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ABSTRACT 

The ~1.62 Ga Märjamaa and Kloostri rapakivi intrusions of western Estonia record a tripartite 
magmatic evolution during the late stages of the Wiborg rapakivi suite, emplaced in a 
transtensional pull-apart setting related to shear-zone reactivation during Nuna breakup and 
constructed through piston cauldron-subsidence processes. Whole-rock major-element geo -
chemistry, complemented by CIPW normative phase relations, is used to constrain melt 
evolution, redox conditions, and crystallization patterns across three magmatic phases. Phase I 
formed as a deeply rooted intrusion that evolved into a piston cauldron structure through roof 
collapse and block assimilation, and comprises ferroan granodioritic to quartz-monzonitic 
compositions with lower silica and alkalis and elevated Ca and Fe–Ti–P-bearing components, 
reflecting relatively less evolved melts. Phase II intruded as a concentric granite ring during 
continued subsidence and represents the most fractionated stage, characterized by higher 
silica and alkalis, pronounced Ca depletion, and minimal normative Fe–Ti oxides and apatite. 
Phase III corresponds to the late Kloostri body emplaced by asymmetric subsidence and 
represents a Na-rich leucogranitic melt with the highest silica contents and the lowest abun -
dances of Ca-bearing, Fe–Ti-bearing, and P-bearing components. Progressive differ entiation 
from Phase I to Phase III is reflected by systematic Fe-Mg trends, whereas redox conditions 
are more robustly constrained by iron speciation, indicating reduced conditions in Phase II, 
intermediate values in Phase I, and more oxidized conditions in Phase III. Decreasing normative 
Fe–Ti oxides from Phase I to Phase III primarily reflect progressive differentiation rather than 
solely oxygen-fugacity variations, emphasizing the semi-quantitative nature of redox 
constraints derived from major-element data. Theoretical thermobarometric estimates indicate 
mid-crustal crystallization at ~3–5 kbar with progressive cooling from Phase I to Phase III. 

1. Introduction
A-type granites are anhydrous felsic rocks enriched in alkaline metals and high-field
strength elements (HFSE), typically emplaced in post- to anorogenic settings such
as continental interiors or rift zones (Loiselle and Wones 1979; Eby 1992; Frost
et al. 2001; Vigneresse 2005; Dall’Agnol and de Oliveira 2007). A-type granites typi -
cally have high incompatible element contents, including heavy rare earth ele ments,
Zr, Nb, and Ta, but low Co, Sc, Cr, Ni, Ba, Sr, and Eu contents (Frost and Frost 1997).

Rapakivi granites, a distinctive A-type subtype, are characterized by ovoid alkali-
feldspar megacrysts mantled by oligoclase (Haapala and Rämö 1992; Rämö and 
Haapala 1995, 2005). In the Fennoscandian province, rapakivi granites are typically 
subsolvus monzogranites to syenogranites, whereas rapakivi-type granitoids globally 
may span a broader compositional range, from quartz syenitic to locally peralkaline 
varieties (Vigneresse 2005; Bonin 2007; Dall’Agnol et al. 2012). These granites are 
widely reported from Precambrian cratons, including Baltica (East European Craton), 
Laurentia, and Amazonia (Puura and Flodén 1996, 1999, 2000; Bogdanova et al. 2006, 
2015; Sharkov 2010; Salminen et al. 2021; Grabarczyk et al. 2023; Hinchey et al. 2024). 
Rapakivi-like granitoids have also been described from Phanerozoic belts, although 
their classification and genetic equivalence remain debated (Rajesh 2000; Christiansen 
et al. 2007; Luo et al. 2024). 

In Fennoscandia (Fig. 1a), rapakivi granites represent Paleoproterozoic to early 
Mesoproterozoic anorthosite–mangerite–charnockite–granite (AMCG) magmatism, 
which was mainly emplaced between ~1.7–1.5 Ga, with a peak at ~1.6 Ga during 
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the assembly of Nuna, Columbia (Salminen et al. 2021; 
Johansson et al. 2022). Although AMCG magmatism persists 
globally until ~1.0 Ga, such younger events are absent in 
the Fennoscandian domain (Emslie 1978; Frost et al. 1999; 
Vigneresse 2005; Christiansen et al. 2007; Hinchey et al. 2024). 
These bimodal associations commonly include rapakivi gra -
nites, massif-type anorthosites, gabbros, ferrodioritic dikes, 
and mangerites (Haapala and Rämö 1992; Rämö and Haapala 
1995, 2005; Dall’Agnol and de Oliveira 2007). Petrogenetic 
models attribute their formation to partial melting of crustal 
sources triggered by mantle upwelling and mafic under plat -
ing, with tectonic settings ranging from post-orogenic 
extension to mantle-superswell-related and thermal perturba -
tions (Bonin 2007; Kukkonen and Lauri 2009; Sharkov 2010; 
Salminen et al. 2021; Johansson 2023). 

In Estonia, the AMCG suite comprises smaller ~1.6 Ga 
granitoids, including Märjamaa (with its Kloostri satellite), 
Naissaare, Taebla, Neeme, and Ereda, and the ~1.5 Ga Riga 
batholith (Fig. 1b; Soesoo and Niin 1992; Klein et al. 1994; 
Rämö et al. 1996; Kirs et al. 2004). These granitoids are pink, 
medium- to coarse-grained syeno- to monzogranites with por -
phyritic textures, in which the classic plagioclase-mantled 
alkali-feldspar ovoids are scarce (Soesoo and Niin 1992; 
Klein et al. 1994). Despite their small size and the absence of 
associated anorthosites, they are geochemically and isotopi -
cally consistent with the Fennoscandian rapakivi suites (Klein 
et al. 1994; Rämö et al. 1996; Ahl et al. 1997; Kirs et al. 2004). 

The Märjamaa–Kloostri intrusions were emplaced within 
a Svecofennian-inherited crustal framework, where deep-
seated shear zones provided pathways for Paleoproterozoic 
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Fig. 1.  Geological setting of the study zone. (a) Major Paleoproterozoic tectonic domains of Fennoscandia, modified after Bogdanova  
et al. (2015), highlighting the most prominent rapakivi bodies, with the Märjamaa and Kloostri granitoids study area marked by a red 
rectangle. The white diagonal ruling over the greenish area indicates Svecofennian sedimentary basins. The ages of the rapakivi granitoids 
of Fennoscandia are constrained from Laitakari et al. (1996), Rämö et al. (1996), Ahl et al. (1997), Skridlaitė et al. (2007), Larin (2009), 
Sharkov (2010), Johansson et al. (2016), and Grabarczyk et al. (2023). (b) Precambrian geological map highlighting the Estonian basement. 
The upper-left-corner inset shows the distribution of granulite- and amphibolite-facies metamorphic rocks after Bogdanova et al. (2015). 
Geological data are available from the Geoportal of the Republic of Estonia Land and Spatial Development Board,1 including (b1)  
depth-to-basement (DTB) measurements from the same source. (c) Locations of drill-core samples from the dataset used by Kivisilla  
et al. (1999), showing the distribution of the drill-core samples superimposed on the tripartite phase-distribution map of the Märjamaa 
pluton and its Kloostri satellite intrusion (after Klein et al. 1994). Abbreviations: AL – Alutaguse, B–H – Breven–Hällefors dike swarms,  
CFAC – Central Finland Arc Complex, CFGC – Central Finland Granitoid Complex, H – Häme belt, HGZ–GR – Hagsta–Gävle–Rättvik Zone,  
JO – Jõhvi, KB – Keitele microcontinent, KZ – Kaszuby, LA – Latgalia, LEL – Latvian–East Lithuanian, LGSM – Late Svecofennian 
Granite–Migmatite Zone, MLD – Mid-Lithuanian domain, NO – Novgorod, P – Pirkanmaa belt, SEG – South Estonian granulite domain,  
T – Tapa, TM – Tampere belt, TN – Tallinn, Uu – Uusimaa belt, WE – West Estonian domain, WLG – West Lithuanian granulite domain.  
Shear and fault zones are abbreviated as follows: MEFZ – Middle-Estonian Fault Zone, PMSZ – Porkkala–Mäntsälä Shear Zone,  
PPDZ – Paldiski–Pskov Deformation Zone, SFSZ – South Finland Shear Zone, SJSZ – Sottunga–Jurmo Shear Zone. 

1  https://xgis.maaamet.ee/xgis2/page/app/geoloogia400k 
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magmatism (e.g., the Åland–Paldiski–Pskov deformation 
zone (Åland–PPDZ) (Fig. 1b; Puura et al. 1997; Puura 
and Flodén 2000; Kirs et al. 2004; All et al. 2006; Bogdanova 
et al. 2015; Solano-Acosta et al. 2023, 2025b). Previous 
studies have outlined their petrography and isotopic sig na -
tures (Soesoo and Niin 1992; Klein et al. 1994; Kirs et al. 2004), 
yet an updated and systematic synthesis of elemental geo -
chemistry and magmatic evolution remains lacking.  

This study presents an updated analysis of compiled 
whole-rock major-element data for the Märjamaa rapakivi 
pluton and its Kloostri satellite intrusion (Fig. 1c). We ex -
amine the geochemical evolution of its tripartite magmatic 
phases, focusing on their elemental trends and redox con -
ditions, and compare them with Fennoscandian rapakivi 
granites within the broader AMCG context. 

2. Geological setting 
2.1. Regional context 
Baltica, northeast of the Trans-European Suture Zone, con sists 
of three Archean-Proterozoic proto-cratons: Fennoscandia, 
Volgo-Uralia, and Sarmatia (Fig. 1a). Their amalgamation 
at 2.1–1.79 Ga during the Svecofennian orogeny (SO) pro -
duced a stable continental core through the accretion of island 
arcs and microcontinents and the 1.84–1.79 Ga Svecobaltic col -
lision, followed by collapse and stabilization at 1.79–1.77 Ga 
and final amalgamation of the Livonia microcontinent with 
Sarmatia at ~1.70 Ga (Gorbatschev and Bogdanova 1993; 
Nironen 1997; Bogdanova et al. 2006, 2015; Johansson et al. 
2022). Subsequent evolution in south west ern Baltica was 
dominated by the westward-younging 1.73–1.48 Ga Gothian 
orogeny along its western margin (Bogdanova et al. 2008; 
Nironen 2017). 

AMCG suites were emplaced after the Gothian orogeny 
within the Svecofennian Province and the Transscandinavian 
Igneous Belt to the south, reflecting widespread bimodal mag -
matism in Baltica (Ahl et al. 1997; Vigneresse 2005; Larin 
2009; Salminen et al. 2021; Grabarczyk et al. 2023). Fenno -
scandian rapakivi granites are commonly grouped into four 
main age-defined suites: the Wiborg suite (1.67–1.62 Ga), the 
Åland suite (1.59–1.56 Ga), the Salmi suite (1.55–1.53 Ga), 
and the Ragunda suite (1.53–1.47 Ga) (Rämö et al. 1996; Ahl 
et al. 1997; Puura and Flodén 2000; Salminen et al. 2021; 
Grabarczyk et al. 2023). The Märjamaa–Kloostri rapakivi 
intrusions investigated in this study belong to the oldest Wiborg 
suite. These magmatic episodes are spatially associated with 
fault-controlled crustal blocks and long-lived lithospheric 
structures (Puura and Flodén 1996; All et al. 2006; Bogdanova 
et al. 2015; Salminen et al. 2021; Nordbäck et al. 2024; 
Solano-Acosta et al. 2025b). 
 
2.2. Estonian context 
The Precambrian crystalline basement of Estonia, composed 
of Paleoproterozoic to Mesoproterozoic metamorphic and 
igneous rocks (1.9–1.5 Ga), is entirely buried beneath 
100–900 m of Neoproterozoic–Devonian shallow-marine 
sandstones, mudstones, and carbonates that thicken south -
ward (~0.10–0.20°) (Puura et al. 1997; Kirs et al. 2004; 

Soesoo et al. 2020). The basement, known from drilling and 
geophysical data, correlates with better-exposed terranes in 
southern Finland and Sweden (Puura et al. 2004; Bogdanova 
et al. 2015; Soesoo et al. 2020; Solano-Acosta et al. 2023, 
2025a, 2025b). 

Six structural-petrological zones – Tallinn, Alutaguse, 
Jõhvi, West-Estonian, Tapa, and South-Estonian – are dis -
tinguished by lithological, geochemical, and geophysical 
contrasts, bounded by major crustal-scale features such as the 
NW–SE PPDZ and E–W Middle-Estonian Fault Zone 
(MEFZ) (All et al. 2004; Bogdanova et al. 2015). The Tallinn 
and Alutaguse domains, correlating with the Uusimaa arc and 
its back-arc basin, accreted with other Svecofennian terranes 
during 1.92–1.87 Ga double subduction and arc-micro con -
tinent collisions (Nironen 2017; Solano-Acosta et al. 2025a). 
Western and southern Estonia consist of high-grade meta -
sedimentary and orthogneissic complexes overprinted by gran -
ulite-facies metamorphism (Fig. 1b; Soesoo et al. 2004, 2020). 
Regional gravity and magnetic patterns show these domains 
as continuations of oblique Svecofennian blocks in Finland, 
Sweden, and Latvia, shaped by inherited NW–SE shear zones, 
including the PPDZ and its Sottunga–Jurmo extension, which 
remain seismically active (Fig. 1c; Korhonen et al. 2002; 
Högdahl et al. 2009; Soosalu et al. 2022; Nordbäck et al. 2024). 

Estonia’s Precambrian basement comprises three principal 
age groups. The oldest (1.92–1.80 Ga) corresponds to the 
Svecofennian crust and includes northern Estonian meta -
volcanics (~1.92 Ga), granulitic metavolcanics in southern 
Estonia (~1.83–1.82 Ga), and tonalitic intrusions in the Tapa 
area (~1.82 Ga) (Petersell and Levchenkov 1994; Soesoo 
et al. 2004, 2006; Kirs et al. 2009; Bogdanova et al. 2015). 
Magnetite-bearing gneisses of the Jõhvi belt yield zircon 
U–Pb ages of ~1.87–1.79 Ga (Soesoo et al. 2020). The second 
group corresponds to the southern Estonian tonalites, char -
nockites, and orthopyroxene-garnet gneisses that crystallized 
between ~1.79 and 1.76 Ga, while gabbro-norite dikes yield 
ages of ~1.77 Ga (Soesoo et al. 2004, 2006). The third group, 
related to a younger magmatic episode (1.64–1.58 Ga), 
comprises A-type granites and rapakivi granitoids emplaced 
during several closely spaced events, including the Taebla 
granitoids (~1.65 Ga), Abja shoshonitic granite (~1.64 Ga), 
Neeme granitoids (~1.63 Ga), and Ereda intrusions (~1.64–
1.63 Ga). Slightly younger rapakivi bodies include Märjamaa 
(~1.63 Ga), Naissaare (~1.62 Ga), the Virtsu quartz monzo -
nite (~1.61 Ga), and the Riga batholith (~1.58 Ga) (Fig. 1; Kirs 
and Petersell 1994; Rämö et al. 1996; Soesoo and Hade 2012). 

Estonian rapakivi bodies and high-K shoshonitic bodies 
(e.g., Virtsu, Muhu, and Abja) exhibit geochemical simi -
larities with Finnish rapakivi granites and show comparable 
emplacement and structural features due to the reactivation 
of related shear faults (Figs 1b and S1; Soesoo 1993; Kirs 
and Petersell 1994; Klein et al. 1994; Kirs et al. 2004; Nordbäck 
et al. 2024; Solano-Acosta et al. 2025b). These porphyritic 
plutons are characterized by prominent microcline mega -
crysts and are locally cross-cut by aplitic and microsyenitic 
dikes (Soesoo and Niin 1992). Biotite (annitic to sidero -
phyllitic) dominates the mafic fraction, with hornblende 
present in Märjamaa, Naissaare, and Neeme (Soesoo 1993). 
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The Märjamaa intrusion is a ~40 × 25 km composite 
pluton emplaced into West-Estonian Proterozoic gneisses 
(Fig. 1b; All et al. 2004; Kirs et al. 2004; Solano-Acosta 
et al. 2023). It comprises three magmatic phases (Fig. 1c): 
Phase I is a melanocratic granodiorite containing abundant 
gneiss xenoliths (up to 20 cm); Phase II is a biotite-horn -
blende granite forming a K-feldspar-rich ring; and Phase III 
is represented by the adjacent northwestern Kloostri intrusion, 
a sodium-rich (albite-dominated) leucogranite that exhibits a 
trachytoid texture characterized by the preferred orientation 
of feldspar laths (Soesoo and Niin 1992; Klein et al. 1994; 
Laitakari et al. 1996). Quartz (20–30%) occurs in two gen -
erations, both as inclusions within microcline (20–40%) and 
as groundmass grains. Plagioclase (20–40%) is ubiquitous, 
biotite (2–10%) forms anhedral clusters, hornblende is re -
stricted to Phases I–II, and the presence of muscovite con -
fined to Phase III may hint at increased peraluminosity or 
fluid-rich late stages; however, as it occurs only as a minor, 
late-forming phase, it does not change the overall classifi -
cation of the system. Magnetite and ilmenite (3–5%) are 
common, with zircon, apatite, titanite, fluorite, and epidote 
occurring as accessory minerals in all three phases (Soesoo 
and Niin 1992; Puura et al. 1997). 

Solano-Acosta et al. (2025b) proposed a three-stage em -
placement model for the Märjamaa–Kloostri complex, in -
volv ing structure-controlled magma ascent along the NW-
trending Åland–PPDZ. Reactivated Paleoproterozoic (SO) 
shear fabrics under transpressional–transtensional stress fo -
cused Mesoproterozoic AMCG magmatism (Fig. S1), pro -
mot ing pull-apart basin development and piston cauldron-
subsidence. Phase I originated as a deeply rooted, steep-sided 
tabular granodiorite intrusion that evolved into a piston cauld -
ron geometry through progressive roof collapse and block 
assimilation, generating positive magnetic and Bouguer ano -
malies. Phase II was emplaced as a concentric granite ring 
during continued subsidence and is associated with negative 
gravity anomalies. Phase III represents the Kloostri leu co -
granite emplaced by asymmetric subsidence, characterized 
by positive magnetic but negative Bouguer signatures. Col -
lectively, these phases record emplacement during the ter -
minal stage of the first Fennoscandian rapakivi AMCG mag -
matic episode (Wiborg suite), driven by asthenospheric up -
welling and mafic underplating linked to superswell activity 
during Nuna breakup (Pirajno and Santosh 2015; Salminen 
et al. 2021). 

3. Materials and methods 
Geochemical studies of Estonia’s Precambrian basement have 
traditionally relied on wet-chemistry analyses of drill-core 
samples to determine whole-rock major-element com posi -
tions (Kivisilla et al. 1999). The compiled dataset includes 
SiO2, TiO2, Al2O3, Fe2O3, FeO, MnO, MgO, CaO, Na2O, 
K2O, P2O5, Stot, and loss on ignition (LOI; wt.%), and is pub -
licly available through the Estonian Research Infrastructure 

portal GEO kirjandus.2 From this compilation, 47 samples 
from the Märjamaa pluton and the Kloostri satellite intrusion 
were extracted. Major-element concentrations were normal -
ized to 100 wt.%, and Fe2O3tot and FeO* (total iron) were sub -
se quently calculated. Samples were assigned to Phases I, II, 
and III following the established Märjamaa–Kloostri phase 
framework (Fig. 1c), based on field relations, petrography, 
and geophysical constraints (Soesoo and Niin 1992; Soesoo 
1993; Klein et al. 1994; Solano-Acosta et al. 2025b). The major-
element data are presented in Table 1, and the associated 
petro genetic relationships are summarized in Table 2. 

Normative mineral proportions were calculated using the 
updated CIPW (Cross, Iddings, Pirsson, and Washington) 
norm implemented in the Python-based webNORM applica -
tion3 (Buckle et al. 2023) (Table 2; Fig. 2). The algorithm 
follows Verma et al. (2003) and applies the plutonic-rock iron 
correction of Le Maitre (1976). Because CIPW norms rep -
resent an anhydrous, idealized mineral assemblage (Kelsey 
1965), hydrous minerals present in the Märjamaa–Kloostri 
rapakivi granites, such as biotite and hornblende (Soesoo 
1993; Klein et al. 1994), are not reproduced. Normative re -
sults are used exclusively to assess bulk compositional trends 
and relative proportions of quartz, feldspars, Fe–Ti oxides, 
and phosphate phases, rather than to define modal or mineral -
ogical compositions. Normative phases not characteristic of 
rapakivi granitoids, including orthopyroxene and clin opyrox -
ene components (enstatite–ferrosilite, clinoenstatite–clinofer -
rosilite, and diopside) and corundum, are excluded from in ter -
pretation (Andersson and Eklund 1994; Eklund and Shebanov 
1999; Rämö and Haapala 2005). 

Thermobarometric estimates derived from major-element 
relations and normative calculations (e.g., Yang 2017; Duan 
et al. 2022) were obtained and are treated as theoretical, being 
used solely for internal comparison and contextual evaluation 
against published mineral-based constraints (e.g., Klein et al. 
1994), rather than as substitutes for mineral-chemical thermo -
barometry (Andersson and Eklund 1994; Eklund et al. 1994; 
Elliott 2001; Sharkov and Bogina 2006). 

4. Results 
4.1. Major-element trends 
Major-element compositions exhibit systematic variations 
across the three magmatic phases of the Märjamaa–Kloostri 
rapakivi granites (Fig. 2a). Results are reported as average 
values; minimum–maximum ranges are provided where 
available, and values without ranges represent averages 
only.  

SiO2 increases with magmatic evolution, averaging 
66.94 wt.% (63.51–74.39 wt.%) in Phase I, 69.93 wt.% 
(66.34–73.86 wt.%) in Phase II, and 71.78 wt.% (70.05–
75.47 wt.%) in Phase III. Al2O3 remains broadly stable but 
shows a slight decrease, with averages of 13.61 wt.% (12.58–
14.29 wt.%) in Phase I, 13.42 wt.% (11.86–15.82 wt.%) in 
Phase II, and 13.20 wt.% (12.23–13.93 wt.%) in Phase III. 
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TiO2 and iron oxides decrease systematically from Phase I 
to Phase III. Average TiO2 contents decline from 0.79 wt.% 
(0.10–1.11 wt.%) in Phase I to 0.40 wt.% (0.17–0.74 wt.%) 
in Phase II and 0.33 wt.% (0.08–0.64 wt.%) in Phase III. 
Ferric iron (Fe2O3, Fe3+) decreases from 2.30 wt.% (0.35–
3.77 wt.%) in Phase I to 1.05 wt.% (0.29–2.54 wt.%) in 
Phase II, followed by a slight increase to 1.37 wt.% (0.69–
2.47 wt.%) in Phase III, whereas ferrous iron (FeO, Fe2+) 
declines from 2.75 wt.% (0.75–3.68 wt.%) in Phase I to 
2.67 wt.% (1.09–4.61 wt.%) in Phase II and 1.19 wt.% (0.32–
1.92 wt.%) in Phase III. When expressed as total iron (FeO*), 
recalculated from measured FeO and Fe2O3 (Table 2), average 
values decrease from 4.82 wt.% (1.07–6.46 wt.%) in Phase I 
to 3.62 wt.% (1.35–5.93 wt.%) in Phase II and 2.42 wt.% 
(0.94–4.14 wt.%) in Phase III. 

Mg# decreases from 32.46 (23.56–39.89) in Phase I to 
24.79 (15.05–35.77) in Phase II, followed by a partial in crease 
to 30.59 (23.83–38.90) in Phase III. MgO shows a more uni -
form decline, decreasing from 1.30 wt.% (0.40–1.84 wt.%) 
in Phase I to 0.65 wt.% (0.38–1.26 wt.%) in Phase II and 

0.61 wt.% (0.22–1.08 wt.%) in Phase III. CaO decreases from 
3.13 wt.% (1.35–4.89 wt.%) in Phase I to 2.02 wt.% (1.01–
3.26 wt.%) in Phase II and 1.94 wt.% (1.34–2.64 wt.%) in 
Phase III, whereas alkali-related oxides record progressive 
fractionation. Na2O increases from 2.82 wt.% (2.31–3.31 wt.%) 
in Phase I and 2.59 wt.% (2.38–2.82 wt.%) in Phase II to 
3.35 wt.% (2.81–4.68 wt.%) in Phase III. K2O rises from 
5.15 wt.% (4.34–6.32 wt.%) in Phase I to a maximum of 
6.35 wt.% (4.65–7.70 wt.%) in Phase II, before decreasing 
slightly to 5.57 wt.% (3.89–6.26 wt.%) in Phase III. 

Accessory-controlled components show range contrac -
tions and declining averages: P2O5 decreases from 0.32 wt.% 
(0.01–0.49 wt.%) in Phase I to 0.11 wt.% (0.02–0.37 wt.%) 
in Phase II and 0.04 wt.% (0.01–0.08 wt.%) in Phase III, 
while average SO3 decreases from 0.27 wt.% in Phase I to 
0.23 wt.% in Phases II and III.  

Average LOI decreases from 0.70 wt.% in Phase I to 
0.47 wt.% in Phase III, consistent with progressive dif fer -
entiation; however, LOI is not interpreted as a primary mag -
matic parameter because it may reflect secondary alteration. 
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Fig. 2.  (a) Major-element-normalized distributions of samples from the Kivisilla et al. (1999) dataset and this study, categorized into three 
magmatic phases of the analyzed rapakivi granites. Harker biplots illustrate relationships between SiO2 and selected major elements.  
(b) Boxplots of CIPW normative values for the tripartite phases.  

(a)

(b)



4.2. CIPW normative trends 
The distribution of CIPW normative values per phases is 
shown in Fig. 3. Normative quartz increases modestly with 
magmatic evolution, from 23.19% (17.65–29.88%) in Phase I 
to 25.66% (18.04-33.21%) in Phase II, reaching 26.79% 
(22.15–30.93%) in Phase III. Phosphate phases show a pro -
nounced depletion with differentiation. Normative apatite 
decreases from 0.75% (0.02–1.14%) in Phase I to 0.26% 
(0.05–0.86%) in Phase II and 0.09% (0.02–0.19%) in Phase III. 

Feldspars show a differentiated, non-monotonic evolution -
ary trend. Normative albite decreases slightly, from 24.03% 
(19.72–28.20%) in Phase I to 22.06% (20.33–24.09%) in 
Phase II, followed by a marked increase to 28.48% (23.92–
39.76%) in Phase III. In contrast, anorthite declines system -
ati cally from 9.30% (2.36–14.28%) in Phase I to 6.05% (2.15–
11.04%) in Phase II and 4.54% (2.32–7.17%) in Phase III. 
Orthoclase reaches its maximum abundance in Phase II at 
37.80% (27.62–45.67%), compared to 30.68% (25.88–37.56%) 
in Phase I and 33.08% (23.08–37.20%) in Phase III. 

Oxide phases decrease progressively through the mag -
matic sequence. Normative magnetite diminishes from 3.23% 
(0.80–4.23%) in Phase I to 2.59% (1.05–3.96%) in Phase II 
and 1.76% (0.68–2.84%) in Phase III. Ilmenite follows a simi -
lar trend, decreasing from 1.51% (0.19–2.12%) in Phase I to 
0.76% (0.32–1.41%) in Phase II and 0.63% (0.15–1.23%) in 
Phase III. 

A correlation matrix of CIPW normative mineral com -
positions for the Märjamaa and Kloostri granitoids (Fig. 3) 
highlights systematic mineralogical normative associations 
across Phases I–III. Correlation strengths are expressed as 
Pearson correlation coefficients (r). 

Phase I (Fig. 3a) shows strong negative correlations be -
tween normative quartz and Fe–Ti–P phases, including mag -
netite (r = –0.77), ilmenite (r = –0.54), and apatite (r = –0.66), 
while quartz–feldspar correlations are weak (albite r = –0.36, 
anorthite r = –0.22, orthoclase r = 0.09). Albite shows weak 
negative correlations with oxide-phosphate phases (magnetite 
r = –0.14, ilmenite r = –0.19, apatite r = –0.14). Anorthite is 
positively correlated with magnetite (r = 0.70), ilmenite (r = 
0.83), and apatite (r = 0.73). Orthoclase shows strong nega -
tive correlations with anorthite (r = –0.85) and with oxide-
phosphate phases (magnetite r = –0.57, ilmenite r = –0.82, 
apatite r = –0.73). Magnetite, ilmenite, and apatite are 
strongly positively correlated (magnetite–ilmenite r = 0.85, 
magnetite–apatite r = 0.93, ilmenite–apatite r = 0.90). 

Phase II (Fig. 3b) retains negative quartz–oxide correla -
tions, but with reduced magnitudes relative to Phase I 
(magnetite r = –0.38, ilmenite r = –0.21, apatite r = –0.16). 
Quartz shows a strong negative correlation with albite (r = 
–0.83), while albite exhibits weak positive correlations with 
anorthite (r = 0.14), magnetite (r = 0.25), and apatite (r = 
0.14). Anorthite remains positively correlated with magnetite 
(r = 0.47), ilmenite (r = 0.65), and apatite (r = 0.78). Ortho -
clase maintains strong negative correlations with anorthite 
(r = –0.72) and oxide-phosphate phases (magnetite r = –0.54, 
ilmenite r = –0.69, apatite r = –0.81) and reaches its highest 
normative proportions in Phase II. Magnetite, ilmenite, and 

apatite remain strongly positively correlated (magnetite–
ilmenite r = 0.83, magnetite–apatite r = 0.81, ilmenite–apatite 
r = 0.84). 

Phase III (Fig. 3c) shows a reorganized correlation struc -
ture relative to Phases I and II, with changes in feldspar–oxide 
relationships. Quartz remains negatively correlated with oxide-
phosphate phases (magnetite r = –0.47, ilmenite r = –0.55, 
apatite r = –0.42), shows a moderate positive correlation with 
anorthite (r = 0.49), and a strong negative correlation with 
orthoclase (r = –0.77). Albite shows negative correlations 
with all major phases, including anorthite (r = –0.54), ortho -
clase (r = –0.70), magnetite (r = –0.60), ilmenite (r = –0.59), 
and apatite (r = –0.55), and reaches its highest normative 
proportions in Phase III. Anorthite shows near-zero correla -
tions with oxide-phosphate phases (magnetite r = 0.01, il -
menite r = –0.08, apatite r = 0.05). Orthoclase shows positive 
correlations with magnetite (r = 0.37), ilmenite (r = 0.45), and 
apatite (r = 0.35). Magnetite, ilmenite, and apatite remain 
strongly positively correlated (magnetite–ilmenite r = 0.94, 
magnetite–apatite r = 0.92, ilmenite–apatite r = 0.95). 

5. Petrogenesis 
5.1. A-type affinity and major-element evolution 
Sample distributions along the CaO/(FeO + MgO + TiO2) vs. 
Al2O3 trend confirm an A-type affinity (Fig. S2a; Dall’Agnol 
and de Oliveira 2007). The Al2O3 contents of the samples fall 
within the usual A-type interval of 11–14 wt.%, though 
elevated values reaching 17 wt.% have been documented in 
certain rapakivi suites (Dall’Agnol and de Oliveira 2007; 
Duchesne et al. 2010; Grabarczyk et al. 2023), as it is ob -
served in some Phase I and II samples. In An–Ab–Or (Barker 
1979; Luo et al. 2024) and total alkali-silica (TAS) diagrams 
(Figs 4a and S2b; Le Maitre 2002), Märjamaa and Kloostri 
compositions evolve from quartz monzonite-granodiorite 
fields (Phase I) to granite fields (Phases II–III), consistent with 
Fenno scandian rapakivi trends (Rämö and Haapala 1995; 
Kosunen 1999; Haapala et al. 2005). Total alkalis (Na2O + K2O) 
increase from Phase I to Phase III, paralleling Finnish rapa -
kivi suites (Fig. S2b). 

Samples range from alkali-calcic to alkali compositions 
(MALI > 3.8) and are predominantly metaluminous (ASI < 1.0) 
(Table 2). Phase I is moderately alkaline, with MALI values 
of 4.84 (2.86–7.77) and ASI of 0.86 (0.72–0.97). Phase II 
shows increased alkalinity, with MALI reaching 6.93 (4.01–
8.05) and slightly higher ASI values of 0.91 (0.81–1.05). 
Phase III maintains similarly high alkalinity, with MALI of 
6.97 (5.31–7.66) and ASI of 0.88 (0.81–1.00), indicating 
dominantly metaluminous to marginally peraluminous com -
positions (Table 2; Figs 4b and S2d). 

In the K2O–SiO2 diagram (Rickwood 1989), the samples 
fall within the high-K alkaline series and overlap the field of 
Finnish rapakivi granitoids (Fig. S2c; Rämö and Haapala 1995, 
2005; Kosunen 1999). In the geochemical discrimination 
diagrams of Frost et al. (2001), the analyzed samples are 
located in the ferroan A-type granite field (Fig. 4c,d), co incid -
ing with the compositional range of typical Finnish rapa kivi 
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(c)

Fig. 3.  Comparative analysis of mineral 
correlation matrices across three phases:  
(a) Phase I matrix, (b) Phase II matrix,  
and (c) Phase III matrix. 



granites (Soesoo and Hade 2012; Grabarczyk et al. 2023; 
Hinchey et al. 2024). 

FeO*/MgO ratios constrain melt evolution, with values 
<4 indicating weak fractionation and values of 4–16 char acter -
istic of fractionated A-type felsic granites (Whalen et al. 1987; 
Bonin 2007). Phase I shows a low average ratio of 3.78 
(2.69–5.78), consistent with limited fractionation, whereas 
Phase II reaches a higher average ratio of 5.75 (3.20–10.07), 
indicating peak fractionation; Phase III displays an inter -
mediate ratio of 4.19 (2.80–5.70), reflecting moderate dif -
ferentiation. 

These phase-dependent fractionation patterns are evident 
in the organization of CIPW normative correlations (Figs 2b 
and 3). Phase I (Fig. 3a) shows negative quartz–oxide cor -

relations and positive anorthite–Fe–Ti–P coupling. Phase II 
(Fig. 3b) shows weaker quartz–oxide correlations, peak 
orthoclase, and negative orthoclase–oxide relationships. 
Phase III (Fig. 3c) shows reorganization, with strongest mag -
netite–ilmenite–apatite correlations, peak albite, positive 
orthoclase–oxide associations, and decoupling of anorthite 
from oxide-phosphate phases, consistent with late-stage Na 
enrichment.  

In the multidimensional tectonic discrimination diagram 
of Verma et al. (2013), defined by DF1 and DF2 (Table 2; 
Fig. 5c), most samples plot within the continental rift field, 
with minor overlap into the collision domain. These results 
should be interpreted cautiously, as major-element discrimi -
nant functions may yield ambiguous tectonic classifications 
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Fig. 4.  Geochemical classification of the Märjamaa and Kloostri tripartite phases of rapakivi granitoids. (a) An–Ab–Or diagram from Barker 
(1979), with rapakivi classification after Luo et al. (2024). (b) A/NK vs. ASI diagram from Maniar and Piccoli (1989). (c) FeO*/(FeO* + MgO) 
vs. SiO2 diagram after Frost et al. (2001), modified from Hinchey et al. (2024). (d) (Na2O + K2O – CaO) vs. SiO2 diagram after Frost et al. 
(2001). Sources of Fennoscandian rapakivi plutons are based on the work of Dall’Agnol and de Oliveira (2007) and Grabarczyk et al. 
(2023), utilizing results from Rämö and Haapala (1995, 2005) for the Wiborg area, Kosunen (1999) for the Bodom and Obbnäs rapakivi 
plutons, Heinonen et al. (2010) for the Ahvenisto body, and Sharkov (2010) for the Salmi granitoids. For legend symbols, see Table 2. 
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(Verma et al. 2013, 2022) and must be evaluated alongside 
independent geological, geochemical, and geophysical 
constraints (e.g., Soesoo and Niin 1992; Soesoo 1993; Klein 
et al. 1994; Kirs et al. 2004; Solano-Acosta et al. 2025b). 
When considered in this broader context, the observed dis -
tribution is consistent with a transtensional–transpressional 
tectonic regime during Märjamaa and Kloostri emplacement, 
as proposed by Solano-Acosta et al. (2025b). Additional con -

straints from associated mafic magmatism and deeper crustal 
sources are required to develop a fully integrated tectono-
petrogenetic model and are deferred to future work (Verma 
et al. 2022). 
 
5.2. Redox evolution and Fe–Ti oxide systematics 
A-type granites in the Laurentia–Baltica region are commonly 
classified into ilmenite-, magnetite-, and two-mica (peralumi -
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Fig. 5.  Petrogenetic classification diagrams for the tripartite Märjamaa and Kloostri rapakivi granite phases. (a) FeO*/(FeO* + MgO) vs. 
Al2O3 classification plot of calc-alkaline and A-type granites, including fields for reduced and oxidized subtypes, based on Dall’Agnol  
and de Oliveira (2007). (b) Whole-rock CaO/Al2O3 vs. CaO + Al2O3 for pressure ranges in A-type granites, after Patiño Douce (1997, 1999), 
modified from Dall’Agnol and de Oliveira (2007). Sources of the Finnish rapakivi plutons are derived from the work of Dall’Agnol  
and de Oliveira (2007) and references therein, while the domain corresponding to the Mazury Complex domain follows Grabarczyk  
et al. (2023). (c) Tectonic discriminant-function (DF1 and DF2; Table 2) multidimensional diagrams based on log-transformed major-  
and trace-element ratios for tectonic discrimination of acid granitic rocks, after Verma et al. (2013). (d) Boxplots of T–P estimates from 
TSiO2

 and TMgO, and PQtz and PAb+Or calibrations. For legend symbols, see Table 2.  
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nous) series (Ishihara 1977; Anderson and Morrison 2005; 
Dall’Agnol and de Oliveira 2007). In Laurentia, magnetite-
series granites typically show FeO*/(FeO* + MgO) ratios of 
0.80–0.88, whereas ilmenite-series granites generally exceed 
0.88, reflecting comparatively reduced conditions (Frost 
and Frost 1997; Anderson and Morrison 2005). Finnish rapa -
kivi granites span a broader range (0.79–1.00) and are com -
monly associated with reduced A-type affinities (Rämö and 
Haapala 1995, 2005; Grabarczyk et al. 2023), although their 
relationship to oxidized A-type granitoids remains debated 
(Bonin 2007; Dall’Agnol and de Oliveira 2007; Dall’Agnol 
et al. 2012). Accordingly, the Märjamaa and Kloostri intru -
sions plot predominantly within oxidized A-type fields, with 
FeO*/(FeO* + MgO) ratios of 0.73–0.85 (avg. 0.79) in Phase I, 
0.76–0.91 (avg. 0.84) in Phase II, and 0.74–0.85 (avg. 0.80) 
in Phase III. All phases occupy oxidized domains in Fig. 4c 
(Frost et al. 2001; Hinchey et al. 2024) and equivalent fields 
in Fig. 5b (Dall’Agnol and de Oliveira 2007), although 
Phase II clusters closest to the reduced boundary. 

The classification and redox interpretation of A-type gran -
ites remain controversial, particularly for oxidized, magnetite-
bearing varieties sensu Anderson and Bender (1989) and 
Dall’Agnol and de Oliveira (2007). Although Fe–Mg-based 
discrimination diagrams are widely used in granitoid studies, 
they integrate both Fe2+ and Fe3+ and are strongly influenced 
by magmatic differentiation. In the Märjamaa–Kloostri sys -
tem, FeO*/(FeO* + MgO) primarily reflects bulk iron en rich -
ment relative to Mg rather than redox conditions. Con sist -
ently, Mg values define a pronounced minimum in Phase II 
and higher averages in Phases I and III, indicating phase-
dependent Fe–Mg partitioning during differentiation rather 
than changes in oxidation state or magma source. 

Preferentially, geochemical characterization should be 
accompanied by petrographic, Fe–Ti oxide, and magnetic 
susceptibility studies (Dall’Agnol and de Oliveira 2007). 
Redox conditions are best constrained by whole-rock iron 
speciation, quantified as the molar ferric iron fraction, 
Fe3+# = Fe2O3/(FeO + Fe2O3) (Table 2; Yang et al. 2021). 
This parameter tracks variations in redox state independently 
of total iron content or magmatic differentiation. The smaller 
the Fe3+# value of a granite, the lower the redox conditions 
under which it formed (Ishihara 1977, 1981, 2004). A Fe3+# 
value of ~0.1 corresponds to very reduced conditions, values 
in the range ~0.1–0.3 indicate reduced redox states, inter -
mediate values of ~0.3–0.5 define transitional conditions, and 
values > 0.5 reflect oxidized conditions, with Fe3+# approach -
ing 1.0 representing strongly oxidized compositions (Ishihara 
et al. 2000; Ishihara 2004; Yang et al. 2021). In the analyzed 
samples, average Fe3+# values increase from Phase II (0.28; 
0.21–0.44), which predominantly falls within the reduced to 
lower transitional range, through Phase I (0.45; 0.21–0.62), 
spanning transitional to weakly oxidized conditions, to 
Phase III (0.54; 0.40–0.84), which is dominantly oxidized. 

Contrasting this with the CIPW normative Fe–Ti oxide 
systematics, all phases are magnetite-dominant (Fig. 2b); 
however, the absolute abundances of both magnetite and 
ilmenite decrease systematically from Phase I to Phase III. 

The magnetite fraction (XMag = Mag/(Mag + Ilm); Table 2) 
increases from Phase I (avg. 0.69) to Phase II (avg. 0.78) 
before slightly decreasing in Phase III (avg. 0.75). This non-
monotonic behavior does not necessarily reflect changes in 
oxidation state. Instead, the Phase II maximum in XMag may 
result from ilmenite being more strongly suppressed than 
magnetite, as TiO2 availability decreases during magmatic 
differentiation beginning in Phase I (Fig. 2a), which limits 
ilmenite crystallization. Additionally, the modest increase 
observed in Phase III may partly reflect higher Fe2O3. There -
fore, XMag remains primarily controlled by Fe–Ti partitioning 
during differentiation rather than serving as a direct redox 
proxy.  
 
5.3. Theoretical thermobarometric constraints 
Based on experimental data (Patiño Douce 1997, 1999), 
A-type granites form through low-pressure (≤ 5 kbar) hybri -
diza tion of calc-alkaline granitoids with high-Al olivine 
tholeiites or metagraywackes, producing melts with plagio -
clase and orthopyroxene as residual phases (Dall’Agnol and 
de Oliveira 2007). Our samples plot along this low-pressure 
trend in the CaO/Al2O3 vs. CaO + Al2O3 diagram (Fig. 5b), 
consistent with Finnish rapakivi granites. In contrast, higher-
pressure (12–15 kbar) melts yield clinopyroxene-rich residues 
and plot within the calc-alkaline granitoid field (Dall’Agnol 
and de Oliveira 2007). 

Yang (2017) proposed two equations to estimate crystal -
lization pressure in (haplo-)granitic magmas based on nor -
mative quartz, albite, and orthoclase contents. The equations 
are PQtz = –0.2426 × Qtz3 + 26.392 × Qtz2 – 980.74 × Qtz 
+ 12563 and PAb + Or = 0.2426 × (Ab + Or)3 – 46.397 × (Ab 
+ Or)2 + 2981.3 × (Ab + Or) – 64224, where P is the pressure 
in MPa. Normalized CIPW quartz, albite, and orthoclase were 
used for the calculations. Pressure estimates derived from PQz 
are systematically very close to those obtained from PAb + Or, 
showing a strong correspondence between both approaches 
(R2 ≈ 0.9; Yang 2017).  

Average pressures derived from PQtz are 4.20 kbar (1.05–
11.45 kbar) for Phase I, 4.64 kbar (1.26–14.31 kbar) for 
Phase II, and 3.81 kbar (1.96–7.39 kbar) for Phase III, with 
comparable results obtained from the PAb + Or formulation 
(Table 2; Fig. 5d). These values indicate predominantly mid-
crustal crystallization across all phases. The highest pressures 
in Phase I (11.45 kbar; sample 3023700) and Phase II (14.31 
kbar; sample F3043288) are each defined by a single sample 
and are not representative of typical conditions. As noted by 
Yang (2017) and Yang et al. (2021), these normative barom -
eters are calibrated for granitic compositions containing 15–
40 wt.% normative quartz and are sensitive to extreme quartz 
and alkali feldspar proportions, as well as to melt composition 
(e.g., CaO, FeO, MgO, and volatiles). 

Although Phase II yields slightly higher average pressures 
than Phases I and III, this difference is interpreted as a 
compositional effect, with additional sensitivity to redox-
dependent normative quartz–feldspar systematics, rather than 
a genuine increase in crystallization depth. Phase II is char -
acterized by advanced feldspar-dominated differentiation, 
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reduced CaO contents, and lower Fe3+# values, conditions 
that are known to bias quartz-based barometric estimates to -
ward higher pressures in metaluminous granites. Because 
redox conditions modulate normative quartz–feldspar syst -
ematics, the resulting pressure estimates are best interpreted 
in a comparative, phase-relative sense rather than as exact 
absolute depths. Accordingly, the isolated high-pressure esti -
mates are interpreted as artefacts of calibration sensitivity 
near compositional limits rather than evidence for sustained 
lower-crustal crystallization. 

Duan et al. (2022) criticized zircon-saturation thermo -
metry for estimating magma temperatures because of the li -
mited influence of Zr in rock compositions, despite its use in 
rapakivi studies (e.g., Grabarczyk et al. 2023). They proposed 
two formulas for granitoid studies: TSiO2

 [°C] = –14.16 × SiO2 
[wt.%] + 1723 and TMgO [°C] = 887.6 × (MgO [wt.%])0.0989, 
which approximate temperatures of melt-crystal mixtures 
prior to solidification (Duan et al. 2022). 

TSiO2
 decreases systematically from Phase I (775.15 °C) 

through Phase II (732.83 °C) to Phase III (706.56 °C) 
(Fig. 5d), consistent with progressive cooling during dif -
ferentiation and increasing silica enrichment, also reflected 
by rising normative quartz contents (Table 2). TMgO estimates 
are systematically higher but likewise decline from Phase I 
to Phase III (from 905.82 °C to 845.49 °C and 838.60 °C). 
The less regular evolution of TMgO reflects its stronger 
sensitivity to the availability of Mg-bearing and Fe–Ti–P 
phases, consistent with the progressive normative depletion 
of anorthite, magnetite, ilmenite, and apatite and the reorgan -
ization of mineral correlations in the more evolved assem -
blages (Figs 2b and 3a–c). In contrast, TSiO2

 more directly 
tracks bulk melt evolution and thus records a smoother cool -
ing trend. 

6. Discussion 
Major-element systematics define a coherent, multistage 
differentiation sequence in the Märjamaa–Kloostri rapakivi 
system, evolving from a ferroan, oxide-phosphate-enriched 
Phase I through a strongly fractionated, K-rich Phase II to a 
highly evolved, quartz–feldspar–Na-dominated Phase III. 
This evolution is marked by increasing silica and alkalis, and 
by depletion of the Fe–Ti–Mg–Ca-bearing and phosphate 
components, while Al2O3 remains broadly stable, indicating 
feldspar-controlled differentiation. Redox evolution progres -
ses from moderately oxidized Phase I through comparatively 
reduced Phase II to an oxide-poor but most oxidized Phase III. 
Thermometric estimates indicate progres sive cooling, 
whereas pressures cluster within mid-crustal conditions, sup -
porting differentiation within a single reservoir. Together, 
these data define a multistage rapakivi system in which oxide 
abundance tracks differentiation, while redox variations re -
flect phase-specific pathways rather than a monotonic trend. 

Fractionation intensity, as indicated by the FeO*/MgO 
ratio, reveals that Phase II is the most fractionated felsic end-
member, while Phase I shows less evolved compositions. 
Petrographic observations confirm that Phase I is the densest 

and darkest, Phase II is more felsic and mainly biotite 
(with some muscovite), and Phase III is leucocratic (Soesoo 
and Niin 1992; Klein et al. 1994). In Märjamaa, porphyritic 
textures with microcline phenocrysts, zoned oligoclase–
an desine, and multiple quartz generations indicate progres -
sive silica enrichment and reduced calcic components during 
dif ferentiation (Klein et al. 1994). Normative systematics 
further indicate depletion of oxide- and phosphate-bearing 
assem blages, reflecting progressive exhaustion of accessory 
phases during differentiation. 

On multidimensional discriminant diagrams, the Märjamaa–
Kloostri granitoids plot predominantly within the continental 
rift domain (Fig. 5c), consistent with intracontinental ex -
tension or transtensional reactivation along the Laurentia–
Baltica margin (Verma et al. 2013, 2022; Solano-Acosta 
et al. 2025b). Emplacement coincides with the late stages of 
the Fennoscandian rapakivi AMCG event (Wiborg suite) and 
is linked to asthenospheric upwelling and mafic underplat ing 
during Nuna superswell dynamics (Ahl et al. 1997; Vigneresse 
2005; Sharkov 2010; Pirajno and Santosh 2015; Salminen 
et al. 2021; Solano-Acosta et al. 2025b). 

Major-element indices underpin A-type granite classifica -
tion and provide insights into magma sources and redox con -
ditions (Frost et al. 2001; Bonin 2007; Dall’Agnol et al. 2012). 
These granitoids are subdivided into reduced and oxidized 
suites controlled by oxygen fugacity (f O2), water content, and 
source characteristics (Ishihara 1977; Frost and Frost 1997; 
Vigneresse 2005; Dall’Agnol and de Oliveira 2007). Oxidized 
A-type magmas are associated with hydrous lower-crustal 
sources and magnetite-bearing assemblages crystallizing near 
the nickel–nickel oxide (NNO) buffer, reflecting relatively 
high f O2 conditions linked to Proterozoic increases in 
atmospheric and fluid O2 (Vigneresse 2005; Dall’Agnol 
and de Oliveira 2007; Grabarczyk et al. 2023), whereas most 
A-type granites crystallize under redox conditions close to 
fayalite–magnetite–quartz (FMQ), with reduced fayalite–
ilmenite assemblages dominant and magnetite-bearing vari -
ants representing more oxidized end-members (Frost and 
Frost 1997, 2011; Dall’Agnol et al. 2012). On the oxygen 
fugacity scale, NNO is more oxidizing than FMQ and iron–
wüstite buffers, but less oxidized than the hematite–magnetite 
buffer (Frost and Frost 1997; Dall’Agnol and de Oliveira 
2007; Campbell et al. 2009). 

Experimental and petrological studies show that, in ad -
dition to pressure, the geochemical character of A-type gran -
ites is strongly controlled by oxygen fugacity and magma 
source properties, including water content (Frost and Frost 
1997; Frost et al. 1999; Dall’Agnol and de Oliveira 2007). 
Oxidized A-type granites are commonly interpreted to derive 
from hydrous lower-crustal quartz–feldspathic igneous sources 
under relatively oxidizing conditions, favoring clinopyro -
xene-bearing residues during dehydration melting and 
producing less canonical A-type major-element signatures 
(Dall’Agnol et al. 1999; Anderson and Morrison 2005). In con -
trast, reduced A-type granites may originate from more re -
duced quartz–feldspathic sources, potentially involving a 
metasedimentary component, or from differentiated tholeiitic 
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magmas (Frost and Frost 1997; Frost et al. 1999; Anderson 
and Morrison 2005; Dall’Agnol et al. 2005). 

Redox conditions in the Märjamaa–Kloostri system are 
constrained by whole-rock iron speciation (Fe3+#), Fe–Ti 
oxide systematics, and phase-dependent differentiation. Fe3+ 
increases from Phase II through Phase I to Phase III, indicat -
ing a shift from relatively reduced to predominantly oxidized 
conditions (Ishihara 1977, 1981, 2004; Ishihara et al. 2000; 
Yang et al. 2021). In contrast, FeO*/(FeO* + MgO) and Mg# 
primarily track ferroan differentiation driven by bulk Fe and 
Mg depletion rather than oxygen fugacity, explaining why 
Phase II plots in oxidized A-type fields while remaining the 
most reduced in terms of Fe3+# (Frost et al. 2001; Ishihara 
2004; Dall’Agnol and de Oliveira 2007; Yang et al. 2021). 
Progressive depletion of Fe–Ti oxides and accessory titanite–
apatite provides independent support for this trend (Fig. 2b). 
Collectively, these findings suggest that FMQ-buffered con -
ditions in Phases I and II evolve to NNO-like conditions in 
Phase III, indicating that redox evolution is controlled by 
emplacement dynamics and melt differentiation. 

Evidence of magma–wall-rock interaction in the Märja -
maa pluton includes gneiss xenoliths, sharp intrusive con -
tacts, and granite apophyses cutting through the surrounding 
basement (Klein et al. 1994; Soesoo and Hade 2012). These 
xenoliths, derived from amphibolitic to tonalitic–grano -
dioritic Proterozoic gneisses in western Estonia (Fig. 1b), 
provide mafic to intermediate crustal material compared to 
the host rapakivi magma (Soesoo and Niin 1992; Soesoo 
1993; Klein et al. 1994; Kirs et al. 2004). The interaction was 
most pronounced during the earliest intrusive phase, Phase I, 
which shows the highest evidence of wall-rock interaction, 
with an increased presence of ferromagnesian minerals and 
Fe–Mg–Ti-bearing accessory phases. Phase I granites are also 
rich in accessory and ore minerals such as magnetite, 
ilmenite, and zircon, characterized by inclusion-rich, weakly 
zoned prismatic grains, indicative of early crystallization in 
a dynamic magmatic reservoir (Soesoo and Niin 1992; Klein 
et al. 1994). 

Phase II zircons display strong internal zonation and 
fractures, suggesting magmatic reworking during ongoing 
subsidence and lateral expansion. In contrast, Phase III leu -
cogranites contain primarily clear, weakly zoned zircons, in -
dicating late-stage crystallization from evolved melts (Soesoo 
and Niin 1992; Klein et al. 1994). This shift in zircon textures 
corresponds to the CIPW normative trends, moving from 
oxide-phosphate- and calcic-rich assemblages in Phase I to feld -
spar-dominated, accessory-poor compositions in Phases II 
and III. These results show that wall-rock inter action and mag -
matic heterogeneity peaked during Phase I, with later phases 
indicating more controlled differentiation (Solano-Acosta 
et al. 2025b). 

Whole-rock temperature proxies reveal a consistent ther -
mal evolution across the Märjamaa–Kloostri sequence. Tem -
pera tures derived from the TSiO2

 formulation decrease from 
Phase I (~775 °C) to Phase III (~706 °C) (Table 2; Fig. 5d), 
consistent with the increased silica enrichment and normative 
quartz. TSiO2

 effectively tracks relative cooling during melt 

differentiation, while TMgO yields higher, more variable 
estimates, reflecting sensitivity to Mg redistribution among 
mafic silicates, Fe–Ti oxides, and phosphate phases; it there -
fore represents a secondary, compositionally influenced proxy 
(Duan et al. 2022). 

These whole-rock thermobarometric estimates are con -
sistent with mineral-based constraints from the Märjamaa 
body. Amphibole chemistry and Buddington–Barth geotherm -
om  etry indicate mid-crustal emplacement at 550–650 °C and 
5.2–6.5 kbar (~17–22 km; Klein et al. 1994), in agreement 
with the Märjamaa–Kloostri emplacement model (Solano-
Acosta et al. 2025b). More broadly, A-type granites are 
commonly emplaced at shallow- to mid-crustal levels, with 
magma chambers extending to ~20 km depth (Bonin 2007), 
along ascent paths from ~15 km (~6 kbar) under ambient 
crustal temperatures of 450–650 °C, while magma ascent 
proceeds under near-isothermal decompression and crystal -
lization occurs at higher temperatures of ~720–780 °C 
(Vigneresse 2005). Emplacement depths of AMCG-rapakivi 
massifs typically range from 7 to 20 km (2–6 kbar), as 
documented for the Salmi massif (2–3 kbar; Sharkov and 
Bogina 2006), the Korosten pluton (3–4 kbar; Sharkov 2010), 
the Wiborg batholith (2.5–5.4 kbar; Elliott 2001), whose 
associated Suursaari quartz porphyry volcanic sequence re -
cords coeval shallow-crustal crystallization at ~1–5 kbar and 
~647–738 °C (Ehrlich et al. 2012), and the Mazury Complex, 
which reaches zircon saturation above 840 °C at ~4 kbar 
(Grabarczyk et al. 2023). The Riga pluton represents the 
deepest end-member (5–7 kbar; 14–17 km), supported by 
subsolidus coronas in gabbroids formed at 5–6 kbar and 
900–1100 °C (Rämö et al. 1996; Kirs et al. 2004; Sharkov 
et al. 2004; Sharkov 2010). In this context, the thermo baro -
metric results indicate that the Märjamaa–Kloostri complex 
rep resents a typical mid-crustal rapakivi system consistent 
with Paleoproterozoic Fennoscandian AMCG magmatism. 

The Märjamaa–Kloostri complex shows systematic petro -
physical and mineralogical differences across three magmatic 
stages, reflected in CIPW normative trends and paired geo -
chemical and geophysical signals. Phase I is a ferroan, mel -
anocratic granodiorite rich in Fe–Ti oxides and phosphates, 
with high levels of normative magnetite, ilmenite, and apatite. 
These phases (magnetite ~5.2 g/cm3, ilmenite ~4.7 g/cm3, 
apatite ~3.1 g/cm3) contribute to the high bulk density of 
Phase I (ρ ≈ 2.71 g/cm3) and its associated gravity and 
magnetic maxima (Soesoo and Niin 1992; Soesoo 1993; 
Klein et al. 1994; Solano-Acosta et al. 2025b). With progres -
sive differentiation toward Phase II, dense oxide-phosphate 
minerals are depleted, resulting in a quartz–K-feldspar-rich 
assemblage with lower magnetic susceptibility and reduced 
bulk density (ρ ≈ 2.66 g/cm3). Phase III features a late, Na-rich 
leucogranitic melt with few oxide minerals and increased 
albite content, leading to the lowest bulk densities (ρ ≈ 2.59–
2.63 g/cm3) and a strong gravity minimum. The decline in 
density from Phase I to Phase III indicates the removal of 
dense Fe–Ti oxides and Ca-rich feldspar components. 
Feldspar undergoes compositional changes from anorthite-
rich (~2.73 g/cm3) to orthoclase- (~2.56 g/cm3) and albite-
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dominated (~2.62 g/cm3) assemblages. In contrast, magnetic 
anomalies mainly relate to magnetite distribution and shape, 
with local magnetic highs along the northwestern margin of 
Phase III caused by the superposition of the underlying 
Phase I magnetite-rich core or by concentrations of magnetic 
carriers along late-stage feeder structures active during asym -
metric, trapdoor-style subsidence. Together, CIPW mineral 
systematics (Fig. 3) and geophysical signatures (Solano-Acosta 
et al. 2025b) support a multistage emplacement history in -
volving early intrusion of a steep-sided intrusion, piston 
cauldron subsidence with peripheral ring emplacement, and 
late asymmetric intrusion during crustal relaxation. 

Future research should combine whole-rock geochemistry 
with mineral-scale analyses to enhance our understanding of 
redox evolution and magma–wall-rock interactions. Specifi -
cally, evaluating whole-rock iron speciation (Fe3+#), Ce ano -
malies, and iron isotopes in Fe–Ti oxides could shed light on 
oxidation mechanisms and redox timing during differentia -
tion. Comparative studies of Estonian rapakivi bodies and the 
Wiborg suite in Finland, along with other Fennoscandian 
complexes, are essential to determine whether the observed 
redox signatures result from magmatic evolution, host-rock 
influence, or tectonic factors related to emplacement and 
shear zones. 

7. Conclusions 
Major-element systematics define a coherent, multistage 
differentiation sequence in the Märjamaa–Kloostri rapakivi 
system, evolving from a ferroan, oxide-phosphate-enriched 
Phase I through a strongly fractionated, K-rich Phase II to a 
highly evolved, quartz–feldspar–Na-dominated Phase III. 
This evolution is characterized by progressive silica and alkali 
enrichment coupled with systematic depletion of Fe–Ti–Mg–
Ca-bearing and phosphate components, while Al2O3 contents 
remain broadly stable or show a slight decrease, indicating 
feldspar-controlled differentiation rather than variable de -
grees of low-pressure dehydration melting or redox-driven Al 
enrichment. Redox evolution is closely linked to cauldron-
style emplacement dynamics: Phase I crystallized under mod -
erately oxidized conditions with abundant Fe–Ti oxides, 
Phase II records the strongest fractionation but comparatively 
reduced conditions owing to compositional exhaustion of Fe 
and Ti, and Phase III represents the most oxidized yet oxide-
poor stage as a consequence of advanced melt evolution. 
Independent thermometric estimates document progressive 
cooling from Phase I to Phase III, whereas thermobarometric 
constraints cluster within a narrow mid-crustal range, sup -
porting differentiation within a single crustal reservoir. Together, 
major-element trends, normative mineralogy, and pressure–
temperature constraints identify the Märjamaa–Kloostri com -
plex as a multistage rapakivi system in which oxide abun -
dances primarily track melt differentiation and emplacement 
processes, while redox variations reflect phase-specific evol -
utionary pathways rather than a simple, monotonic oxi dation 
trend. 
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Lääne-Eesti ~1,62 miljardi aasta vanused Märjamaa ja Kloostri rabakiviintrusioonid kajastavad Wiborgi komp-
leksse rabakiviintrusiooni hilisstaadiumi kolmeastmelist magmalist arengut. Intrusioonkehad kujunesid laialive-
nistuse pingete keskkonnas, mis võis olla seotud nihkevööndite reaktivatsiooniga Nuna kontinendi lagunemisel. 
Põhielementide geokeemiat koos CIPW normatiivsete mineraalsete faasidega kasutatakse magma evolutsiooni, 
redokstingimuste ja kristalliseerumismustrite hindamiseks kolmes magmalises arengufaasis. Esimene mag-
maline faas (I) kujundas esmase intrusioonkeha, mis arenes edasi magmakambri ülemise osa varingu ja ümb-
riskivimiplokkide assimilatsiooni tulemusel. I faasi kivimid varieeruvad koostiselt rauarikastest granodioriitidest 
kuni kvartsmonsoniitideni ning neid iseloomustab väiksem SiO₂ ja leeliste sisaldus ning suurem Ca-, Fe–Ti- ja 
P-sisaldus, viidates vähem diferentseerunud magmale. II faasi magma intrudeerus kontsentrilise graniitse rõn-
gana ümber I faasi kivimi. Intrusiooni II faasi kivimid on kõige enam fraktsioneerunud, peegeldades suurt SiO₂ 
ja leeliste sisaldust, väikest kaltsiumisisaldust ning normatiivsete Fe–Ti oksiidide ja apatiidi väga väikest sisal-
dust. III faasi kivim vastab hilisele Kloostri intrusioonkehale, mis moodustus asümmeetrilise vajumise tingimus-
tes. Tegemist on Na-rikka leukograniitse kivimiga, millel on suurim SiO₂ ja väikseim Ca-, Fe–Ti- ja P-sisaldus. 
Magmaline fraktsioneerumine I–III faasis väljendub süsteemsetes Fe–Mg trendides. Magma-kivimisüsteemi re-
dokstingimused on paremini määratavad raua spetsiatsiooni alusel: II faas on redutseerunum, I faas vahepealne 
ja III faas oksüdeerunum. Normatiivsete Fe–Ti oksiidide vähenemine I-st III faasini peegeldab eeskätt progres-
seeruvat fraktsioneerumist, mitte ainult hapniku fugatsiivsuse muutusi, rõhutades põhielementidel põhinevate 
redokshinnangute poolkvantitatiivset olemust. Termobaromeetria viitab kristalliseerumisele keskmise maakoore 
tingimustes (~3–5 kbar) ja järkjärgulisele jahtumisele I-st III faasini. 

 


