
Contrasting 3-D Structures of Estonian Rapakivi Intrusions:
Insights from Gravity and Magnetic Inversion Within the
Paldiski–Pskov Deformation Zone

Abstract.1

Estonia’s Mesoproterozoic (∼1.6 Ga) Rapakivi intrusions are hosted within a structurally complex Precambrian basement2

influenced by the Paldiski-Pskov Deformation Zone (PPDZ) and are largely concealed beneath Phanerozoic sedimentary cover.3

Their subsurface geometries, depth extents, and structural relationships remain incompletely constrained. We investigated the4

Märjamaa-Kloostri, Naissaare, and Neeme intrusions to a model depth of ∼ 15 km using gravity and magnetic data, spec-5

tral filtering, potential-field derivatives, upward continuation, and three-dimensional joint inversion with SimPEG. Regional6

gravity and magnetic gradients broadly follow the NW-SE orientation of the PPDZ, whereas the recovered density-contrast7

and magnetic-susceptibility models reveal distinct subsurface architectures. Märjamaa exhibits a shallow concentric geometry8

consistent with piston-cauldron emplacement, underlain by heterogeneous, vertically organised geophysical domains extend-9

ing below the depth investigated in previous local-scale models. Kloostri Phase III displays a comparatively tabular geometry10

adjacent to the northeastern margin of Märjamaa Phase II. Naissaare exhibits a vertically extensive magnetic structure partly11

offset from shallower, heterogeneous density domains, potentially reflecting deeper intrusive or magma-transfer components.12

Neeme produces weaker geophysical contrasts, combining a shallow density body with deeper, laterally displaced magnetic13

anomalies. The correspondence between recovered geophysical domains and mapped magmatic phases varies among the intru-14

sions, highlighting differences in their internal petrophysical architecture. Although their regional setting is associated with the15

PPDZ, the inversion does not resolve continuous subsurface connections between the three intrusive systems. These findings16

suggest that the Estonian Rapakivi intrusions developed within a shared tectonomagmatic framework while preserving distinct17

subsurface geometries and physical-property distributions, potentially reflecting differences in magma emplacement, structural18

accommodation, and local crustal conditions.19

1 Introduction20

Rapakivi granites are a distinctive group of ferroan A-type granitoids that occur widely in Proterozoic terranes and are espe-21

cially abundant across the Fennoscandian Shield (Haapala and Rämö, 1992; Rämö and Haapala, 1995, 2005; Vigneresse, 2005;22

Salminen et al., 2021). They commonly form part of bimodal anorthosite-mangerite-charnockite-granite (AMCG) associations23
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and are generally associated with post-orogenic to intraplate magmatism (Emslie, 1978; Loiselle and Wones, 1979; Bonin,24

2007; Dall’Agnol et al., 2005; Sharkov, 2010; Salminen et al., 2021; Johansson, 2023). In Fennoscandia, Rapakivi magmatism25

occurred mainly between ∼ 1.67 and 1.44 Ga, during the Subjotnian interval, and formed several temporally distinct intrusive26

suites (Laitakari et al., 1996; Rämö et al., 1996; Puura and Flodén, 2000; Salminen et al., 2021; Grabarczyk et al., 2023). The27

oldest major episode, the Wiborg Suite (1.67-1.62 Ga), comprises the Wiborg batholith in southern Finland and the mainland28

Rapakivi granitoids of Estonia (Klein et al., 1994; Rämö et al., 1996; Puura and Flodén, 2000).29

These Mesoproterozoic intrusions were emplaced within a Paleoproterozoic crustal architecture inherited from the Svecofen-30

nian orogeny (Fig.1a) (Kukkonen and Lauri, 2009; Nordbäck et al., 2024; Solano-Acosta et al., 2025a; Lahtinen and Kurhila,31

2026). Regional geophysical and structural studies show that the Fennoscandian crust contains long-lived discontinuities, shear32

zones, and fault-bounded domains that locally influenced magma transport and emplacement (Korja et al., 1993; Elo and Korja,33

1993; BABEL Working Group, 1993a, b; Korja and Heikkinen, 1995; Puura and Flodén, 2000; Bogdanova et al., 2015). In34

western and northern Estonia, the Paldiski-Pskov Deformation Zone (PPDZ) is one such major crustal structure and provides35

an important regional framework for understanding the distribution and emplacement of several Rapakivi bodies (Puura and36

Flodén, 1999, 2000; Solano Acosta, 2026).37

In Estonia, Rapakivi granitoids are largely concealed beneath Palaeozoic sedimentary cover. They include Naissaare, Märja-38

maa, Kloostri, Neeme, Taebla, and Ereda, as well as the larger Riga batholith (Soesoo and Niin, 1992; Klein et al., 1994; Rämö39

et al., 1996; Laitakari et al., 1996; Kirs et al., 2004) (Fig.1b). These bodies are mainly syeno- to monzogranitic and commonly40

have porphyritic textures with microcline megacrysts, although the classic plagioclase-mantled Rapakivi texture is not present41

in all of them (Soesoo and Niin, 1992; Soesoo, 1993; Klein et al., 1994; Raukas and Teedumäe, 1997). Although relatively42

small in mapped area compared with the main Finnish Wiborg batholith, their geochemical and isotopic characteristics support43

their classification as part of the broader Fennoscandian Rapakivi system (Soesoo and Niin, 1992; Klein et al., 1994; Rämö44

et al., 1996; Potagin, 2024; Solano-Acosta et al., 2026c). Because basement exposures are limited, the mapped outlines of these45

bodies provide only partial constraints on their true lateral extent, internal architecture, and continuation at depth.46
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Figure 1. (continued) Estonian Fault Zone, PMSZ – Porkkala–Mäntsälä Shear Zone, PPDZ – Paldiski-Pskov Deformation Zone, SFSZ –
South Finland Shear Zone, and SJSZ – Sottunga-Jurmo Shear Zone. Age Rapakivi granitoids of Fennoscandia are constrained from Laitakari
et al. (1996); Ahl (1997); Rämö et al. (1996); Skridlaitė et al. (2007); Larin (2009); Sharkov (2010); Johansson et al. (2016); Grabarczyk
et al. (2023). (b) Precambrian geological map highlighting the Estonia basement, showing metalliferous anomalies based on Soesoo et al.
(2020). The epicentres of the earthquakes analysed by Soosalu et al. (2022) are shown as white dots labelled with a number ("Code"), each
with its respective focal mechanism (See Table 2 in Soosalu et al. (2022)), enhancing expressions of a predominantly left-lateral strike-
slip movement on NW-SE to NNW-SSE subvertical faults. Geological data are available from the Land Board Geoportal of the Republic
of Estonia (https://xgis.maaamet.ee/xgis2/page/app/geoloogia400k), including (1) Depth to Basement (DTB) measurements from the same
source. (2) Elevation data is derived from ETOPO elevation model from the NOAA National Centers for Environmental Information. (3-5)
The Neeme, Märjamaa-Kloostri, and Naissaare intrusions are zoomed and superimposed on the corresponding plutonic phases as defined by
Klein et al. (1994). (c - f) Geophysical measurements from the studied zone updated from Solano-Acosta et al. (2023): (c) Moho discontinuity,
(d) Conrad discontinuity, (e) Curie Point Depth (CPD), and (f) Heat flow.

Potential field methods are useful for investigating concealed Estonian Rapakivi intrusions. In southern Fennoscandia, grav-47

ity and magnetic data have been used to identify granitoid bodies and infer their subsurface geometry within the crystalline48

basement (Elo and Korja, 1993; Korja and Heikkinen, 1995; Puura and Flodén, 1996; All et al., 2004, 2006; Solano-Acosta49

et al., 2023, 2025a). Three-dimensional inversion provides better constraints on the vertical architecture and deeper continuity50

of these concealed systems by estimating their volumetric distributions and petrophysical properties (Solano-Acosta et al.,51

2025a; Solano Acosta, 2026). In Estonia, previous integrated modelling of the Märjamaa-Kloostri complex combined resid-52

ual Bouguer gravity, magnetic data, structural interpretation, and 3-D SimPEG inversion to resolve the system to a depth of53

approximately 10 km, highlighting the role of the PPDZ in its emplacement (All et al., 2004; Solano-Acosta et al., 2025a).54

Petrographic and geochemical studies have independently documented the differentiation of its intrusive phases (Soesoo and55

Niin, 1992; Klein et al., 1994; Potagin, 2024; Solano-Acosta et al., 2026c; Solano-Acosta, 2026). Nevertheless, comparable56

three-dimensional geophysical constraints remain limited for other Estonian Rapakivi bodies, particularly across the larger57

PPDZ region.58

This study builds on previous potential-field methods by examining a regional area encompassing the Märjamaa-Kloostri,59

Naissaare, and Neeme granitoids (Fig.1b). It uses Bouguer gravity and magnetic data, together with spectral filtering, up-60

ward continuation, key potential-field derivatives, and 3D SimPEG inversion, to investigate the subsurface structure of these61

concealed intrusions. The larger model domain provides a basis for comparing the shapes and physical properties of several62

Rapakivi bodies within the same regional context and analysing their spatial relationships with the PPDZ. The main goal is to63

develop a 3-D regional geophysical model of the granitoids and examine their subsurface geometries, densities, and magnetic64

susceptibilities. This will help define the extent and internal structure of the concealed Estonian Mesoproterozoic Rapakivi65

intrusions within the PPDZ framework. In this study, the PPDZ serves as a regional geological reference for the distribution of66

Rapakivi bodies, rather than as a target for detailed tectonic reconstruction.67
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2 Geological Setting68

2.1 Regional context69

The Estonian crystalline basement forms part of the Paleoproterozoic Fennoscandian crust and is dominated by metavolcanic,70

metasedimentary, and granitoid rocks formed and reworked during the Svecofennian orogeny (∼ 2.1-1.79 Ga) (Nironen, 1997;71

Lahtinen et al., 2005; Bogdanova et al., 2015; Soesoo et al., 2020). Following crustal stabilisation, Mesoproterozoic A-type72

magmatism produced the Fennoscandian Rapakivi-AMCG suites during the Subjotnian interval (∼ 1.67-1.45 Ga), several of73

which extend beneath sedimentary cover (BABEL Working Group, 1993a, b; Elo and Korja, 1993; Korja and Heikkinen,74

1995; Laitakari et al., 1996; Puura and Flodén, 1996, 2000; All et al., 2006; Salminen et al., 2021; Solano-Acosta et al., 2023;75

Lahtinen and Kurhila, 2026). These intrusions are commonly grouped into four principal age intervals (Fig.1a): the Wiborg76

Suite (1.67-1.62 Ga), including Wiborg, Bodom, Obbnäs, Naissaare, Märjamaa, and Kloostri; the Åland Suite (1.59-1.56 Ga),77

including Ri Ga, Åland, Laitila, and Vehmaa; the Salmi Suite (1.55-1.53 Ga) near the Archean-Proterozoic boundary; and the78

Ragunda Suite (1.53-1.47 Ga), including Ragunda and Rödon Swedish plutons and the Mazury complex (Suominen, 1991;79

Klein et al., 1994; Rämö et al., 1996; Ahl, 1997; Kosunen, 1999; Puura and Flodén, 2000; Selonen et al., 2005; Larin, 2009;80

Sharkov, 2010; Duchesne et al., 2010; Grabarczyk et al., 2023). Their regional distribution is associated with fault-bounded81

basins and reactivated crustal structures (Puura and Flodén, 1996; Kukkonen and Lauri, 2009; Larin, 2009; Salminen et al.,82

2021; Grabarczyk et al., 2023; Lahtinen and Kurhila, 2026).83

2.2 Estonian basement and structural framework84

The Estonian Precambrian basement is unconformably overlain by Ediacaran-Palaeozoic sedimentary rocks and Quaternary85

deposits (Raukas and Teedumäe, 1997). The peneplained basement surface dips gently southward at ∼ 0.10-0.20◦, while86

sedimentary-cover thickness increases from ∼ 100 m in northern Estonia to as much as 900 m farther south (Kirs et al.,87

2004, 2009; Soesoo et al., 2004, 2020; Soosalu et al., 2022). Consequently, direct basement exposure is absent, and its geo-88

logical architecture is reconstructed primarily from drill cores, potential-field data, seismic information, and correlations with89

exposed Svecofennian terrains in southern Finland and Sweden (Raukas and Teedumäe, 1997; All et al., 2004; Bogdanova90

et al., 2015; Solano Acosta, 2026).91

The basement is subdivided into several structural-petrological domains, including the Tallinn, Alutaguse, Jõhvi, West-92

Estonian, Tapa, and South-Estonian zones, which are differentiated by lithology, metamorphic grade, and characteristic gravity93

and magnetic responses (All et al., 2004; Bogdanova et al., 2015; Soesoo et al., 2020; Solano-Acosta et al., 2023, 2025b). The94

NW-SE-trending PPDZ, ∼ 30 km wide, separates major basement domains and forms an important regional structural reference95

in western and northern Estonia (Puura and Flodén, 2000; Bogdanova et al., 2015; Soosalu et al., 2022). Its northwestward96

continuation has been correlated with the Sottunga-Jurmo Shear Zone in Finland and with additional structures within the97

northern Bergslagen domain (Högdahl et al., 2009; Bogdanova et al., 2015; Nordbäck et al., 2024).98
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2.3 Estonian Rapakivi granitoids99

Most Estonian Rapakivi bodies are pink, medium- to coarse-grained, microcline-megacrystic syeno- to monzogranites and100

commonly contain late aplitic or microsyenitic dykes (Soesoo and Niin, 1992; Soesoo, 1993; Kivisilla et al., 1999; Kirs et al.,101

2004). Biotite is the dominant mafic mineral, while hornblende also occurs in the Märjamaa, Naissaare, and Neeme intrusions102

(Kirs et al., 1991; Soesoo and Niin, 1992; Soesoo, 1993; Klein et al., 1994). Despite their broadly similar Rapakivi affinity, these103

intrusions differ markedly in their internal petrographic organisation and phase development (Potagin, 2024; Solano-Acosta104

et al., 2026a, c).105

The Neeme intrusion, dated to ∼ 1.63 Ga (Soesoo and Hade, 2012), is a 25× 20 km pluton that extends partly beneath the106

Gulf of Finland (Fig.1b3). It consists mainly of coarse- to medium-grained, pinkish-grey porphyritic granite cut by aplite and107

microsyenite dykes. Two melanocratic, locally granodioritic bodies occur in the central and northeastern parts and correspond108

to Phases Ia and Ib; the remainder of the intrusion is comparatively leucocratic. Partly assimilated gneiss xenoliths are common,109

and trachytic fabrics occur locally (Soesoo and Niin, 1992; Klein et al., 1994). The mineral assemblage comprises quartz110

(20-25%), microcline (35-45%), plagioclase (oligoclase-andesine; 15-25%), and biotite (2-10%), with minor hornblende and111

muscovite. Accessory minerals include apatite, fluorite, titanite, zircon, epidote, and opaque phases (Soesoo and Niin, 1992;112

Kirs et al., 2004).113

The Märjamaa-Kloostri system is the largest Rapakivi intrusion in northern Estonia. It forms an asymmetrically rounded114

40× 25 km composite pluton in the West-Estonian domain (Fig.1b4) (All et al., 2004; Kirs et al., 2004; Solano-Acosta et al.,115

2023). Petrographic, geochemical, and geophysical data distinguish three phases (Klein et al., 1994; Solano-Acosta et al.,116

2025a, 2026c). Earlier U-Pb zircon analyses of Phase I material from drill core 302 yielded an upper-intercept age of 1626±13117

Ma (Rämö et al., 1996). Subsequent analyses refined the Phase I age to 1626± 3 Ma in drill core 305 and yielded an age of118

1629.7± 4.2 Ma for Phase III material from Kloostri drill core F323 (Potagin, 2024). Phase I forms a central melanocratic119

granodiorite rich in gneiss xenoliths; Phase II is a marginal, K-feldspar-rich biotite-hornblende granite; and Phase III is the120

northwestern Kloostri Na-rich leucogranite, characterised by albite, minor muscovite and fluorite, and locally trachytoid texture121

(Soesoo and Niin, 1992; Klein et al., 1994; Laitakari et al., 1996). Typical modal proportions are quartz (20-30%), microcline122

and plagioclase (20-40% each), and biotite (2-10%). Hornblende is restricted to Phases I-II, while magnetite, ilmenite, zircon,123

apatite, titanite, fluorite, and epidote occur as accessory minerals (Soesoo and Niin, 1992; Kirs et al., 2004).124

The Naissaare intrusion has an upper-intercept U-Pb zircon age of 1624± 10 Ma, based on Phase I material from drill core125

327 (Rämö et al., 1996). The pluton also extends partly beneath the Gulf of Finland and shows lateral variation (Puura and126

Flodén, 1999, 2000). It is dominated by porphyritic granite cut by aplite and microsyenite veins and comprises two com-127

positionally distinct phases (Fig.1b5): a marginal melanocratic granite with occasional hornblende, and a central leucocratic128

granite with locally developed trachytoid fabric, post-magmatic muscovite and fluorite, and petrographic affinity to the Kloostri129

leucogranite (Soesoo and Niin, 1992; Klein et al., 1994). The rocks contain quartz (25-35%), microcline (35-45%), oligoclase130

plagioclase (20-25%), and biotite; apatite, titanite, zircon, epidote, magnetite, and ilmenite occur as accessory phases (Soesoo131

and Niin, 1992; Kirs et al., 2004).132
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3 Datasets133

This study utilised potential-field datasets provided by the Estonian Geological Service. The datasets are publicly observ-134

able through the Estonian Geological Survey (EGT) web platform, and can be downloaded from https://gis.egt.ee/geoportaal/135

ruumiandmed, and include Bouguer anomaly data (Fig.2a) and magnetic anomaly data (Fig.2b). For the present study, both136

datasets were clipped over a common regional domain of ∼ 75× 75 km, encompassing the Märjamaa-Kloostri, Naissaare,137

and Neeme intrusions and the intervening sector of the PPDZ (Fig.1b). All potential data were processed using the Universal138

Transverse Mercator (UTM) coordinate system, specifically UTM Zone 34◦N.139

The Bouguer anomaly (Fig.2a) provides insights into subsurface density variations, aiding in the identification of geological140

structures, crustal thickness, and rock types based on their density (Oja et al., 2021; Osagie et al., 2021; Solano-Acosta et al.,141

2023; Senger et al., 2025). Gravimetric data, compiled by various institutions since the mid-20th century, were consolidated by142

the Estonian Land Board and Geological Survey. This dataset covers an area of 74,480 km2 and includes 10,882 measurement143

points, resulting in an average density of 0.15 points per km2 (Maasik, 1959; Jürgenson, 2001, 2003; All et al., 2004; All and144

Gromov, 2005; Oja et al., 2019, 2021) .145

The magnetic anomaly (Fig.2b) reveals variations in the concentration of magnetic minerals and provides further insights146

into crustal structure and composition (Omietimi et al., 2021; Saada et al., 2021; Solano-Acosta et al., 2023). In Estonia,147

aeromagnetic surveys were conducted throughout the 20th century with a resolution of 1 : 25,000 on land and 1 : 50,000148

offshore from 1987 to 1992 (All et al., 2004; Soesoo et al., 2020). The data were reduced to the DGRF -65 anomaly level149

(Korhonen et al., 2002) with a resolution of 1× 1 km2 (All et al., 2004).150
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(b1)

(a2)

(a1)

(b2)

Figure 2. Regional Bouguer gravity and magnetic anomaly maps used for the geophysical analysis. (a1) Bouguer anomaly, (a2) residual
Bouguer anomaly, (b1) magnetic anomaly, and (b2) residual reduction-to-pole (RTP) magnetic anomaly. Black outlines indicate the mapped
basement and redish ones indicate the Rapakivi intrusive boundaries. The locations of the 15 X-oriented and 15 Y -oriented profiles used for
the subsequent profile analysis and 3-D inversion assessment are also shown on the maps. Residual maps were the ones used for the inversion
(Fig.4). Gravity values are expressed in mGal and magnetic values in nT.
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4 Methodology and results151

4.1 Gravity and magnetic processing152

Following the workflow of Solano-Acosta et al. (2025a), the Bouguer gravity and magnetic datasets were processed in MAGMAP153

within Geosoft Oasis montaj to separate long- and short-wavelength potential-field components (Mickus et al., 1991; Geosoft,154

2004; Solano-Acosta et al., 2023; Lowrie and Fichtner, 2020). Before spectral filtering, the magnetic anomaly grid was trans-155

formed using reduction-to-the-pole (RTP) to approximately centre anomalies over their causative sources (Baranov and Naudy,156

1964). The RTP transformation used IGRF-derived parameters for the study-area centroid (∼ 59.209◦N, 24.644◦E) and the157

1992 reference epoch, yielding an inclination of approximately 71.7◦ and a declination of 5.8◦E (Finlay et al., 2010; Omietimi158

et al., 2021; Solano-Acosta et al., 2023, 2025a) (Fig.3c1).159

The complete Bouguer and RTP grids were then separated into regional and residual components using Fourier-domain160

high- and low-pass filters. Radially averaged power spectra were used to identify the principal wavelength transition (Fig.S1).161

A cutoff wavenumber of 0.04 cycles/km was adopted: lower wavenumbers represent longer-wavelength regional contributions,162

while higher wavenumbers emphasise shorter-wavelength density and magnetic-susceptibility variations (Phillips, 2001; Os-163

agie et al., 2021; Saada et al., 2021; Solano-Acosta et al., 2026b). The resulting regional and residual fields are shown in164

Figures 3a1-a2,c2-c3.165

A pseudo-gravity transformation was also calculated from the RTP magnetic field using a fast Fourier transform and Pois-166

son’s relation. This provided a gravity-equivalent representation of the magnetic anomaly field for comparison with the Bouguer167

data (Pratt and Shi, 2004; Geosoft, 2004; Solano-Acosta et al., 2023) (Fig.3a3).168

4.2 Derivative analysis169

To enhance boundaries and gradients within the residual potential-field datasets, Tilt Derivative Ratio (TDR), Tilt Angle Deriva-170

tive (TDX), and Analytic Signal (AS) filters were applied to the residual Bouguer and RTP grids (Saada et al., 2021; Solano-171

Acosta et al., 2023, 2025a). These filters are commonly used to enhance lateral contrasts associated with lithological bound-172

aries, intrusive contacts, and faults (Geosoft, 2004; Osagie et al., 2021; Ibraheem et al., 2018; Ndikum and Tabod, 2024). TDR173

and TDX emphasise changes in density and magnetisation gradients, whereas the analytic signal highlights the amplitude of174

the total field gradient and is comparatively insensitive to the direction of magnetisation (Saada et al., 2021). The mathematical175

definitions of the applied derivatives are provided in Figure 3.176

4.3 Upward continuation177

Upward continuation (UC) was applied to the residual Bouguer and RTP datasets to evaluate the persistence of potential-field178

anomalies with increasing continuation height and to progressively suppress shorter-wavelength contributions associated with179

shallow sources (Blakely, 1995; Saibi et al., 2006; Ganiyu et al., 2013; Okpoli and Akingboye, 2019).180
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In the frequency domain, upward continuation can be expressed as Fζ(p,q) = e−ζ
√

p2+q2F0(p,q), where F0(p,q) is the181

Fourier transform of the field at the observation surface, ζ is the continuation height, and Fζ(p,q) is the upward-continued182

field.183

Following the principles discussed by Jacobsen (1987), the progressive attenuation of anomalies with continuation height184

was used qualitatively to evaluate the wavelength and depth persistence of the observed gravity and magnetic signals. Upward185

continuation was calculated from 500 to 15,500 m at 1,000 m intervals for both residual Bouguer and RTP datasets (Fig.S2).186

Because upward continuation represents filtering rather than a direct depth inversion, the disappearance of an anomaly is187

interpreted as a measure of signal persistence with height, rather than as the absolute depth of the causative source (Ganiyu188

et al., 2013).189

4.4 SimPEG inversion190

Three-dimensional joint inversion of the residual Bouguer gravity and RTP magnetic datasets (Figs.3a2,b2) was carried out191

using the SimPEG Python framework (Cockett et al., 2015). The cross-gradient joint inversion SimPEG method was used192

to encourage spatial correspondence between density-contrast and magnetic-susceptibility structures while allowing the two193

physical-property models to retain independent amplitudes. Joint potential-field inversion using this approach has been suc-194

cessfully applied to igneous, hydrothermal, and structurally complex geological systems (Miller et al., 2017; Ardestani et al.,195

2021; Ardestani, 2022; Mitchell et al., 2023; Solano-Acosta et al., 2025a).196

The regional inversion domain extended from 670,000 to 746,000 m E and from 6,532,000 to 6,606,000 m N in UTM Zone197

34N, with the vertical model extending from −15,000 to +200 m. The tensor mesh comprised 38×37×19 cells, corresponding198

to a total of 26,714 cells. Horizontal cell dimensions were 2,000 m in both the X and Y directions, while the vertical cell199

thickness was 800 m. The mesh origin was located at (670000, 6532000, −15000) m. This configuration provided a regional200

model volume extending to a depth of 15 km, consistent with the maximum depth range examined in the upward-continuation201

analysis (Fig.S2). Figure S3 shows the mesh grid with observed, predicted, and misfit responses.202

Thirty vertical cross-sections were extracted from the final inversion models, comprising 15 X-oriented profiles (X1−15)203

and 15 Y -oriented profiles (Y1−15). Their locations are shown in Figure 2. These sections were used to examine the lateral204

and vertical distributions of density contrast and magnetic susceptibility across the Märjamaa-Kloostri, Naissaare, and Neeme205

granitoids, as well as the surrounding basement. Background values were set to 1× 10−3 g cm−3 for density contrast and206

1× 10−3 SI for magnetic susceptibility as done in Solano-Acosta et al. (2025a). The corresponding gravity and magnetic207

inversion sections are presented in Figure 4.208
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4.5 Three-dimensional model visualisation209

The 3-D representation of the recovered density-contrast and magnetic-susceptibility models (Fig.5) highlights the heteroge-210

neous spatial distribution of the principal petrophysical anomalies across the Estonian Rapakivi intrusions. The selected high-211

and low-contrast domains delineate distinct subsurface patterns, with differences in their lateral extent, apparent vertical con-212

tinuity, and spatial correspondence between density and magnetic susceptibility. Particularly pronounced magnetic contrasts213

occur in deeper portions of some modelled domains, whereas other intrusions exhibit more restricted vertical expressions. The214

Märjamaa and Kloostri systems display locally tabular arrangements of contrasting physical-property domains, with Kloostri215

appearing more spatially discrete, while Naissaare and Neeme exhibit comparatively shallower expressions of the selected216

anomalies. These relationships are illustrated from two opposing perspectives in Figure 5, with the corresponding interactive217

three-dimensional models provided within Supplementary File.218

To examine physical-property variations associated with the mapped Rapakivi intrusions, the recovered model cells were219

spatially filtered according to whether their horizontal cell centres occurred within the corresponding intrusion polygons. For220

each physical property, the 15th and 85th percentiles (P15 and P85) were calculated from the valid recovered values within221

these footprints. Only cells with values ≤P15 or ≥P85 were displayed, allowing the lower and upper tails of the recovered dis-222

tributions to be examined while excluding intermediate values. Density contrasts were represented using a blue-to-red colour223

scale, whereas magnetic susceptibility was displayed using a green-to-orange scale. Separate density and susceptibility repre-224

sentations, together with their combined visualisation, were generated to evaluate the spatial distribution and correspondence225

of the recovered anomalies. Importantly, the displayed volumes represent percentile-selected model cells within the vertically226

projected intrusion footprints, rather than independently constrained three-dimensional intrusion boundaries.227
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Figure 5. 3-D visualisation of recovered density-contrast and magnetic-susceptibility models for the Estonian Rapakivi intrusions. Comple-
mentary views are shown at azimuths of 45◦ (a1–a3) and 225◦ (b1–b3), both at 40◦ elevation. Panels (a1,b1) show combined distributions;
(a2,b2) show density contrasts (blue: lower; red: higher); and (a3,b3) show magnetic susceptibility (green: lower; orange: higher). Panels
(c1,c2) enlarge the combined models, showing relationships between petrophysical domains and regional geological structures. Only cells
within mapped intrusion footprints and in the lower (≤ P15) or upper (≥ P85) percentiles of each petrophysical property are displayed.
Black lines mark mapped geological boundaries; red outlines indicate intrusion surface extents. Coordinates use WGS 84/UTM zone 34N
(EPSG:32634); elevation is in metres, density contrast in g/cm3, and susceptibility in SI units. Volumes show selected property contrasts,
not independently constrained lithological contacts or subsurface intrusion boundaries. Interactive 3-D HTML models are available in the
Supplementary Material.
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5 Discussion228

5.1 Regional potential-field architecture and the PPDZ229

The derivative maps show a consistent NW-SE alignment of gravity and magnetic gradients, broadly subparallel to the Paldiski-230

Pskov Deformation Zone (PPDZ) (Fig.3c1). This trend is especially clear in the TDR and TDX derivative products, where elon-231

gated gradient corridors reflect the regional structural arrangement of the crystalline basement. This correspondence supports232

previous interpretations of the PPDZ as a long-lived crustal discontinuity inherited from the Palaeoproterozoic Svecofennian233

basement and later reactivated during tectonic and magmatic events (Nordbäck et al., 2024; Solano-Acosta et al., 2025a;234

Solano Acosta, 2026; Lahtinen and Kurhila, 2026). The coherent expression of these gradients in both gravity and magnetic235

datasets provides further evidence for the regional persistence of this structural framework.236

The analytic-signal (AS) products (Fig.3b3,d3) further highlight contrasts in the distribution and intensity of petrophysi-237

cal boundaries. In the residual Bouguer field, high-amplitude responses occur locally as narrow, spatially confined lineations238

that do not consistently follow the mapped margins of the Rapakivi intrusions. Similar features in the Märjamaa-Kloostri area239

have previously been interpreted as possible feeder zones, mafic or anorthositic dykes, or other high-density subsurface contacts240

(Solano-Acosta et al., 2025a). Märjamaa-Kloostri and Naissaare are comparatively well expressed in the Bouguer AS, with par-241

ticularly pronounced amplitudes around Naissaare, whereas Naissaare has a substantially weaker magnetic AS response. Con-242

versely, the residual reduced-to-the-pole (RTP) magnetic AS shows stronger gradients within and around Märjamaa-Kloostri,243

particularly west of and near the PPDZ. Neeme is less distinctly expressed in both datasets. These differences indicate that the244

principal density and magnetic boundaries do not systematically coincide, reflecting contrasting petrophysical characteristics245

among the investigated intrusive systems.246

5.2 Contrasting subsurface architectures and petrophysical differentiation247

The SimPEG joint potential-field inversion reveals substantial differences in the recovered subsurface geometries of Märjamaa-248

Kloostri, Naissaare, and Neeme (Fig.4). Density contrasts generally define shallower, more internally heterogeneous domains,249

while positive magnetic-susceptibility structures tend to show greater apparent vertical continuity, in some cases extending250

towards the lower boundary of the 15 km model. Their distinct spatial patterns suggest that density and magnetic susceptibility251

provide complementary constraints on the physical-property architecture of the intrusive systems, rather than defining identical252

subsurface geometries.253

In the Märjamaa-Kloostri area (Fig.1b4), the regional inversion extends the local-scale modelling of Solano-Acosta et al.254

(2025a), which investigated the system to approximately 10 km depth. The present results indicate that Märjamaa Phases I255

and II comprise several vertically stacked or block-like domains, whose widths and lateral positions vary with depth, as shown256

by profiles X3−6 (Figs.4a and 4b). The recovered density structure includes both positive and negative contrasts, whereas257

magnetic-susceptibility anomalies show a more pronounced vertical organisation and extend towards the lower model bound-258

ary. By comparison, Kloostri Phase III has a relatively discrete, locally tabular geometry, with shallower and less pronounced259

magnetic contrasts, particularly along profiles Y6−7 (Fig.4d). These relationships suggest that Märjamaa and Kloostri comprise260
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distinct intrusive compartments, despite being associated with a broader magmatic system. The shallow concentric arrange-261

ment of Märjamaa remains consistent with the piston-cauldron geometry proposed by Solano-Acosta et al. (2025a), while the262

deeper recovered anomalies indicate a more heterogeneous architecture than the shallow structural expression alone suggests.263

However, because magnetic contrasts continue towards 15 km, the full vertical extent of the associated sources cannot be264

established.265

Naissaare has a different configuration, with a relatively heterogeneous shallow density structure and a more coherent,266

vertically developed magnetic response (Fig.4). The petrographic subdivision into Phases I and II, mapped by Klein et al. (1994)267

and Solano-Acosta et al. (2026a), is not expressed as two sharply separated geophysical domains (Fig.1b5). Phase II shows268

comparatively lower-amplitude, shallower density contrasts towards the Baltic-facing side of the intrusion, whereas Phase I269

is associated with stronger positive density contrasts that extend to greater depths, as illustrated by profile X5 (Fig.4a). In270

addition, profile Y12 (Fig.4d) shows a lateral offset between the mapped upper intrusion and the deeper magnetic-susceptibility271

structure. The latter’s relatively steep margins and vertical continuity are compatible with a block-like or columnar geophysical272

geometry, potentially involving an inclined feeder-related continuation rather than a simple, vertically aligned plutonic body273

(Cruden, 1998; Grocott et al., 1999; Karell et al., 2014). Nevertheless, the magnetic anomaly does not uniquely identify a274

magma conduit, and its relationship to the shallower density structure remains interpretative.275

Neeme (Fig.1b3) has a smaller, generally lower-contrast geophysical expression. Its positive density anomaly forms a rel-276

atively shallow body, approximately centred beneath the mapped intrusion, particularly along profile X14 (Fig.4a). The cor-277

responding magnetic-susceptibility model, however, shows a deeper, laterally displaced structure (Fig.4b), indicating that the278

distribution of magnetic material cannot be represented solely by the recovered shallow density geometry. The petrographic279

Phases Ia, Ib, and II described by Klein et al. (1994) are not individually resolved at the present model scale. The deeper280

magnetic response could reflect a relatively magnetite-rich intrusive component, a mafic-associated body, or a magnetised281

basement contact (Vigneresse, 2005; Bonin, 2007; Dall’Agnol et al., 2012; Johansson et al., 2016). Accordingly, its apparent282

vertical persistence should not be interpreted directly as a downward continuation of the exposed granitoid intrusion.283

The three-dimensional comparison of the recovered density and magnetic-susceptibility contrasts (Fig.5) provides a comple-284

mentary perspective on these relationships. The spatially selected high- and low-value domains highlight differences in lateral285

distribution, internal heterogeneity, and apparent vertical organisation among the intrusions. Particularly pronounced magnetic286

contrasts in deeper parts of some modelled domains may reflect variations in magnetic-mineral abundance, oxidation state, or287

contributions from Fe-rich lithologies. These may include magnetite-bearing mafic components or Fe-Ti-oxide-enriched as-288

semblages associated with the broader anorthosite-mangerite-charnockite-granite (AMCG) association (Ahl, 1997; Kirs et al.,289

2004; Rämö and Haapala, 2005; Vigneresse, 2005; Larin, 2009; Sharkov, 2010; Dall’Agnol et al., 2012; Solano-Acosta et al.,290

2025a, 2026c). However, magnetic susceptibility alone cannot establish an anorthositic or other specific mafic composition.291

In addition, the displayed P15/P85 volumes represent selected recovered physical-property contrasts, not independently con-292

strained lithological contacts or intrusive roots.293

The correspondence between mapped magmatic phases and geophysical domains also varies among the studied intru-294

sions. Märjamaa-Kloostri shows the clearest relationship between its mapped subdivisions and internal petrophysical structure,295
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whereas Naissaare’s two phases are only partially distinguishable and Neeme’s remain unresolved. Thus, petrographic and296

geochemical differentiation (Soesoo and Niin, 1992; Soesoo, 1993; Klein et al., 1994; Potagin, 2024; Solano-Acosta et al.,297

2026c; Solano-Acosta, 2026) does not necessarily yield corresponding density or magnetic-susceptibility domains at the res-298

olution of the present inversion. This underscores the importance of integrating petrological and mineralogical evidence when299

interpreting the physical-property distribution of individual Rapakivi intrusions.300

5.3 Tectonomagmatic implications for the PPDZ-hosted Rapakivi system301

The contrasting architectures identified across the Estonian Rapakivi intrusions suggest that regional tectonic inheritance and302

local emplacement processes exerted complementary, though not necessarily equivalent, controls on their development. Al-303

though the PPDZ is an important inherited crustal structure that may have favoured magma ascent and localisation, the re-304

covered intrusion geometries show no systematic elongation parallel to its NW-SE orientation. Moreover, Märjamaa-Kloostri,305

Naissaare, and Neeme remain geophysically distinct systems, with no continuous density- or magnetic-susceptibility struc-306

ture connecting them at the resolution and depth range investigated (Figs.4,5). Thus, previously proposed deeper connections307

or shared magma-transfer pathways (Nordbäck et al., 2024; Solano-Acosta et al., 2025a) remain regional tectonomagmatic308

hypotheses, rather than features demonstrated by the present inversion. The plutons’ common affiliation with the Wiborg309

magmatic suite therefore does not imply identical emplacement geometries, magma-supply configurations, or evolutionary310

histories.311

The heterogeneous architecture of Märjamaa-Kloostri can be interpreted in the context of the transtensional pull-apart and312

piston-cauldron emplacement model proposed by Solano-Acosta et al. (2025a). In this model, dextral transtensional reacti-313

vation along inherited Svecofennian structures facilitated magma ascent, intrusive accommodation, and successive phases of314

cauldron subsidence. The present regional results suggest that similar structural processes may have operated within a more315

extensive, internally compartmentalised magmatic framework, potentially involving multiple emplacement centres and deeper316

magma-transfer or storage zones. Kloostri’s relatively discrete geometry and Märjamaa’s heterogeneous deeper architecture317

are consistent with different levels or stages of magma accommodation within such a framework. However, the inversion does318

not establish a single, continuous ring-cauldron structure beneath the investigated plutons. The earlier model may therefore319

describe a local expression of a broader transtensional system without necessarily defining the emplacement mechanism of320

every associated intrusion.321

This interpretation is consistent with the Palaeoproterozoic structural inheritance of the PPDZ, where Svecofennian fab-322

rics and Riedel-type fracture arrangements have been linked to Mesoproterozoic transtensional reactivation (Solano-Acosta323

et al., 2025a; Solano Acosta, 2026). Petrogenetic investigations likewise place the Estonian Rapakivi suites in an extensional324

to continental-rift-related tectonic setting (Solano-Acosta et al., 2026c; Solano-Acosta, 2026). More broadly, Fennoscandian325

A-type and AMCG magmatism has been associated with lithospheric extension, mantle upwelling, and the tectonic reorgan-326

isation and fragmentation of Nuna (Pirajno and Santosh, 2015; Salminen et al., 2021; Lahtinen and Kurhila, 2026). In this327

context, the PPDZ may have acted as a crustal-scale zone of weakness that facilitated melt migration, while local magma328

supply, host-rock rheology, structural accommodation, and successive intrusive pulses shaped the architecture of individual329

17

https://doi.org/10.5194/egusphere-2026-6609
Preprint. Discussion started: 4 November 2026
c© Author(s) 2026. CC BY 4.0 License.



plutons. These processes are consistent with multi-level models of A-type and Rapakivi magmatism involving magma transfer,330

storage, and emplacement at different crustal levels (Bonin, 2007; Sharkov, 2010; Johansson, 2023). Nevertheless, the present331

inversion cannot uniquely distinguish among alternative deep magmatic configurations or establish the lithological identity of332

the recovered magnetic sources.333

The deeper crustal and thermal framework described by Solano-Acosta et al. (2023) provides further context for regional334

differences among these intrusive systems. Variations in Moho depth, Conrad discontinuity, Curie-point depth, and heat flow335

broadly correspond to the distribution of the Estonian Rapakivi intrusions (Fig.1c-f). Märjamaa-Kloostri is associated with336

comparatively shallow crustal and thermal boundaries and elevated heat flow; Naissaare occupies an intermediate setting;337

and Neeme lies in a region characterised by deeper boundaries and relatively lower heat flow. These spatial relationships338

may reflect variations in crustal thickness, inherited structural configurations, and lithospheric thermal evolution. Because the339

regional boundaries extend below the inversion’s 15 km depth range, they may provide context for deeper crustal heterogeneity,340

but they do not demonstrate that individual granitoid bodies extend to the Moho, Conrad discontinuity, or Curie-point depths .341

Post-magmatic erosion, exhumation, and tectonic reorganisation may also have modified the intrusions’ presserves as an342

inherited structural corridor despite the intrusions’ differing geometries. Puura and Flodén (1999) argued that erosion alone343

could not account for the approximately 10-15 km of inferred crustal thinning and proposed an additional contribution from344

regional uplift and thermal processes. Puura and Flodén (2000) considered differential erosion and tectonic tilting, estimating345

approximately 5-10 km of crustal removal, whereas Sharkov (2010) proposed more extensive erosion of approximately 16-346

20 km. Despite their differences, these estimates collectively indicate substantial post-orogenic crustal reworking. Accordingly,347

the contrasting preserved geometries of Märjamaa-Kloostri, Naissaare, and Neeme may reflect both original emplacement348

conditions and subsequent differences in exhumation, tilting, and preservation of intrusive levels.349

The inferred petrophysical architecture also has implications for the metallogenic potential of Rapakivi-related systems350

(Fig.4), although mineral exploration is not the principal objective of this study. Mantle-driven extension, lithospheric thin-351

ning, and mafic magma contributions associated with A-type and AMCG magmatism have been linked to geological settings352

favourable for IOCG, Sn-W-Mo, Cu-Au-U, and REE mineralisation (Vigneresse, 2005; Bonin, 2007; Dall’Agnol et al., 2012;353

Pirajno and Santosh, 2015; Salminen et al., 2021). Inherited crustal-scale structures may promote magma and fluid migration,354

while F-rich assemblages and brittle deformation can contribute to the mobilisation and redistribution of HFSE, REE, and355

associated metals (Vigneresse, 2005; Bonin, 2007; Pirajno and Santosh, 2015; Valkama et al., 2016; Siachoque et al., 2017).356

Märjamaa Phase I is particularly relevant in this context: its heterogeneous and vertically extensive geophysical architecture357

coincides with previously documented Fe-P-REE enrichment (Potagin, 2024; Solano Acosta, 2026). Although this associa-358

tion does not establish a direct genetic link between the recovered anomalies and mineralisation, it identifies an area where359

further petrophysical, mineralogical, and geochemical investigation could be especially informative. Potential-field anomalies360

extending beyond mapped granitoid boundaries may also provide targets for investigating concealed lithological or structural361

features.362

Overall, the combined potential-field and three-dimensional models support a common regional tectonomagmatic frame-363

work comprising several geometrically and petrophysically distinct intrusive systems, rather than a single, continuously re-364
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solved batholithic body. The PPDZ may have provided the inherited structural framework for magma localisation, while local365

emplacement conditions and subsequent crustal modification shaped each intrusion’s final architecture. Extending previous ge-366

ological and geophysical interpretations of Estonian Rapakivi magmatism (Soesoo and Niin, 1992; Soesoo, 1993; Klein et al.,367

1994; Puura and Flodén, 1996, 1999, 2000; All et al., 2006; Kirs et al., 2004; Potagin, 2024; Solano-Acosta et al., 2025a, 2026c;368

Solano-Acosta, 2026), the present results provide further constraints on the internal physical-property differentiation, spatial369

organisation, and apparent depth continuity of Märjamaa-Kloostri, Naissaare, and Neeme.370

6 Conclusions371

This study extends previous geophysical models of the Märjamaa-Kloostri Rapakivi complex to a regional scale, depths of372

15 km, and the Naissaare and Neeme intrusions. It combines gravity and magnetic data, potential-field derivatives, upward-373

continuation filters, and 3-D SimPEG inversion. The findings associate Estonia’s ∼1.6 Ga Wiborg-suite Rapakivi bodies with374

the northwest-southeast-trending Paldiski-Pskov Deformation Zone (PPDZ), but reveal varied subsurface architectures. Gravity375

and magnetic gradients mainly follow the PPDZ, suggesting it is an inherited structural corridor despite differing intrusion376

geometries. Märjamaa has a shallow, concentric structure consistent with the piston-cauldron model, whereas inversion reveals377

a more complex, vertically extensive, heterogeneous system, with positive magnetic signals to 15 km; as well as for Kloostri,378

suggesting a multi-level intrusive root and deeper magma-transfer and storage zones.379

Naissaare has a distinct strong vertical magnetic feature and variable shallow density, with limited correlation to geophysical380

phases. Its geometry suggests a vertically extensive intrusive column, possibly including an inclined feeder-related continuation381

rather than a shallow, closed pluton.382

Neeme has the weakest gravity and magnetic contrasts but a deeper magnetic extension, indicating greater vertical extent383

than gravity data alone suggest. This may reflect a deep feeder-related or more magnetically susceptible component beneath384

the shallow body.385

Overall, the 3-D models show substantial petrophysical heterogeneity, with distinct lateral geometries, variable vertical386

extent, and locally strong deep magnetic contrasts. The plutons likely formed under different local magmatic and structural387

conditions within the same regional tectonomagmatic system. Results support a compartmentalised transtensional emplace-388

ment framework, potentially involving Fe–Ti oxide-rich mafic components and differentiated intrusive phases, though depth-389

geochemical anomalies and depth extents remain uncertain. Despite sharing a tectono-magmatic environment, the intrusions390

developed distinct internal structures shaped by magma emplacement, crustal position, structural conditions, and host-rock391

rheology. The regional inversion refines the Märjamaa-Kloostri model and provides the first comparable 3-D insights into the392

hidden architecture and depth continuity of Naissaare and Neeme.393
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Supplementary data394

Supplementary material is available in the repository and includes interactive three-dimensional geophysical models of the Es-395

tonian Rapakivi intrusions. The compressed archive contains interactive HTML visualisations of the recovered density-contrast,396

magnetic-susceptibility, and combined models, along with geological boundaries and mapped intrusion outlines. Readers can397

rotate and zoom the visualisations to examine the spatial distribution of the recovered physical-property contrasts from differ-398

ent perspectives. To access the models, extract the ZIP archive and open the relevant main HTML files in a compatible web399

browser, keeping the associated viewer files in the same directory.400
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