magmas, most studies, 
including the abovementioned three 
hypotheses, agree that after the formation of 
the plagioclase-rich mushes, the massif-type 
anorthosites crystallized polybarically while 
ascending from high-pressure Moho levels 
to the emplacement levels at the upper crust 
(e.g., Emslie et al., 1994; Charlier et al., 2010; 
Heinonen et al., 2020). The high-aluminum 
orthopyroxene megacrysts (HAOM) have 

played a key role in the geobarometric 
studies of massif-type anorthosites (e.g., 
Emslie et al., 1994; Charlier et al., 2010; 
Heinonen et al., 2020). HAOMs show 
relatively high Mg#, juvenile isotope 
character, high aluminum content (up to ~13 
wt% of Al2O3), and plagioclase exsolution 
lamellae, which have been suggested as 
evidence of polybaric crystallization (e.g., 
Ashwal, 1993; Emslie et al., 1994). An 
alternative explanation suggested for their 
origin is rapid low-pressure crystallization 
(e.g., Morse, 1975; Dymek and Gromet, 
1984; Xue and Morse, 1994; Owens and 
Dymek, 1995), which would better account 
for the higher Fe/Mg of HAOMs compared 
to groundmass orthopyroxene rather than 
crystallization at high pressures (e.g., Owens 
and Dymek, 1995). Thus, there may be two 
types of HAOMs: type 1 high-Al megacrysts 
that crystallized at high pressures and type 2 
low-Al megacrysts that crystallized at lower 
pressures (e.g., Emslie, 1975; Heinonen et 
al., 2020).

1.3 Fine-grained rocks in AMCG 
suites

Fine-grained intrusive rocks, such as 
monzodioritic rocks (also referred to as 
jotunites, ferrodiorites, monzonorites, 
monzonites, and ferrogabbros among others) 
and high-Al gabbros, are a minor but a 
common feature in most AMCG suites. These 
rocks are presumed to represent near-melt 
compositions and therefore have been widely 
used to study the origin and evolution of melt 
compositions related to AMCG rocks (e.g., 
de Waard and Romey, 1969; Duchesne et al., 
1974;	Demaiffe	and	Hertogen,	1981;	Ashwal,	
1982; Duchesne, 1984; Owens and Dymek, 
1992; McLelland et al., 1994; Mitchell et 
al., 1995, 1996; Markl, 2001; Charlier et al., 
2010). As mentioned above, most authors 
agree that the anorthosite parental magmas 
were of high-Al basaltic compositions, 
and thus, the high-Al gabbros have been 
suggested to represent the crystallized 
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equivalents of these parental magmas (e.g., 
Mitchell et al., 1995, 1996).

Instead, the origin of the monzodioritic 
rocks is more controversial, and several 
suggestions for their origin have been 
presented (e.g., Bybee et al., 2015). They 
could represent either 1) the massif-type 
anorthosite parental magmas (e.g., Duchesne 
et	al.,	1974;	Duchesne	and	Demaiffe,	1978;	
Demaiffe	 and	 Hertogen,	 1981),	 2)	 the	
residual magmas left after the crystallization 
of the anorthositic cumulates  (e.g., Ashwal, 
1982; Morse, 1982; Duchesne, 1984; Owens 
and Dymek, 1992; McLelland et al., 1994; 
Mitchell et al., 1996; Vander Auwera et al., 
1998; Dymek and Owens, 2001; Markl, 2001; 
Heinonen et al., 2010b), 3) intermediate 
derivatives between the anorthosite and 
magnerite during the melt evolution of 
AMCG suites (e.g., de Waard and Romey, 
1969; Philpotts, 1981), 4) derivatives from 
the mangeritic magmas (e.g., Emslie, 1975; 
Duchesne et al., 1989), 5) immiscible liquids 
formed after the fractionation of plagioclase 
(e.g., Philpotts, 1981), or 6) later intrusions 
of coeval but not comagmatic magmas with 
the anorthositic magmas (e.g. Emslie 1978; 
Duchesne et al. 1990). Regardless of their 
origin, the monzodioritic rocks are usually 
Fe-Ti-P-enriched	 fine-grained	 rocks,	 but	
also	more	coarse-grained	variations	and	fine-
grained rocks with plagioclase phenocrysts 
exist (e.g., Emslie et al., 1994). Various terms 
for	 these	 fine-grained	 Fe-Ti-P-rich	 rocks	
have been used, but for clarity these rocks 
are collectively referred to as monzodioritic 
rocks throughout this thesis.

1.4 Oxide-apatite-gabbronorites 
(OAGN)

Another minor but important lithology 
often found associated with AMCG suites are 
oxide-apatite-gabbronorites (OAGN; e.g., 
Dymek and Owens, 1993; McLelland et al., 
1994). These rocks have been occasionally 
grouped together with the monzodioritic 
rocks even though they show some distinctive 

characteristics (see McLelland et al., 1994). 
OAGNs show diverse texture and range 
from	cumulates	 to	finer-grained	 rocks	 (e.g.,	
McLelland et al., 1994; Mitchell et al., 1996).  
These rocks show low SiO2 (27–42 wt%) 
and due to considerable amounts of apatite, 
oxides, and Fe-Mg-silicates, they contain 
high amounts of TiO2 (4–10 wt%), FeOtot  
(17–38 wt%), and P2O5 (3–6 wt%), but still 
show low K2O – the monzodioritic rocks 
usually show high K2O (Owens and Dymek, 
1992; McLelland et al., 1994; Dymek and 
Owens, 2001). The Al2O3 content varies 
with respect to the amount of plagioclase 
(e.g., Owens and Dymek, 1992). Because 
these rocks have high apatite content and 
are enriched in incompatible elements, they 
have been proposed to represent a late-stage, 
highly	 differentiated	 magma	 fraction	 of	
AMCG suites (e.g., McLelland et al., 1994; 
Mitchell et al., 1996). Alternatively, these 
rocks	could	have	formed	at	several	different	
stages during the magmatic evolution of 
AMCG suites (Dymek and Owens, 2001). 

1.5 Mafic-felsic magma interaction 
related to the massif-type 
anorthosites

Regardless of their sources, the 
simultaneous	 intrusion	 of	 “mafic”	 and	
“felsic” magmas during the formation of 
AMCG suites enables interaction between 
these	end-members.	 In	fact,	different	mafic-
felsic	 interaction	 structures,	 such	 as	 mafic	
pillow-net-veined granite-combinations and 
hybrid rocks, are a common feature observed 
in AMCG suites (e.g., Wiebe, 1987; Eklund, 
1993; Alviola et al., 1999; Bybee et al., 
2019). In some suites, the interaction occurs 
between	 the	 monzodioritic	 (mafic	 end-
member) and granitic (felsic end-member) 
rocks, for example in the Ahvenisto complex 
and Åland batholith in Finland (e.g., Eklund, 
1993; Alviola et al., 1999; Heinonen et al., 
2010). In the Ahvenisto complex, both 
physical (mingling) and chemical mixing 
(hybridization) between the monzodioritic 
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Nain Plutonic Suite, 18 000 km2) requires 
considerable amounts of heat and the source 
for the heat is not entirely clear either (e.g., 
Ashwal and Bybee 2017). 

2. GEOLOGICAL SETTING

2.1 Rapakivi suite of southern 
Finland

The Paleo- to Mesoproterozoic (1.65–1.54 
Ga) rapakivi granite suite of southeastern 
Finland is associated with the granite 
intrusions in Baltia, Russia, and Sweden 
(Rämö and Haapala, 2005). The Finnish 
intrusions include four large plutons (Wiborg, 
Åland, Laitila, and Vehmaa) with smaller 
satellite intrusions (Suomenniemi, Ahvenisto, 
Onas, Bodom, Obbnäs, Peipohja, Mynämäki, 
Eurajoki, Reposaari, Siipyy, Fjälskar, and 
Kökarsfjärd). The intrusions were emplaced 
into the 1.9–1.8 Ga Svecofennian crust at least 
in	two	pulses	that	differ	in	age	(e.g.,	Rämö	et	
al., 2014; Heinonen et al., 2017).  The older 
pulse generated the Wiborg batholith and 
related small satellite intrusions (Ahvenisto, 
Suomenniemi, Onas, Obbnäs, and Bodom) 
in southeastern Finland at 1.65–1.62 Ga. 
The younger pulse formed the intrusions 
of southwestern Finland (Åland, Laitila, 
Vehmaa, Peipohja, Mynämäki, Reposaari, 
Siipyy, Eurajoki, Fjälskar, and Kökarsfjärd) 
at 1.59–1.54 Ga (Rämö and Haapala, 2005).

 The rapakivi suite of southern Finland is 
bimodal and the granites are associated with 
massif-type	anorthosites	and	mafic	dikes.	At	
the current level of exposure, the granites 
dominate the area and the anorthositic and 
mafic	 rocks	 have	 only	 limited	 exposure.	
Geophysical evidence indicates that there 
are large volumes of unexposed anorthositic 
and	 mafic	 material	 at	 mid-crustal	 levels,	
however (e.g., Haapala and Rämö, 1992; 
Elo and Korja, 1993). There is strong 
isotopic evidence that the granitic and 
mafic	 (including	 anorthositic)	 magmas	 had	
different	 primary	 sources:	 lower	 crust	 and	

and most primitive granitic magmas is 
observed as monzodioritic pillow and net-
veined granite structures and as hybrid rocks 
(Johanson, 1984). For this kind of interaction 
to be possible, the monzodioritic and granitic 
magmas must have been close to a liquid 
state with similar conditions simultaneously. 
In addition, hybridization and mingling 
between the anorthositic and granitic magmas 
is common (e.g., Emslie et al., 1994).

1.6 Tectonic setting and temporal 
restrictions

The tectonic setting for the production 
of the large amounts of anorthositic 
parental melts at a restricted time period of 
ca. 2.6–0.5 Ga (e.g., Ashwal, 2010) is not 
entirely clear and several alternatives have 
been proposed (e.g., Ashwal and Bybee, 
2017 and references therein). For example, 
extensional environments such as plumes or 
hotspots (e.g., Taylor et al., 1984; Sharkov, 
2010), continental rifting environments (e.g., 
Bridgewater and Windley, 1973; Emslie, 
1978; Berg, 1979), convergent margin 
settings (e.g., Corrigan and Hanmer, 1997), 
or Andean-type continental arc settings 
(Bybee et al., 2014a) have been proposed. 
Precise zircon geochronology places the 
formation of the parental magmas into late- 
to post-tectonic settings that are prone to 
delamination of over-thickened lithosphere 
and post collisional extensions (McLelland et 
al., 2010). This could enhance the intrusion 
and ponding of the high-Al basaltic parental 
magmas (McLelland et al., 2010). On the 
other hand, the magmatism that produced 
massif-type anorthosites has been proposed 
to be long-lived (up to 100 m.y.), and thus 
post-collisional models that suggest short-
lived magmatism cannot account for the 
formation of anorthosite suites (Bybee et al., 
2014a). Convergent arc settings can provide 
enough heat to account for long-lived 
magmatism (Bybee et al., 2014a). Whatever 
the tectonic setting has been, the formation 
of such large amounts of magmas required 
to produce the largest AMCG suites (e.g. 
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upper mantle, respectively. The associated 
rocks	 show	 no	 measurable	 age	 difference	
within detection limits. Mineralogical and 
field	 evidence	 show	 that	 the	 anorthositic	
and granitic magmas were locally emplaced 
simultaneously and interacted with each 
other (e.g., Rämö et al., 2014). Chemical 
and physical mixing is observed as hybrid 
rocks such as dark wiborgites (Rämö et al., 
2014) and anorthositic (Arponen et al., 2009; 
Rämö and Arponen, 2010) and monzodioritic 
hybrids and pillow-structures (Johanson, 
1984; Alviola et al., 1999; Heinonen et al., 
2010b)	 and	 mafic	 enclaves	 (e.g.,	 Eklund,	
1993; Eklund et al., 1994; Salonsaari, 1995).

2.2 The 1.64 Ga Ahvenisto 
complex

The Ahvenisto complex (e.g., Savolahti, 
1956, 1966; Johanson, 1984; Alviola et al., 
1999; Heinonen et al., 2010a, 2010b, 2015, 
2020; Heinonen 2012) is one of the small 
satellite intrusions related to the Wiborg 
batholith and it is located northwest from 
the main batholith (Fig. 2). The complex 
is one of the oldest (1.64 Ga) intrusions of 
the rapakivi suite and the best example of 
AMCG magmatism at the current level of 
exposure in southern Finland. The Ahvenisto 
complex comprises a granitic intrusion 
that is surrounded by an anorthositic 
intrusion including minor monzodioritic 
rocks (Johanson, 1984; Alviola et al., 
1999; Heinonen et al., 2010b). A separate 
hornblende granite intrusion is located 
outside the anorthositic intrusion (Fig. 2). 
The granitic intrusion includes biotite-
hornblende granite and biotite granite with 
minor quartz-feldspar-porphyries (e.g., 
Johanson, 1984; Alviola et al., 1999). The 
anorthositic intrusion mainly consists of 
leucogabbronorite but also includes minor 
anorthosite, uralite-gabbro, leucotroctolite, 
olivine-gabbronorite, ilmenite-gabbro, and 
pegmatitic pockets of varying compositions 
(Johanson, 1984; Alviola et al., 1999). The 
monzodioritic intrusions that are rare in the 

Finnish rapakivi area, consist of Fe-rich 
monzodiorites and quartz monzodiorites 
(Johanson, 1984; Alviola et al., 1999). Other 
known occurrences of monzodioritic rocks 
are in the Åland batholith area (e.g., Eklund, 
1993; Eklund et al., 1994).

The	 crystallization	 ages	 of	 the	 different	
rocks vary between 1643–1632 Ma and 
the	 ages	 of	 the	 different	 lithologies	 overlap	
(e.g., Alviola et al. 1999; Heinonen et al., 
2010b).	 On	 the	 other	 hand,	 field	 relations	
suggest that the anorthositic rocks are the 
oldest (Alviola et al., 1999). Field relations 
suggest that the monzodioritic rocks are also 
dominantly older than the granitic rocks, but 
different	 interaction	 structures	 between	 the	
monzodioritic and granitic rocks suggest that 
the corresponding melts were emplaced at 
least partly simultaneously (Johanson, 1984; 
Alviola et al., 1999; Heinonen et al., 2010b). 
Isotope data (Hf, Nd, Sr, and O) suggests 
a mantle origin for the parental magmas of 
the anorthositic (and monzodioritic) rocks, 
hence the anorthositic rocks display a crustal 
signature most likely resulting from crustal 
contamination (e.g., Heinonen et al., 2010a, 
2010b, 2015). The monzodioritic rocks are 
presumably comagmatic with the anorthositic 
rocks	with	the	former	having	initial	ƐNd from 
-1.1 to -0.2 and Sri from 0.7028 to 0.7040 
and	 the	 latter	 having	 ƐNd from -0.9 to -0.5 
and  Sri from 0.7037 to 0.7041 (Heinonen et 
al., 2010b). They are presumed to represent 
the residual melt compositions left after the 
fractionation of the anorthositic cumulates 
(Heinonen et al., 2010b; 2015). The granitic 
rocks have been suggested to have crystallized 
from partial melts of the lower crust with a 
minor mantle component (Heinonen et al., 
2010b, 2015).

The anorthositic rocks of the complex 
are dominantly plagioclase cumulates with 
varying	amounts	of	interstitial	mafic	minerals	
(ortho- and clinopyroxene, ±olivine, and Fe-
Ti-oxides; 10–45 vol%). Large orthopyroxene 
megacrysts with high-Al content (HAOMs) 
and plagioclase megacrysts are a common 
feature in several locations throughout 
the anorthositic intrusion (e.g., Savolahti, 
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Figure 2. a) Map showing the location of the 1.64 Ga Ahvenisto complex NW from the Wiborg batholith 
and b) a lithological map of the Ahvenisto complex comprising of the oval main granitic intrusion that 
is surrounded by the anorthositic-monzodioritic intrusion and the separate hornblende granite intrusion 
outside the anorthositic intrusion. The main study areas mentioned in the text are 1) the Tuuliniemi area, 2) 
Pökölä area, 3) Pärnäjärvi-Iso Kuoppalampi area, 4) the eastern part of the complex, and 5) Lake Pitkäjärvi 
area.	Modified	after	Fred	et	al.	(2020).



19

1966; Alviola et al., 1999; Heinonen et al., 
2020). The occurrence of the orthopyroxene 
megacrysts indicates the typical polybaric 
crystallization history for the Ahvenisto 
complex (e.g., Emslie et al., 1994; Heinonen 
et al., 2020). The monzodioritic rocks 
are	 usually	 fine-grained	 and,	 unlike	 the	
anorthositic cumulates, they are presumed 
to represent near-melt compositions. The 
monzodioritic rocks consist of plagioclase, 
ortho- and clinopyroxene, amphibole, and 
occasionally olivine with varying amount 
of potassic feldspar and quartz (Johanson, 
1984; Alviola et al., 1999). Fe-Ti-oxides 
and apatite are common minor phases. The 
granitic rocks are coarse-grained and consist 
of potassic feldspar, quartz, and plagioclase, 
with	biotite	and	hornblende	as	the	usual	mafic	
phases (Johanson, 1984; Alviola et al., 1999). 
Olivine and occasionally clinopyroxene 
occur in the hornblende granites.

3. OBJECTIVES

The main objective of this thesis was to 
shed light on the petrogenesis of massif-
type anorthosites and related rocks by 
investigating the evolution of the anorthosite 
parental and residual melts. The evaluation of 
the parental magma composition of cumulate 
rocks,	 such	 as	 anorthosites,	 is	 difficult,	 and	
therefore,	petrogenetic	studies	of	related	fine-
grained rocks have proven to play a key role 
in the search of parental melt compositions 
of the cumulate rocks. Thus, the main 
part of the work conducted for this thesis 
focuses on the compositional evolution of 
fine-grained	 monzodioritic	 rocks	 associated	
with the anorthositic rocks and their relation 
to the anorthositic and granitic rocks. The 
monzodioritic rocks also play an important 
role	 in	 the	 mafic-felsic	 magma	 interaction	
evident in many AMCG suites (e.g., Eklund, 
1993; Alviola et al., 1999) and were in the 
focus of this thesis.

The main study area was the Ahvenisto 
complex in southeastern Finland. Samples 
collected from the Ahvenisto complex (Paper 

I and II; Johanson, 1984; Heinonen et al., 
2010b)	were	used	as	material	for	the	different	
petrological and geochemical studies and 
modeling to shed light on petrogenetic 
processes related to massif-type anorthosites 
in a global context. The outcomes of the 
petrogenetic studies of the Ahvenisto complex 
were also used as a framework to build up 
the thermodynamic modeling scheme that 
studied the petrogenetic evolution of massif-
type anorthosites in general.

The development of thermodynamic 
modeling tools during the past decades has 
enabled more comprehensive modeling of 
diverse magmatic processes (Heinonen et al., 
2021). This thesis uses novel thermodynamic 
modeling tools, rhyolite-MELTS (Gualda et 
al. 2012) and Magma Chamber Simulator 
(Bohrson et al., 2014, 2020), to test the 
different	hypotheses	that	have	been	presented	
for the origin (i.e., source and composition) 
of the massif-type anorthosite parental 
magmas: the production of high-Al basaltic 
parental magmas by assimilation-fractional 
crystallization of mantle-derived melts that 
have been contaminated by lower crustal 
material (e.g., Emslie et al., 1994, Mitchell 
et al., 1995; Heinonen et al., 2010b) or 
production of parental magmas by direct 
melting of lower crustal material (e.g., 
Taylor et al., 1984; Duchesne et al., 1999). 
The evolution of the parental magmas by 
polybaric fractional crystallization (e.g., 
Emslie et al., 1994; Charlier et al., 2010; 
Heinonen et al., 2020) leaving behind 
monzodioritic residual melts was also 
selected as a working hypothesis for further 
testing by using thermodynamic modeling.

In summary, the following hypotheses were 
tested during the course of this thesis using 
a variety of petrological methods combined 
with geochemical and thermodynamic 
modeling:

Hypothesis I: The massif-type anorthosite 
parental magmas were originally derived 
from the mantle, but crustal contamination 
played an important role in the production of 
Al-rich parental magmas.
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Hypothesis II: The monzodioritic parental 
magmas were produced by direct melting of 
lower crustal material without mantle input.

Hypothesis III: The massif-type anorthosite 
parental magmas crystallized polybarically 
while ascending from Moho-levels to upper 
crustal emplacement levels.

Hypothesis IV: The monzodioritic rocks 
represent the residual melt compositions 
left after the fractionation of the anorthositic 
cumulates and therefore, can be utilized in 
search of parental magma compositions of 
the massif-type anorthosites.

Hypothesis V: The monzodioritic rocks play 
an	important	role	in	the	formation	of	different	
observed interaction structures.

4. METHODS

4.1 Sample collection and 
preparation

The samples used in this thesis were 
collected	 during	 field	 seasons	 2014,	 2015,	
2016, and 2018 from the Ahvenisto complex 
using a hammer or rock saw. Sample 
descriptions and locations are listed in 
Papers I and II. The samples were prepared 
for petrographic and geochemical analysis 
at the Mineralogical Laboratory of the 
University of Helsinki (UH). Thin sections 
were prepared at UH. The samples were 
crushed, and representative pieces were 
handpicked for whole-rock analysis. The 
analyses reported in Paper I were conducted 
at UH. The crushed materials were powdered 
and fused to glass beads for XRF (X-Ray 
fluorescence)	analysis	conducted	at	UH.	The	
same powders were also used for the XRD 
(X-Ray	 Diffraction)	 analyses	 reported	 in	
Paper I. Detailed descriptions of the sample 

preparation	 procedures	 together	 with	 field	
work descriptions are available in Papers I 
and II.

4.2 Analytical methods

4.2.1	X-ray	fluorescence	(XRF)	and	
inductively-coupled plasma mass 
spectrometer (ICP-MS)

The major element whole-rock data 
for Papers I and II was obtained by XRF. 
The whole rock analyses of Paper I 
were conducted at UH using WD-XRF, 
PANalytical Axios mAX equipped with Rh-
anode x-ray tube run at 3 kW power setting. 
Major and trace elements were calibrated 
using	 Certified	 Refence	 Materials	 (CRM)	
and the quantitative results were calculated 
using	 SuperQ	 5.3	 that	 uses	 fixed	 alpha	
theoretical matrix correction factors and 
selected line-overlap corrections. The XRF-
analyses for Paper II were conducted at the 
Geoscience Laboratories, Ontario, Canada 
and at the USGS laboratories. Trace element 
whole-rock compositions of the samples 
in Paper II were determined using ICP-MS 
at the Geoscience Laboratories, Ontario, 
Canada, and at the USGS laboratories. 
Detailed descriptions of the XRF- and ICP-
MS-analyses are given in Papers I and II.

4.2.2	X-ray	diffraction	(XRD)

X-ray	 diffraction	 was	 used	 to	 determine	
the	 mineral	 assemblage	 of	 fine-grained	
samples presented in Paper I. XRD-analyses 
were conducted at UH using a PANalytical 
X’Pert	3	X-ray	powder	diffractometer	based	
on Bragg-Brantagon geometry with theta-
theta	 configuration,	 a	 Long	 Fine	 Focus	
(LFF)	Cu	line	focus	X-ray	tube,	fixed	sample	
holder, curved graphite monochromator and 
Xe-sealed gas proportional counter with 40 
kV and 40 mA. A detailed description of 
XRD-analyses is given in Paper I. 
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4.2.3 Electron microprobe analyzer 
(EMPA)

Major element mineral compositions 
were determined using electron microprobe 
analyzer. EMP analyses were conducted at UH 
using a JEOL JXA-8600 equipped with four 
wavelength-dispersive (WDS) spectrometers, 
upgraded with SAMx analytical software and 
PointElectronic SAMx hardware with 15 kV, 
15 nA, and 10 µm point size. Calibration was 
done by using a set of natural and synthetic 
oxide and silicate standards and matrix 
corrections by the SAMx analysis software 
using PAP correction. A detailed description 
of the EMPA-analyses is given in Paper II.

4.3 Modeling software

4.3.1 PELE

The PELE program (Bourdreau, 1999) 
was used to determine liquidus temperatures 
of the samples in Paper I. PELE is a 
software that calculates stable silicate liquid-
crystal-water assemblages on free energy 
minimization techniques and is a translation 
of MELTS (Ghiorso and Sack, 1995) 
algorithms and user interface for PC platform. 
PELE uses ideal solid solution models for 
solid phases and uses only the more common 
mineral components, and due to lack of the 
liquid interaction parameters the software 
is not fully thermodynamically consistent 
and	 is	 useful	 for	 first-order	 modeling	 only.	
Nevertheless, PELE can be used to calculate 
the	liquidus	temperatures	and	model	different	
magmatic processes such as equilibrium and 
fractional crystallization.

4.3.2 MAGFRAC

The MAGFRAC program (Morris, 1984) 
was used in Paper II to conduct FC modeling. 
MAGFRAC uses the least squares method on 
approximation	of	best-fit	compositions.	The	
least squares method is based on computer-
estimated proportions of fractionating phases 
mixed with daughter melt to produce a best-

fit	 estimation	 of	 parent	 melt	 composition.	
The suitability of the estimated parent 
composition is given by squaring the sum of 
residuals between observed and estimated 
parent compositions (Bryan et al., 1969). The 
input	 of	 MAGFRAC	 includes	 user-defined	
oxide compositions of observed parent melt 
and daughter melt and presumed fractionating 
phases. The output gives estimated parent 
melt composition, the sum of squared 
residuals, and proportions of daughter melt 
and phases.

4.3.3 Rhyolite-MELTS 

Rhyolite-MELTS was used for the isobaric 
equilibrium and fractional crystallization 
modeling of Paper II and polybaric FC and 
lower crustal melt modeling in Paper III. 
The rhyolite-MELTS (Gualda et al., 2012) 
is a part of the MELTS software package 
(Ghiorso and Sack, 1995) that can be used 
for thermodynamic modeling of phase 
equilibria in magmatic systems. MELTS can 
simulate	different	igneous	processes	such	as	
equilibrium and fractional crystallization. 
The rhyolite-MELTS versions have been 
supplemented with H2O-CO2	fluid	saturation	
models (Ghiorso and Gualda, 2015) and 
are more suitable also for natural silica-
dominated compositions over a temperature 
range of 500–2000°C and pressure from 0 
to 2 GPa. The output gives phase equilibria 
for	 solid,	 melt,	 and	 possible	 fluid	 phases,	
and their major element compositions based 
on a bulk composition of the system at user-
defined	 conditions,	 such	 as	 given	 pressures	
and temperatures.

4.3.4 Magma Chamber Simulator (MCS)

The MCS was used for isobaric AFC 
(assimilation-fractional crystallization) and 
fractional crystallization modeling in Paper 
III. The MCS (Bohrson et al., 2014, 2020) 
uses the MELTS software package as its 
thermodynamic engine and it can be used 
to model thermodynamic and geochemical 
evolution of an open multicomponent-
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multiphase magma system. The input for 
the MCS model includes pressure, major 
element, mass, and temperature constraints 
for parental magma, wallrock, and recharge 
(R). The simulation proceeds in user-
defined	 temperature	 steps	 depending	 on	 the	
selected mode (FC, RFC, AFC, RAFC). In 
FC the magma cools and crystallizes and 
the cumulates are removed to a separate 
cumulate reservoir after each step. The FC 
model	 proceeds	 until	 a	 user-defined	 end	
temperature or when magma has crystallized 
completely. In AFC models, the magma 
cools and crystallizes and wallrock is 
heated and potentially partially melted. The 
partial melt that has formed above the user-
defined	 percolation	 threshold	 value,	 gets	
assimilated by the magma. The crystallized 
solids are removed from the melt at the 
end of each temperature step. AFC model 
proceeds	 in	 user-defined	 temperature	 or	
mass constraints or when the magma and 
wallrock reach thermal equilibrium. In RFC 
and RAFC models recharge is added to 
magma after a given temperature change or 
at a certain temperature. Models with magma 
recharge were not used in this study. The 
output compiles the thermal budget, mass 
balance, phase equilibria, and phase and melt 
compositions for the magma, wallrock, and 
recharge for each step. 

5. PAPER SUMMARIES
Paper I:	 Tracing	 the	 styles	 of	 mafic-felsic	
magma interaction: A case study from the 
Ahvenisto igneous complex, Finland.

The	 aim	of	 the	first	 Paper	was	 to	 give	 a	
detailed	description	of	different	mafic-felsic	
magma interaction structures observed 
between the granitic and monzodioritic rocks 
of	 the	 Ahvenisto	 complex.	 Detailed	 field,	
petrographic, and whole-rock geochemical 
examination complemented with chemical 
mixing and melt-viscosity-modeling were 
utilized to study the complex nature of the 
interaction structures.

Detailed	study	of	the	different	interaction	
structures and related rock types suggests 
that three main monzodioritic rock types can 
be	 identified:	 olivine	 monzodiorite,	 pillow	
monzodiorite, and massive monzodiorite. 
These types seem to form an evolutionary 
trend from the most primitive olivine 
monzodiorites to the more evolved massive 
monzodiorites.	 Each	 type	 plays	 a	 different	
role during the formation of the interaction 
structures. Olivine monzodiorites do not 
show any interaction with the granitic 
rocks, and only small granitic inclusions 
were observed in it. The compositionally 
more evolved pillow monzodiorites mingled 
with the granitic rocks in pillow and net-
veined structures. The most evolved massive 
monzodiorites were able to chemically mix 
with granites, leading to formation of hybrid 
magmas, which were later crystallized as 
hybrid rocks. The study also suggests that 
the monzodioritic rocks represent near-
melt compositions and most likely play 
an important role in the search of melt 
compositions of the related anorthositic 
cumulates.

Paper II: Equilibrium crystallization of 
massif-type anorthosite residual melts: a case 
study from the 1.64 Ga Ahvenisto complex, 
Southeastern Finland.

The aim of the second Paper was to 
further examine the observed compositional 
evolution trend of the monzodioritic rocks 
of the Ahvenisto complex and how the 
monzodioritic rocks relate to the anorthositic 
rocks. Field, petrography, whole-rock major 
and trace element, and major element mineral 
geochemical observations complemented 
with geochemical and thermodynamic 
modeling (MAGFRAC, rhyolite-MELTS) 
were used to study the melt evolution of the 
monzodioritic rocks and their relation to the 
anorthositic cumulates.

Field, petrography, and geochemical 
observations strongly suggest that 
the monzodioritic rocks related to the 
anorthositic cumulates represent near-melt 
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compositions. The monzodioritic rocks form 
a liquid line of descent (LLD) from the most 
primitive olivine monzodiorites to the more 
evolved pillow and massive monzodiorites. 
Ortho- and clinopyroxene and olivine show 
notably low Mg/Fe (En48–63, Mg#(cpx)60–69, 
Fo25–45) compared to the host monzodioritic 
whole-rock compositions (Mg# 42–52), 
regardless that they still seem to form a 
parallel compositional evolution trend 
with the whole-rock LLD. The petrological 
modeling conducted suggests that the 
observed monzodioritic LLD corresponds 
to a residual melt evolution trend left 
after fractional crystallization (FC) of the 
anorthositic cumulates. The models further 
suggest that the monzodioritic residual melts 
of evolving compositions then crystallized 
in equilibrium, producing the low Mg/Fe of 
the	mafic	minerals.	Comparison	of	 the	 data	
to a global monzodioritic data set indicates 
that the petrological models are applicable to 
other massif-type anorthosite suites as well, 
and thus suggests that the monzodioritic 
rocks related to massif-type anorthosites in 
general represent residual melt compositions 
left after the fractional crystallization of the 
anorthositic cumulates. 

Paper III: Thermodynamic Constraints on 
the Petrogenesis of Massif-type Anorthosites 
and Their Parental Magmas.

The aim of the third Paper was to shed 
further light on some of the remaining 
vagueness on the hypothesis for the source 
(mantle or crust) and composition (basaltic 
or monzodioritic) of the massif-type parental 
magmas. To study this, a state-of-the-art 
modeling tool, the Magma Chamber Simulator 
(MCS), complemented with rhyolite-MELTS 
were used, to thermodynamically model the 

possible process accountable for producing 
the anorthosite parental magmas. MCS was 
used to conduct major element AFC modeling 
at 1000 MPa pressures using experimental 
mantle-derived magma compositions for 
estimates of the primary magmas and average 
lower crustal compositions for estimates 
of the wallrocks. MCS was also used for 
modeling isobaric fractional crystallization 
(iFC; from 100 to 1000 MPa in every 100 
MPa intervals) of selected parental magmas. 
Rhyolite-MELTS was used to model 
production of lower crustal melts (same 
composition as wallrock in AFC) at 1000 
MPa and polybaric fractional crystallization 
(pFC) of the selected parental magmas.

The conducted models suggest that the 
anorthosite parental melts were produced in 
an AFC process when mantle-derived melts 
assimilated lower crustal material. Producing 
the parental melts by only melting the lower 
crust would require the crust to melt almost 
completely or completely (73–100 wt%). 
This would, however, require such high 
temperatures that it would be unfeasible 
without simultaneous mantle melting. It 
would	 also	 have	 a	 dramatic	 effect	 on	 the	
stability of the crust, and it is therefore, 
considered unlikely.  The AFC models also 
suggest that the parental melts were high-Al 
basalts. Further isobaric and polybaric FC 
modeling of these parental magmas suggest 
that the anorthosite parental melts underwent 
polybaric	fractional	crystallization	at	different	
crustal levels (~40–5 km) and left behind 
monzodioritic residual melts. Although the 
models	 were	 simplified	 to	 characterize	 the	
general petrogenetic processes of massif-type 
anorthosites, the promising results indicates 
that the models can serve as a framework 
for more detailed modeling of individual 
intrusions in the future.
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6. DISCUSSION
Special focus of this study was on the 

monzodioritic rocks that are presumed to 
represent near-melt compositions and might 
play a key role in the petrogenesis of massif-
type anorthosites. Another important part 
was to apply novel thermodynamic modeling 
to study the petrogenesis of these rock 
suites. Thus, the following discussion on the 
results of this thesis will mainly focus on 
the monzodioritic rocks and thermodynamic 
modeling, and how the results can be used to 
elucidate the petrogenetic processes during 
the formation of AMCG suites.

6.1 The significance of the 
monzodioritic rocks

6.1.1. Field, petrographic, and 
geochemical characteristics of the 
monzodioritic rocks

The monzodioritic rocks of the Ahvenisto 
complex are usually exposed between 
the outer rim of the anorthositic arc and 
country rocks or hornblende granite (Fig. 
2). The monzodioritic intrusions mainly 
consist	of	1)	fine-	to	medium-grained	(<1–3	
mm) massive monzodiorite with poikilitic 
hornblende	 phenocrysts,	 2)	 fine-grained	
(<0.5 mm) pillow-like monzodiorite mingled 
with net-veined granitic material, or 3) 
medium-grained (1–5 mm), dark, olivine-
monzodiorite (Figs. 3 a-c; Papers I and II). 
The olivine monzodiorite has not previously 
been described from the Ahvenisto complex, 
and it seems to be limited to a small area in 
the southern parts of the complex (Paper II). 
The observed contact with the anorthositic 
cumulates is either 1) sharp and monzodiorite 
shows chilled margins (Alviola et al., 1999), 
2) gradational in wider scale, or 3) complex 
with brecciated material (Papers I and II).

The	 massive	 monzodiorites	 show	 fine-
grained groundmass consisting of plagioclase, 
pyroxenes, and K-feldspar with minor quartz 
and biotite. Poikilitic hornblende crystals 

stand out from the groundmass (Fig. 3d). 
The	fine-grained	groundmass	of	 the	pillow-
type monzodiorite consists of plagioclase, 
amphibole, biotite, and K-feldspar with 
plagioclase phenocrysts and amphibole 
pseudomorphs (replacing pyroxene; Fig 
3e). The olivine monzodiorite consists of 
plagioclase, ortho- and clinopyroxenes, and 
olivine (Fig. 3f). Fe-Ti oxides (ilmenite + 
minor magnetite) and apatite are common 
minor phases in all of the monzodioritic 
rocks.

These three monzodioritic rock types seem 
to form an evolutionary trend (i.e., LLD) from 
the most primitive olivine monzodiorites 
(Mg# 52–38) through pillow monzodiorites 
(Mg# 42–32) to massive monzodiorites 
(Mg# 36–25), although there is some overlap 
between the groups (Fig. 4; Paper I). It also 
seems that the monzodioritic rocks of the 
northern intrusion are compositionally more 
evolved than the monzodioritic rocks of the 
southeastern intrusion. This might be due to 
a	difference	in	the	current	level	of	exposure	
at	 different	 parts	 of	 the	 complex.	 The	
monzodioritic rocks also show decreasing 
Al2O3 content with decreasing Mg# (Fig. 
4), which indicates removal of plagioclase 
from the melt that they crystallized from. 
In addition, the monzodioritic rocks show 
increasing negative Eu- and Sr-anomalies 
from the primitive to more evolved rocks 
(Fig. 5; Paper II). The CaO content is quite 
constant in all of the rocks, but it might be 
affected	 by	 the	 crystallization	 of	 apatite	
– they show increasing P2O5 content with 
decreasing Mg# (Papers I and II). The other 
major element oxides of the monzodioritic 
rocks also show linear trends with decreasing 
Mg# and do not show any evidence of phase 
accumulation (Papers I and II). In addition, 
the REE abundances of the monzodioritic 
rocks are higher compared to the anorthositic 
cumulates and the abundances increase 
from olivine monzodiorites to the massive 
monzodiorites (Fig. 5; Paper II), which 
indicates that these rocks represent evolving 
residual liquid compositions.

The	 observed	 field,	 petrographic,	 and	
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Figure 3. Outcrop photos of a) massive monzodiorite, b) pillow monzodiorite, and c) olivine monzodiorite 
and cross-polarized photomicrographs from corresponding thin section samples (d–f, respectively) showing 
the	rather	fine-grained	nature	of	all	the	monzodioritic	rocks	(Papers	I	and	II).

major and trace element characteristics of 
the monzodioritic rocks of the Ahvenisto 
complex indicate that they represent near-
melt compositions and that they crystallized 
from an evolving melt from which plagioclase 
and Fe-Mg-silicates have been fractionated. 
These observations of the monzodioritic 
rocks are important, since this indicates that 
they can be utilized to also shed light on the 

evolution of the anorthositic cumulates and 
they play an important role in the search for 
related melt compositions.

On the other hand, if the monzodioritic 
rocks represent near-melt compositions, it 
is	 peculiar	 that	 the	 mafic	 phases	 found	 in	
the olivine monzodiorites of the Ahvenisto 
complex are not in Fe-Mg equilibrium with 
the host rock compositions (Paper II). They 
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show much lower Mg/Fe than what would be 
expected to be in equilibrium with the Mg/
Fe	of	the	host	rock	(Fig.	6).	The	mafic	phases	
show low Mg/Fe in general in AMCG suites 
(e.g., Owens and Dymek, 1995; Ashwal 
et al., 1998; Li et al., 2000; Ashwal, 2010; 
Ashwal and Bybee, 2017). Several options 
could be responsible for these peculiar 
compositions, for example, accumulation, 
mixing, or xenocrystic origins. However, 
there is no evidence of such an origin for the 
mafic	 phases	 in	 the	 olivine	 monzodiorites	
(Paper II). Additionally, even though the 
mafic	 phases	 are	 not	 in	 Fe-Mg	 equilibrium	

Figure 4. The monzodioritic rocks of the Ahvenisto complex in Mg# vs. Al2O3  diagram showing regional 
differences	and	the	chemical	evolution	from	the	olivine	monzodiorites	to	massive	monzodiorites.

with the corresponding rocks, the evolution 
of their compositions nevertheless seem 
to correlate with the LLD of the host rock 
compositions indicating that they are still 
somehow linked (Fig. 6). This points towards 
to a conclusion that the apparent mineral-
melt disequilibrium could be caused by a 
local equilibrium crystallization process. 
Equilibrium	 crystallization	 does	 not	 affect	
the Mg/Fe budget of the host-rock, but might 
have	a	major	effect	on	the	final	composition	
of individual phases. This is discussed further 
in the following sections.
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Figure 5. a) REE diagram normalized to chondrite (Boynton 1984) showing the negative Eu-anomaly and 
REE enrichment of the monzodioritic rocks compared to the anorthositic cumulates, and b) incompatible 
trace element diagram normalized to primitive mantle (Sun and McDonough 1989) showing the Sr-anom-
aly	of	monzodioritic	rocks	from	the	Ahvenisto	complex	(modified	after	Paper	II).

6.1.2 Insights into the origin of the 
monzodioritic rocks from petrological 
modeling

The	field	and	petrographical	observations	
combined with geochemical data strongly 
indicate that the monzodioritic rocks of the 
Ahvenisto complex represent near-melt 
compositions of an evolving residual melt that 
possibly crystallized in equilibrium. To test 
the hypothesis of residual melt composition 
and equilibrium crystallization, various 
crystallization models were conducted for the 
Ahvenisto data. 

Rhyolite-MELTS (Gualda et al., 2012) was 
used to produce equilibrium crystallization 
(EC) simulations at 100 MPa for six olivine 
monzodiorite samples for which mineral 
chemical data were available (see detailed 
description in Paper II). The crystallizing 
assemblages produced in the simulations 
correspond well with the assemblage of the 
natural samples. The compositions of the 
mafic	phases	(olivine	and	pyroxenes)	evolve	
to more Fe-enriched compositions during 
the simulations, and the measured mineral 
compositions are within the compositional 
range of the minerals produced in the 
simulations	 (Fig.	 6,	 Paper	 II).	 The	 mafic	
phases from other monzodioritic rocks of the 

Ahvenisto complex also show Fe-enriched 
compositions (Fig. 6; Johanson 1984). Thus, 
formation of the monzodioritic rocks by 
equilibrium crystallization at the level of 
emplacement could well explain the observed 
compositions. On the other hand, equilibrium 
crystallization cannot explain the observed 
LLD of the monzodioritic rocks and this 
requires further examination.  

To examine the possible processes 
that produced the observed LLD for the 
monzodioritic rocks, two approaches were 
used: 1) Rhyolite-MELTS (Gualda et 
al., 2012) to conduct thermodynamically 
constrained fractional crystallization (FC) 
models for the most primitive olivine 
monzodiorite composition at varying 
pressures	 (100–1200	 MPa),	 and	 2)	 best-fit	
parental melt compositions calculated with 
MAGFRAC (Morris, 1984) software in order 
to replicate the LLD in two stages using 
whole-rock and mineral chemical data from 
the Ahvenisto complex [i.e., fractionating the 
mineral phases of the anorthositic cumulates 
from monzodioritic (melt) compositions; see 
modeling details in Paper II]. The rhyolite-
MELTS FC simulation run at 100 MPa is 
shown in Figure 7. The simulations were 
compared to the monzodioritic data set 
of the Ahvenisto complex, and they show 
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Figure 6. Measured	 mafic	 mineral	 compositions	 from	 the	Ahvenisto	 complex	 rocks	 in	 a)	 olivine-melt	
equilibrium diagram (Roeder and Emslie 1970, Putirka 2008), b) FeOol vs. MgOol, c) orthopyroxene-melt 
equilibrium	diagram,	and	d)	FeOopx	vs.	MgOopx	showing	the	Fe-Mg	disequilibrium	of	the	mafic	phases	
with	 the	 corresponding	 whole-rock	 compositions	 and	 the	 compositional	 evolution	 trend	 of	 the	 mafic	
phases in correspondence with whole-rock compositions. Blue arrows show the range of evolving phase 
compositions of the EC simulations and the red curve is the calculated mineral-melt equilibrium trend (a 
and	c).	Modified	after	Paper	II.

that	 none	 of	 these	 simulations	 fit	well	with	
the monzodiorite data (Fig. 10 in Paper II). 
However, simulations run at lower pressures 
give	 better	 fits.	 The	 two-stage	 approach	
based on major changes in the modal and 
geochemical composition between the 
olivine monzodiorites and monzodiorites 
used in the MAGFRAC models show that 
the estimated parent compositions calculated 
by the software are very close to the 
measured parent compositions. In addition, 
the calculated fractionation trend from the 
estimated	parent	to	daughter	fits	well	with	the	
monzodioritic LLD (Fig. 7). 

As all models, the MELTS software also 
has some issues. Delayed crystallization of 
plagioclase in MELTS has been observed 
also on other occasions (see Putirka, 2005). 
In addition, the rhyolite-MELTS is not well 

suited for igneous systems with intermediate 
composition and phase assemblage 
dominated by amphibole and biotite (Ghiorso 
and Sack, 1995; Gualda et al., 2012; Ghiorso 
and Gualda, 2015), which are major phases 
in the evolved monzodiorites. These issues 
might play a role in the mismatch between 
the rhyolite-MELTS fractionation models 
and the observed monzodioritic LLD. In 
contrast, the MAGFRAC modeling is based 
on actual observed mineral parageneses 
and measured mineral compositions, and 
thus,	the	good	fit	of	the	MAGFRAC	models	
with the monzodioritic LLD suggest that 
the evolving compositional trend of the 
monzodioritic magmas was most likely 
produced by fractionally crystallizing system 
that produced the anorthositic cumulates. 
Hence, the monzodioritic rocks represent the 
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Figure 7. Variation diagrams of a) MgO and b) K2O vs. SiO2 and c) Al2O3 and d) FeOtot vs. Mg# showing 
the results of the crystallization modeling (rhyolite-MELTS, MAGFRAC) compared with the monzodioritic 
LLD	of	the	Ahvenisto	complex	and	the	global	monzodioritic	data	set.	Modified	after	Paper	II.

residual melts after anorthosite fractionation 
(Paper II). Individual monzodiorite 
magma batches tapped from this evolving 
fractionally crystallizing system crystallized 
in equilibrium as described above.

The	 mafic	 phases	 in	 the	 anorthositic	
cumulates are also in Fe-Mg-disequilibrium 
with the corresponding whole-rocks (Fig. 
6). They show slightly more primitive 
olivine	 composition	 compared	 to	 the	 mafic	
phases of the olivine monzodiorites (Fig. 
6). The orthopyroxene compositions show 
similar compositional range with the olivine 
monzodiorites, although some of the samples 
show slightly more evolved compositions. 
They are more primitive than the 
orthopyroxenes in the massive monzodiorites 
(Fig.	 6).	 Since	 the	 mafic	 phases	 in	 the	
anorthositic cumulates are usually interstitial 

and crystallized at lower pressures (e.g., 
Heinonen et al., 2020), this may indicate 
that they crystallized from more evolved 
liquids, i.e., the earliest residual melts, than 
the plagioclase that crystallized earlier. 
Thus, some local equilibrium crystallization 
process might have also played a role in the 
observed Fe-enriched phase compositions of 
the anorthositic rocks.

6.1.3	Mafic-felsic	magma	interaction

The chemical composition of the 
monzodioritic magmas also seem to play a 
role in the mode of interaction with the coeval 
granitic magmas. Only the more evolved 
compositions (pillow and massive) seem to 
be involved in the interaction with granitic 
material (Paper I). Field observations suggest 



30

DEPARTMENT OF GEOSCIENCES AND GEOGRAPHY A108

that both chemical and physical interaction 
occurred at the Ahvenisto complex between 
the monzodioritic and granitic magmas 
(Johanson, 1984; Alviola et al., 1999; Paper 
I). In order for two magmas to be able to mix 
chemically, they must bear similar viscosities 
and temperatures (Sparks and Marshall, 
1985). Simple mixing calculations between 
the	 felsic	 (hbl-granite)	 and	mafic	 (massive,	
pillow, and olivine monzodiorites) end-
members were conducted in order to study 
the possible origin of the hybrid rocks of the 
Ahvenisto complex (Paper I). The mixing 
calculations combined with the least sum 
of squares method indicate that the ground 
masses of the hybrid rocks were produced by 
hybridizing the most evolved monzodioritic 
melt (i.e. massive monzodiorite) with 
hornblende granitic melts in 3:1 proportion 
(Fig. 8; Paper I). The observed K-feldspar 
phenocrysts in the hybrid rocks most likely 
originate from the hornblende granite and 
were introduced to the rock by physical 
mixing.

Viscosities of magmas at thermal 
equilibrium strongly control whether two 
magmas can hybridize, and the proportions 
and compositions of the magmas regulate the 
process, i.e., for example, only a relatively 
large proportion of felsic magma can mix 
with	 evolved	 mafic	 magma	 (Sparks	 and	
Marshall, 1985). Thus, a melt viscosity model 

Figure 8. a)	Results	of	simple	mixing	calculations	between	felsic	(hbl-granite)	and	mafic	(olivine,	pillow,	
and massive monzodiorite) end-members shown in FeOtot vs. Mg# diagram. b) a plot showing the results 
of	least	sums	of	square	method	showing	the	mixing	ratio	(3:1)	of	mafic	and	felsic	end-members.	Modified	
after Paper I.

of Giordano et al. (2008) was utilized to 
estimate the viscosities of the monzodioritic 
and granitic magmas of the Ahvenisto 
complex (Paper I). The results show that in 
dry melts the granitic rocks in the veins of the 
mingling structures have higher viscosities 
than	the	pillow	monzodiorites,	although	field	
relations suggest otherwise (Figs. 3b and 9a; 
Paper I). The viscosities could, however, 
be reversed with only a small amount of 
heat loss from the monzodioritic magma 
to the granitic magma. Also, the H2O and 
F content of the magmas might play a role. 
The granitic magmas most likely have higher 
H2O content, which would lead to lower 
viscosities (Paper I). Also, the H2O content 
of	 the	 mafic	 end-member	 usually	 increases	
when the magma evolves, and when H2O is 
added to the massive monzodiorite, it shows 
similar viscosity with hbl-granitic magma 
at the same temperature (Fig 9b; Paper I) 
indicating that these two magmas were able 
to chemically mix.

Recent work (Ruhanen, 2022) on the 
crystallizing	conditions	(P,	T)	of	the	different	
rock types involved in the interaction 
processes suggests crystallizing temperatures 
in the range of 769–846°C for the hornblende 
granite (Hbl-plg-thermometer; Blundy 
and Holland, 1990; Holland and Blundy, 
1994) and 926–1110°C for the massive 
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Figure 9. The results of the viscosity calculations of a) dry monzodioritic pillow vs. vein granite with 1 and 
2.5 wt% of H2O and b) massive monzodiorite with 1 wt% of H2O vs. hornblende granite with 2.5 wt% of 
H2O combined with estimated crystallization temperatures from geothermometric calculations (Ruhanen, 
2022).	Modified	after	paper	I.

monzodiorites (two-pyroxene thermometer; 
Wood and Banno, 1973; Wells, 1977) at 
low pressures (<500 MPa). When these are 
combined with the viscosity modeling (Fig. 
9), they provide further evidence for the 
mixing hypotheses: the pillow monzodiorites 
and	 vein	 granites	 have	 different	 viscosities	
preventing chemical mixing. The massive 
monzodiorites and hbl granites have similar 
viscosities and are able to hybridize. An 
important factor here is that the temperatures 
are calculated for the massive monzodiorite 
and hornblende granite, and thus, do not 
directly correspond to the temperatures of the 
pillow monzodiorites and vein granites, but 
these can be presumed to be close enough. 

The terms mixing (chemical and physical), 
mingling, and hybridizations have been 
used rather loosely in the literature. Recent 
work by Heinonen et al. (2021) consider 
these terms in the following perspective: 
melt mixing can be used as an umbrella 
term that includes the spectrum between the 
end-member processes of 1) hybridization 
(i.e. chemical mixing of two end member 
melts forming a homogenous melt) and 
2) physical mixing (mingling) without 
chemical mixing. Therefore, the term mixing 
can stand for either chemical or physical 
mixing or something between these end-
member processes (see detailed discussion 
in Heinonen et al. 2021). If this is applied to 
the	mafic-felsic	 interaction	 structures	of	 the	
Ahvenisto complex, the end member process 
of physical mixing (mingling) is observed 

as the monzodioritic pillows and net-veined 
granites and chemical mixing (hybridization) 
in the ground mass of the hybrid rocks 
(homogenized melt produced in chemical 
mixing of monzodioritic and granitic melts; 
Paper I).  The hybrid rocks of the Ahvenisto 
complex actually represent an example of a 
product between the two end member mixing 
processes – it also includes the K-feldspar 
xenocrysts from the granitic rock introduced 
into the hybrid rock by physical mixing.

6.1.4 Monzodioritic rocks in a global 
context

The monzodioritic rocks of the Ahvenisto 
complex show similar major element 
characteristics with a global dataset of 
monzodioritic rocks that seem to form a 
uniform trend, i.e., the presumed residual 
melt trend left after anorthosite fractionation 
(Fig. 7; Paper II). The monzodioritic 
rocks of the Ahvenisto complex show 
somewhat lower CaO, Na2O, and P2O5 and 
the	 olivine	 monzodiorites	 seem	 to	 define	 a	
compositionally unique group compared to 
the global dataset (Paper II). However, the 
main geochemical characteristics are similar. 
In addition, the appearance of the Ahvenisto 
monzodioritic	 rocks	 in	 the	 field	 and	 their	
mineral assemblage and habit is similar to 
what have been observed in other AMCG 
suites (e.g., Emslie et al., 1994).

As mentioned earlier, other suggestions 
for the origin of the monzodioritic rocks 
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have also been presented (e.g., Bybee et al., 
2015; Paper II). One of the key arguments 
for the suggestion that the monzodioritic 
rocks represent the parental magmas of the 
anorthositic rocks and not their residual melts 
has been the lack of negative Eu-anomaly 
that would have inevitably been produced 
by extensive plagioclase fractionation, 
especially in the reducing conditions 
characteristic for AMCG magmatism. On 
the other hand, many of the monzodioritic 
rocks actually show at least small negative 
Eu-anomalies (e.g., Owens et al., 1993; 
Mitchell et al., 1996; Duchesne et al., 2017; 
Paper II) and many of the monzodioritic 
rocks that lack the Eu-anomalies still show 
strong Sr-anomalies indicating plagioclase 
fractionation (e.g., Vander Auwera et al., 
1998). As many studies suggest a bimodal 
origin for the origin of AMCG rocks 
(e.g., Rämö, 1991; Emslie et al., 1994; 
Ashwal and Bybee, 2017 and references 
therein), producing the more evolved 
melts from monzodioritic melts would 
require a very high degree of fractionation 
and considerably larger amounts of these 
melts (Kolker et al., 1991). At least for the 
Ahvenisto monzodioritic rocks, their Nd-
Sr-isotope compositions overlap with those 
of the anorthositic cumulates suggesting a 
comagmatic relationship (Heinonen et al., 
2010b). In addition, the granitic rocks show 
crustal signature, while the monzodioritic 
and anorthositic rocks show isotopic 
evidence of mantle origin (Heinonen et al., 
2015). Thus, the monzodioritic rocks are 
unlikely to represent intermediate derivatives 
between the anorthositic and granitic 
rocks or immiscible liquids (Paper II). The 
global monzodioritic data set shows similar 
geochemical characteristics (Paper II) and 
thus, they most likely are of the same origin. 

To conclude, based on the evidence 
presented for the Ahvenisto monzodioritic 
rocks, they most likely represent the residual 
liquids left after fractional crystallization of 
the massif-type anorthosite parental magmas. 
The monzodioritic rocks were crystallized in a 

local equilibrium process at the emplacement 
level, but the overall geochemical evolution 
was controlled by the crystallization of the 
anorthositic cumulates in deeper crust. The 
petrological modeling presented for the 
Ahvenisto rocks could be applied for other 
AMCG suites as well. The presented models 
despite	their	limitations	fit	quite	well	with	the	
global monzodioritic data (Fig. 7), and thus 
indicate that AMCG-related monzodioritic 
rocks represent residual liquids. The presented 
evidence	emphasizes	 the	significance	of	 the	
role of the monzodioritic rocks during the 
petrogenetic evolution of AMCG suites, and 
thus they played an important role in the 
thermodynamic modeling conducted for this 
thesis discussed in the following section.   

6.2 Applying the Magma Chamber 
Simulator to shed light on 
anorthosite petrogenesis

One of the main objectives of this thesis 
was to apply a novel thermodynamic 
modeling tool, the Magma Chamber 
Simulator, to shed light on some of the 
hypothesis presented for the petrogenesis 
of massif-type anorthosites. Complemented 
with rhyolite-MELTS modeling, 
major element models of lower crustal 
melting (LCM), assimilation-fractional 
crystallization (AFC), isobaric factional 
crystallization (iFC), and polybaric fractional 
crystallization (pFC) were conducted using 
experimental mantle-derived melts, average 
lower crustal compositions, and suggested 
high-Al basaltic and monzodioritic parental 
magma composition (Table 1). The purpose 
of the modeling was to examine the following 
hypotheses: 1) production of massif-type 
anorthosite parental magmas by direct 
melting of the lower crust, 2) production 
of the parental melts by assimilating lower 
crustal material with mantle-derived melts, 
and 3) production of anorthositic cumulates 
and monzodioritic residual melts by polybaric 
fractional crystallization (Paper III).
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Table 1.	List	of	different	magmas,	wallrocks,	and	conducted	models	of	this	study.	Modified	after	Paper	III.

The model results show that production 
of high-Al basaltic anorthosite parental 
magmas by direct melting of the lower crust 
is	possible,	if	mafic	lower	crust	is	melted	to	
a high degree or completely (70–100 wt%; 
Fig. 10 a and b; Paper III). The suggested 
monzodioritic parental magma compositions 
cannot be produced by melting the lower 
crust (Fig. 10; Paper III). Melting of such 
high degree of the lower crust would require 

temperatures of 1240–1380°C at 1000 MPa 
(Fig. 10; Paper III). This would be unfeasible 
without simultaneous mantle melting and 
input – documented experimental solidus 
temperatures of ambient dry mantle 
compositions yield temperatures of 1190–
1270°C (Kiefer et al., 2015). In addition, the 
enormous volume of lower crust required to 
produce the large amounts of melts needed 
for formation of AMCG suites, would have 
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Figure 10. Examples of melt evolution trends from lower crustal melting models (a and b) and AFC models 
(c and d) compared to suggested high-Al basaltic and monzodioritic parental magmas of massif-type 
anorthosites. Circle- and diamond-shaped symbols indicate the model melt composition at each step during 
the crustal melting simulations (a and b) and MCS-AFC simulations (c and d). Turquoise symbols in a and b 
indicate complete melting of the lower crust and shaded areas the range of temperatures and melt fractions 
inside	 the	 compositional	 range	of	 the	 high-Al	 basaltic	 parents	 (a	 and	b).	The	best	 fit	magma-wallrock-
combinations	produced	in	the	AFC	simulations	are	indicated	with	orange	(c	and	d).	Modified	after	Paper	III.

a	dramatic	effect	on	the	stability	of	the	lower	
crust (Bybee et al., 2014b; Ashwal and 
Bybee, 2017).

The high-Al basaltic parental magmas 
can also be produced by contamination of 
hot,	 primitive	mantle	melts	 by	mafic	 lower	
crustal material (Figs. 10 c and d; Paper 
III). The conducted MCS-AFC simulations 
suggest that after the AFC producing the 
parental melts, the amount of that melt left in 

the reservoir is still high (~70 wt%), and is, 
thus, high enough for the formation of large 
anorthosite suites (Paper III). The outcomes 
of the LCM and AFC modeling indicate that 
massif-type anorthosite parental magmas 
were produced by AFC process rather than 
direct melting of lower crust, and that the 
parental magmas were of high-Al basaltic 
compositions. 

The liquidus temperatures of the melts 
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in the AFC models at 1000 MPa are 
anomalously hot, 1360–1600°C (Paper III) 
even compared to the ambient upper mantle 
temperatures in the Proterozoic times, when 
they were potentially only 100°C higher 
than today (Ganne and Feng, 2017). Such 
high temperatures could be explained, for 
example, by a mantle plume or warming of the 
mantle by supercontinent isolation (Coltice et 
al., 2007; 2009). The mantle temperatures are 
controlled by convection and global mantle 
geodynamics, but they are also sensitive to 
distribution and extent of the continental crust 
(e.g., Coltice et al., 2009). Since those two 
are not constant, the mantle most likely has 
not cooled monotonically since the Archean 
times. A recent study indeed suggests that the 
mantle temperatures have actually increased 
during the Proterozoic at ca. 2 Ga due to 
increased crustal growth and amalgamation 
of the supercontinent Nuna (Tamblyn et al., 
2021). This could have provided the required 
heat to produce the massif-type anorthosites 
parental melts and would explain the temporal 
restriction of them mainly to the Proterozoic.  

The trace element and isotope 
compositions have played an important 
role in the discussion of the source for the 
anorthosite parental magmas (e.g., Mitchell 
et al., 1995; Schiellerup et al., 2000; Hannah 
and Stein, 2002; Heinonen et al., 2010, 2015; 
Bybee et al., 2014a)  Many studies support 
the suggestion that the parental magmas to 
anorthositic rocks are mantle-derived melts 
affected	 by	 crustal	 contamination	 (e.g.,	
Mitchell et al., 1995; Heinonen et al., 2010; 
Bybee et al., 2014a). On the other hand, some 
suites show strong crustal signatures pointing 
towards a lower crustal origin (e.g., Schärer 
et al., 1996; Schiellerup et al., 2000). The 
models presented here do not completely 
rule out the possibility of producing the 
high-Al basaltic melts by direct melting 
of lower crustal material. In addition, 
assimilation plays a major role in the early 
stages during anorthosite petrogenesis as 
is also shown by the AFC models (up to 
70 wt% of assimilation; Paper III), and it 
has to be emphasized that the lower crustal 

melting has an important role in production 
of the observed compositions in massif-type 
anorthosite suites. Indeed, the development 
of the modeling tools and the ability to model 
partial melting of the wallrock, has shown 
that mantle-derived magmas can inherit 
strong crustal radiogenic isotope signatures 
even with only low amounts (<20%) of 
assimilation (e.g., Fowler et al., 2004, 
Heinonen et al., 2016) and in the models of 
this study the amount of assimilation can 
reach up to 70 wt% (Paper III).

Further inspection of the melt evolution 
by fractional crystallization of the suggested 
parental melts suggests that the melt trends 
produced by fractional crystallization 
are similar with the global monzodioritic 
trend (Fig. 11; Paper III). This provides 
further evidence to the hypothesis based 
on the evidence presented above, that the 
monzodioritic rocks represent residual melt 
compositions. The global monzodioritic 
dataset shows wide compositional variation, 
and thus, some mismatch of the simulations 
with the natural data is expected (Fig. 11; 
Paper III). The variation can be caused 
by various factors, such as accumulation 
of cumulus plagioclase, cumulus 
samples included in the dataset, and local 
compositional	variations	 (i.e.,	differences	 in	
parental magma and wallrock compositions). 
Local comparison of the dataset, however, 
shows	that	most	of	the	data	in	different	AMCG	
suites plot on a similar trend corresponding 
to the FC simulations conducted at lower 
pressures (Fig. 11c; Paper III). The cumulate 
assemblage and compositions produced in the 
FC simulations show similar characteristics 
to the anorthositic cumulates (Paper III). The 
plagioclase-pyroxene ratio, however, is lower 
compared to that of the natural anorthositic 
cumulates. The current hypothesis on the 
anorthosite formation includes sinking of 
mafic	phases	during	the	early	stages	of	melt	
evolution (e.g., Emslie et al., 1994), which is 
not taken into account in MCS and would thus 
have	an	effect	on	the	observed	results,	i.e.,	if	
some of the pyroxene sunk, the ratio of the 
simulations would be closer to that observed 
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Figure 11. Examples of melt trends produced in a) iFC and b) pFC modeling compared to the global dataset 
of the monzodioritic rocks and, c) examples of local comparison of the monzodioritic data of the Ahvenisto 
and	Korosten	anorthosite	suites	in	relation	to	the	melt	trends	of	the	iFC	simulations.	Modified	after	Paper	III
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from the natural samples (Paper III).
Further crustal contamination of the 

parental magmas could increase plagioclase 
stability by increasing the Al2O3, Na2O, 
and SiO2 contents of the magma (Ashwal, 
1993) and crustal assimilation combined 
with magma replenishment could enhance 
plagioclase saturation and crystallization of 
orthopyroxene that is known to crystallize 
from anorthosite parental magmas (e.g., 
Ashwal, 1993; Ashwal and Bybee, 2017). 
Orthopyroxene is only a minor phase in the 
conducted FC simulations. Isotopic evidence 
of gabbroic and anorthositic rocks in AMCG 
suites suggests that the high-Al gabbroic 
rocks show less-contaminated signatures 
compared to anorthositic rocks (He et al., 
2021), indicating that assimilation has also 
occurred after the massif-type parental 
magmas of high-Al basaltic compositions 
were formed.

Therefore, comparison of FC simulations 
using average high-Al basaltic parent 
composition (compositions used in Paper III) 
and AFC simulations with the same magma 
composition combined with ten wallrock 
compositions (WR 1–4 and 6–11; Table 1) 
at 1000, 500, and 100 MPa were conducted 
to test the hypothesis of further assimilation. 
At 1000 MPa in the AFC simulations SiO2, 
TiO2, and K2O start to increase earlier during 
the simulations compared to fractional 
crystallization. Especially enrichment of SiO2 
and K2O is stronger using felsic assimilants. 
Other major oxides (Al2O3, FeOtot, MgO, 
CaO, and Na2O) in AFC simulations usually 
start to decrease earlier compared fractional 
crystallization and simulations using 
felsic assimilants show remarkably lower 
concentrations with these oxides compared 
to the fractional crystallization trends. AFC 
simulations	 using	 mafic	 assimilants	 show	
similar curves with slightly lower contents of 
Al2O3, FeOtot, MgO, CaO, and Na2O compared 
to	the	fractional	crystallization.	The	effect	of	
assimilation to the melt evolution is similar 
at 500 MPa, except for Al2O3 – the content 
is usually higher in melts produced by AFC 
simulations. Also, the depletion in FeO and 

MgO	 is	 stronger.	At	 100	MPa	 the	 effect	 of	
assimilation is similar to that at 500 MPa.

Based on these simulations, further 
assimilation at 1000 MPa does not have an 
effect	on	the	crystallization	of	orthopyroxene	
and only delays the crystallization of 
plagioclase, especially with felsic assimilants. 
Also, at 500 MPa, assimilation does not 
affect	 the	 crystallization	 of	 orthopyroxene.	
The crystallization of plagioclase is not 
delayed, but assimilation with felsic material 
decreases the crystallization rate leading 
to lower amounts of plagioclase. At 100 
MPa plagioclase is the liquidus phase, and 
assimilation	 only	 affects	 the	 crystallization	
rate. At 100 MPa, assimilation, nevertheless, 
has	 an	 effect	 on	 the	 crystallization	 of	
orthopyroxene. Depending on the composition 
of the assimilant, it can increase or decrease 
the amount of crystallizing orthopyroxene, 
and in some cases, orthopyroxene does not 
crystallize in AFC. The simulations indicate 
that	 further	 assimilation	 does	 not	 affect	
the crystallization of orthopyroxene and 
plagioclase as previously suggested, but 
this needs more investigation, and should 
be modeled in more detail in the future 
preferably combined with magma recharge 
in RAFC modeling.

These AFC models, especially the ones 
using felsic assimilants, evolve towards more 
felsic compositions. A recent study using 
the MCS suggests that extensive fractional 
crystallization of mantle-derived magmas 
with minor crustal contamination can 
produce rocks of intermediate compositions, 
while production of felsic rocks requires 
AFC at lower pressures in the middle or 
upper crust (Kärelampi et al., 2021). The 
study suggest that A-type magmas are likely 
related	 to	 rapidly	 filled	 (and	 replenished)	
and relatively large magma chambers where 
the magma evolves through fractional 
crystallization with varying amounts of 
crustal contamination (Kärenlampi et 
al. 2021). A similar environment could 
provide an explanation for the petrogenesis 
of AMCG suites. This indicates that the 
proposed “classic two source” or “crustal 
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tongue” models for AMCG suites cannot 
be supported. However, this requires more 
examination and sets an interesting scenario 
for future modeling of AMCG suites. 

6.3 Petrogenetic model for the 
Ahvenisto complex and related 
intrusions of southeastern 
Finland

To summarize all of the data and the 
petrological and thermodynamic modeling 
conducted for this thesis supplemented 
with the previously suggested hypothesis, 
a schematic petrogenetic model for the 
Ahvenisto complex and other intrusion in 
southeastern Finland (e.g. Wiborg batholith, 
Suomenniemi,	etc.)	is	presented	in	figure	12.	
In	 the	 first	 stage	 of	 the	model,	 assimilation	
of lower crustal material by mantle-derived 
melts and crystallization of orthopyroxene 
(most primitive HAOMs) at high pressures 
(~1000 MPa; Heinonen et al. 2020) leads 
to the production of massif-type anorthosite 
high-Al basaltic parental magmas that pond 
at the crust-mantle boundary. Fractional 
crystallization of the parental magmas 
induces the melting of the lower crust 
and production of granitic melts. Density 
separation of phases in the magma reservoir 
leads to the formation of the buoyant 
plagioclase-rich anorthositic mushes. The 
anorthositic mushes ascended through the 
crust and crystallized polybarically leaving 
behind  monzodioritic residual melts. Most 
of the anorthositic mass and possible related 
mafic	 rocks,	 such	 as	 high-Al	 gabbros	 and	
troctolites, most likely crystallized at deeper 
crustal levels, and are currently unexposed 
under the massive Wiborg rapakivi granite 
intrusion. The Ahvenisto complex represent a 
smaller satellite intrusion of the same system 
that was emplaced higher in the crust. Thus, 
during	 the	 final	 stages	 of	 the	 formation	 of	
the Ahvenisto complex, smaller amounts of 
the anorthositic, granitic, and monzodioritic 
melts intruded at upper crustal levels (~200–
100 MPa). The last fractional crystallization 
and	 crystallization	 of	 the	 mafic,	 interstitial	

phases	of	the	anorthositic	melts	first	formed	
the anorthositic intrusion. The monzodioritic 
and granitic melts intruded at least partly 
simultaneously,	 and	 the	different	 interaction	
structures were produced. The monzodioritic 
melt batches crystallized in equilibrium. The 
main Wiborg batholith and most of the other 
smaller intrusions crystallized later. 

6.4 Future prospects

During	 the	 field	 work	 of	 this	 study,	
one cumulate sample that contained more 
mafic	 phases	 compared	 to	 that	 of	 the	 usual	
anorthositic rocks, revealed to be an oxide-
apatite-gabbronorite rock type (Paper 
II). This rock consists of plagioclase, 
Fe-enriched olivine and pyroxene, high 
amounts of ilmenite and apatite, and minor 
K-feldspar. Geochemically, it shows similar 
characteristics as OAGNs observed in other 
massif-type anorthosite suites (Paper II). It 
is enriched in Fe, Ti, P, and REE and shows 
negative Eu- and Sr-anomalies (Fig. 5; Paper 
II).	 The	 mafic	 minerals	 are	 also	 in	 Fe-Mg	
disequilibrium with corresponding whole-
rock. The compositions of pyroxenes are 
similar to those of the more evolved massive 
monzodiorites. This evidence indicates that 
this rock represents a late stage cumulate – a 
similar suggestion for the origin of OAGNs

Figure 12. A schematic petrogenetic model for 
the Ahvenisto complex including four stages. 1) 
Assimilation of lower crustal material by mantle-
derived melts and crystallization of the most 
primitive HAOMs. 2) Fractional crystallization and 
density separation of phases of the produced high-
Al basaltic parental magmas inducing melting of 
the lower crust and production of the granitic melts. 
3) Ascent of the magmas (anorthositic mushes 
and granitic magmas) and polybaric crystallization 
of the anorthositic magmas leading towards 
monzodioritic residual melts. 4) Last fractional 
crystallization and emplacement of the anorthositic 
cumulates, simultaneous emplacement and 
interaction of the monzodioritic and granitic melts, 
equilibrium crystallization of the monzodioritic 
rocks,	 and	 emplacement	 of	 the	 unexposed	mafic	
and anorthositic rocks deeper in the crust. Figure 
is not in scale.
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have been proposed in other studies as well 
(e.g., McLelland et al., 1994; Mitchell et al., 
1996). However, only one sample of this rock 
was investigated during this study, and thus, 
interpretations on the origin of these rocks in 
the Ahvenisto complex based on one sample 
would be inappropriate. But the fact that such 
rocks also exist in the Ahvenisto complex, 
sets an interesting potential topic for future 
research.

The thermodynamic modeling conducted 
for	this	study	was	simplified	and	only	major	
element modeling was conducted. As the 
modeling results were promising and indicate 
that the MCS can be used to study AMCG 
intrusions, this sets many interesting scenarios 
to study in the future by using MCS. For 
example, trace element and isotope modeling 
of individual intrusions could shed light on 
how much the local compositional variation 
of	parental	magmas	and	wallrocks	affect	the	
compositions observed in the resulting rocks. 
It would also be interesting to investigate 
if the MCS could be used to decipher the 
relationships of the MCG rocks, and whether 
they are comagmatic or cogenetic with the 
anorthositic rocks. The conducted modeling 
also shows that similar compositions to 
OAGNs were produced in the models, and 
thus, indicates that MCS could also be used 
to study the origin of these rocks.

The Voisey´s Bay intrusion in the Nain 
Plutonic Suite is the best-known example 
of	 sulfide	 deposits	 related	 to	 massif-type	
anorthosites (e.g., Li et al., 2000). It has 
been	 proposed	 that	 assimilation	 of	 sulfide-
bearing material played a major role in the 
formation	 of	 sulfide	 deposits.	 This	 sets	
another interesting modeling case for the 
future.	Modeling	of	sulfide	saturation	 is	not	
possible by using MCS, but combination 
with	 a	 sulfide	 saturation	 model	 could	 be	
utilized. Such modeling has been conducted 
recently for the Duluth Complex (Virtanen et 
al., 2022) and could be viable also for AMCG 
suite rocks. 

7. CONCLUDING 
REMARKS

Several hypotheses presented for the 
petrogenetic evolution of massif-type 
anorthosites and related rocks were examined 
during the course of this thesis. Outcomes 
for each of the set hypotheses are presented 
below.

Hypothesis I: The massif-type anorthosite 
parental magmas were originally derived 
from the mantle, but crustal contamination 
played an important role in the production of 
Al-rich parental magmas.

The conducted AFC modeling using the 
Magma Chamber Simulator is compatible 
with the idea that the parental magmas were 
originally mantle-derived but underwent a 
notable amount of crustal contamination. The 
modeling further suggests that the massif-
type anorthosite parental magmas were of 
high-Al basaltic composition.

Hypothesis II: The monzodioritic parental 
magmas were produced by direct melting of 
lower crustal material without mantle input.
The conducted thermodynamic modeling 
does not support the hypothesis of lower 
crustal origin. Production of high-Al basaltic 
parental melts by melting lower crustal 
material is possible, but only if the crust is 
melted completely. This would, however, 
require such high temperatures that it is not 
feasible without simultaneous mantle melting 
and input. Also, melting the required amount 
of crustal material would have dramatic 
effects	on	the	stability	of	the	crust.

Hypothesis III: The massif-type anorthosite 
parental magmas crystallized polybarically 
while ascending from Moho-levels to upper 
crustal emplacement levels.
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The thermodynamic modeling also favors the 
polybaric fractional crystallization hypothesis 
presented for the massif-type anorthosites 
based on the Al-in-opx geobarometry 
calculations.

Hypothesis IV: The monzodioritic rocks 
represent the residual melt compositions 
left after the fractionation of the anorthositic 
cumulates and therefore, can be utilized in 
search of parental magma compositions of 
the massif-type anorthosites.

Field, petrographical, and geochemical 
evidence indicates that the monzodioritic 
rocks represent near-melt compositions. The 
conducted MAGFRAC and thermodynamic 
(rhyolite-MELTS, MCS) modeling suggest 
that the monzodioritic rocks represent the 
residual melts left after the fractionation of 
the anorthositic cumulates, and can, therefore, 
be utilized to study the melt evolution of the 
anorthosite parental magmas and possibly to 
iterate the composition of the parental magma. 
The fractional crystallization modeling 
further suggests that the monzodioritic rocks 
represent the residual melts left after the 
crystallization of the anorthositic cumulates 
at lower crustal pressures (<500 MPa). 
Finally, the monzodioritic rocks then most 
likely crystallized in a local equilibrium at 
the emplacement level.

Hypothesis V: The monzodioritic rocks play 
an	important	role	in	the	formation	of	different	

observed interaction structures.

The monzodioritic rocks are mingled and 
hybridized with the granitic rocks, and the 
compositional evolution of the monzodioritic 
rocks controls the type of mixing at least in 
the Ahvenisto complex. 

Based on all of the outcomes of this thesis 
supplemented with previously presented 
hypotheses, a schematic petrogenetic model 
for the Ahvenisto complex is suggested. The 
model includes four stages. 1) AFC at crust-
mantle boundary producing the high-Al 
basaltic anorthosite parental magmas. 2) (A)
FC of the parental magmas at high-pressure 
magma reservoir and density separation of 
phases leading to formation of plagioclase 
rich mushes and production of the granitic 
magmas. 3) Ascent and polybaric FC of the 
plagioclase rich mushes and production of 
monzodioritic residual melts followed by 
the ascent of the granitic magmas. 4) Final 
crystallization of the anorthositic cumulates, 
equilibrium crystallization and interaction 
with the granitic magmas of the monzodioritic 
magmas, and crystallization of the granitic 
magmas at low-pressure emplacement levels.

The success of the conducted 
thermodynamic modeling suggests that the 
used tools can be used for more detailed 
modeling of individual intrusions in the 
future.	 Combined	 with	 sulfide	 saturation	
models,	 MCS	 can	 be	 used	 to	 study	 sulfide	
saturation processes of AMCG magmatism.
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