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Abstract

The peralkaline granites of the Papanduva Pluton (South Brazil) display a remarkable facies
dichotomy, with zircon dominant in massive facies and diverse zirconosilicates (Zr-5i) in
foliated facies. This study employs petrography and mineral chemistry (major and trace
elements) to elucidate the textural diversity and compositional evolution of these minerals.
Three discrete zirconosilicate groups were identified: Na-rich elpidite (euhedral, vein-like,
and granular varieties), Na-poor (Na,K)Zr-Si-I, and silica-rich (Na,K)Zr-Si-II. Contrary
to the expected crystallization sequences, trace element data reveal that REE enrichment
correlates with deformation intensity rather than paragenetic order, with vein-like ag-
gregates along deformation features showing the highest REE concentrations. Statistical
analysis demonstrates significant correlations between REE contents and alkali exchange
patterns. We propose a three-stage evolutionary model involving magmatic crystallization,
deformation-enhanced fluid interaction, and late-stage recrystallization, with a progres-
sive evolution from Na-dominated to K-dominated conditions. This study provides new
insights into closed-system fluid evolution in agpaitic environments and highlights defor-
mation as a primary control on element mobility in peralkaline granitic systems.

Keywords: fluid-rock interaction; submagmatic deformation; REE mobility; alkali
metasomatism; agpaitic mineralogy; Graciosa Province

1. Introduction

Zirconosilicates are critical petrogenetic tracers in peralkaline igneous systems, provid-
ing unique insights into late-stage magmatic-hydrothermal evolution and element mobil-
ity [1-3]. In metaluminous magmas, zirconium is typically hosted in zircon (ZrSiOy); how-
ever, in peralkaline melts—defined by molar (NayO + K,0)/Al,O3 > 1—zirconosilicates
crystallize late because Zr functions as a network modifier in silicate melts, breaking
5i-O-5i bonds rather than participating in the silicate framework [1]. In the presence of
excess alkalis, Zr** remains dispersed in the melt structure rather than forming its own
complexes, suppressing early zircon crystallization and stabilizing diverse Na-, K-, and Ca-
bearing zirconosilicates [1,2,4]. This fundamental shift in Zr behavior makes zirconosilicates
sensitive indicators of intensive parameters, such as peralkalinity, silica activity, oxygen
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fugacity, volatile content, and fluid evolution in agpaitic environments, providing critical
insights into late-stage differentiation and high-field strength element (HFSE) mobilization
processes [2,4-10].

Submagmatic deformation, which occurs at temperatures just below the solidus dur-
ing crystal-melt coexistence [11-13], represents an underexplored control on zirconosilicate
evolution. High-temperature deformation (>650 °C) generates microfractures and foliation
that enhance fluid—-rock interaction and HFSE mobilization; however, the mechanisms
linking deformation intensity to zirconosilicate chemical evolution remain poorly under-
stood. This knowledge gap limits our understanding of the behavior of trace elements in
deformed peralkaline systems.

Elpidite (NapZrSigO15-:3H,0) is an ideal mineral for investigating these processes
due to its microporous framework structure and high cation exchange capacity. Its dou-
ble wollastonite-like [SigO15]°~ ribbon structure, cross-linked by ZrOg octahedra, creates
channels that facilitate reversible dehydration and Na* exchange for larger monovalent
cations (K*, Rb*,and Cs*). Under hydrothermal conditions, these channels accommodate
the partial substitution of Na* by Ca?*, with a concomitant loss of channel water [5,14-17].
Elpidite crystallizes during late-magmatic to hydrothermal stages of peralkaline gran-
ites and syenites, marking high alkali and water activities during late-stage magmatic
crystallization [2,5].

Elpidite occurrences in peralkaline granite complexes worldwide demonstrate di-
verse formation and alteration mechanisms. At Strange Lake (Canada), euhedral prisms
are replaced by Ca-zirconosilicates during metasomatic alteration [4,5]. The Khan Bogd
complex (Mongolia) hosts up to 30 vol% elpidite evolving from Ca-poor to Ca-rich compo-
sitions before being replaced by gittinsite and zircon [10]. Ilimaussaq (Greenland) shows
elpidite mantles around resorbed zircon and euhedral crystals in miaroles with up to 65%
Na loss during post-magmatic alteration [9]. Additional occurrences at Evisa (Corsica),
Khibiny (Russia), Siwana (India), and the Arabian Shield demonstrate the high susceptibil-
ity of elpidite to fluid-mediated modification through ion exchange, metasomatism, and
hydrothermal processes [18-22].

In Brazil, elpidite occurrences in peralkaline granites are rare and poorly characterized.
Only two significant occurrences have been documented: the Ouro Fino Intrusive Suite
(northern Brazil), which contains Ca-rich elpidite (<5 vol%) in hypersolvus alkali-feldspar
granites [23], and the Papanduva Pluton (southern Brazil), where elpidite is the primary
zirconosilicate mineral in highly evolved peralkaline granites. The Papanduva locality
exhibits multiple textural generations of elpidite associated with (Na,K)-zirconosilicates,
HFSE- and REE-bearing phases, and fluid alteration features [24,25]. Despite previous in-
vestigations [26-28], the crystallization sequence, compositional variation, and replacement
mechanisms remain poorly understood.

This study integrates petrography and mineral chemistry to (1) document the textural
diversity and compositional evolution of elpidite and associated zirconosilicates from
the Papanduva granites; (2) establish quantitative relationships between deformation
intensity and element redistribution; (3) reconstruct the crystallization sequence and fluid
evolution pathways; and (4) propose a comprehensive model for deformation-controlled
zirconosilicate evolution in peralkaline, silica-oversaturated agpaitic systems (cf. [2,29]).
Our results provide new insights into the structural controls on element mobility and
highlight deformation as a key control on zirconosilicate stability and composition in
peralkaline granite environments.
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2. Geological Background

The Papanduva Pluton, part of the Neoproterozoic (~580 Ma) Graciosa Province [30,31],
is situated within the Morro Redondo Complex in southern Brazil [25] (Figure 1A). The
Graciosa Province extends along the Brazilian Atlantic coast (Figure 1B) from southern Sao
Paulo to northeastern Santa Catarina and comprises predominantly A-type granitic and
syenitic plutons and related volcanics, along with minor mafic and hybrid rocks. The Pa-
panduva Pluton, covering ~100 km?, intrudes Archean to Paleoproterozoic granulites and
migmatitic gneisses of the Luis Alves Terrain [25,32-35]. U-Pb zircon dating places its em-
placement at approximately 580 + 5 Ma [36], marking it as one of the latest manifestations
of regional magmatism in the area.
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Figure 1. Geological setting of the study area. (A) Geological map of the Papanduva Pluton and the
surrounding units. Triangles indicate samples analyzed in thin sections; squares represent samples
with both thin sections and mineral chemical data. (B) Regional location of the Morro Redondo
Complex in Graciosa Province, southern Brazil. The green rectangle outlines the Papanduva Pluton.
Adapted from [25]. Geological units: 1—alluvial-colluvial deposits; 2—contemporaneous bimodal
volcanic rocks; 3—Papanduva Deformed Facies; 4—Panpanduva Foliated Facies; 5—Papanduva Mas-
sive Facies; 6—Papanduva Microgranitic Facies; 7—Quiriri Pluton (metaluminous to peraluminous
biotite granites); 8—Neoproterozoic granites (Canavieiras—Estrela Suite) of the Paranagua Terrain;
9—Archean to Paleoproterozoic granulites and migmatitic gneisses of the Luis Alves Terrain.

2.1. Petrographic and Mineralogical Characteristics

The Papanduva Pluton comprises hypersolvus alkali-feldspar granites that occur
in four petrographic facies: massive (most abundant), cataclastic, foliated, and micro-
granular, and follows an agpaitic crystallization sequence, in which mafic and accessory
minerals precipitate late in interstitial sites [25,26,37]. Primary mafic minerals include
richterite, Na-rich amphiboles (arfvedsonite and riebeckite), aegirine—augite, and aegirine,
whereas common accessory minerals include zircon, ilmenite, chevkinite, astrophyllite, and
aenigmatite [25,37,38]. In the foliated facies at the pluton margins, zircon is absent and is re-
placed by alkali-zirconosilicates. These minerals occur alongside other alkali-rich accessory
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phases that concentrate HFSE and/or REE, including narsarsukite, nacareniobsite-(Ce),
britholite-(Ce), neptunite, and REE-rich turkestanite [24,29,39].

The foliated and deformed facies are confined to the eastern and western portions of
the Papanduva Pluton, while the central massive facies remains undeformed (Figure 1).
This distribution reflects submagmatic deformation linked to reactivated regional fault
zones during the final crystallization stages, rather than regional metamorphism or ig-
neous flow. Evidence for submagmatic conditions includes porphyroclastic textures
with alkali feldspar, arfvedsonite, and quartz megacrysts set in a recrystallized matrix
(Figure 2A—C), high-temperature deformation (up to 750 °C, based on quartz c-axis ther-
mometry for sample MR-03 [40]), bent feldspars with melt-filled microfractures, and
chessboard quartz extinction patterns, indicating deformation above 650 °C under crystal-
melt coexistence [11,41,42]. These textures align mesoperthite, arfvedsonite, and quartz
megacrysts within a fine-grained quartz—feldspar matrix. Accessory phases, such as narsar-
sukite and vein-like zirconosilicate aggregates are oriented along the foliation (Figure 2A,B).
The same facies records pervasive late- to post-magmatic albitization, which yields abun-
dant albite laths and intricate exsolution textures in alkali feldspars; the intensity of these
features correlates with the high agpaitic index and Zr content [25,37].

Figure 2. Macroscopic features of the foliated facies of the Papanduva Pluton. (A,B) Protomylonitic
textures in samples MR-03 and MR-21, respectively, characterized by arfvedsonite porphyroclasts and
vein-like aggregates of elpidite within a fine-grained quartz—feldspathic matrix containing accessory
narsarsukite. (C) Deformed sample MR-28 exhibits a porphyroclastic texture with arfvedsonite
and alkali feldspar porphyroclasts, interstitial crystals, and aggregates of elpidite and narsarsukite.
Yellow- to orange-colored minerals in (A,C) are narsarsukite. Mineral abbreviations: Epd—elpidite;
Qz—quartz; Afs—alkali feldspar; Arf—arfvedsonite; Nrs—narsarsukite. Yellow scale bars equal to
1.0 cm.

2.2. Geochemical Signature

Geochemically, the Papanduva rocks are classified as peralkaline and ferroan A-type
granites. They show high silica content (5iO,: 74-78 wt.%), elevated alkali concentra-
tions (NapO + KO: 8.7-9.3 wt.%), and significant iron enrichment (FeOt/(FeOt + MgO):
0.96-1.0). Their pronounced peralkalinity is indicated by high values of the agpaitic index
((Na20O + K70)/ AlO3: 1.04-1.28). The relative enrichment in HFSE and REE is significant,
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with Zr, Nb, Y, and ~REE abundances up to 2430, 88, 320, and 996 ppm, respectively,
with the highest values recorded in the foliated facies, reflecting their evolved chemical
nature [25].

3. Analytical Methods
3.1. Petrography

Ten thin sections of foliated peralkaline granite containing elpidite from key locations
within the Papanduva Pluton (Figure 1A) were selected for petrographic characterization.
The samples were carefully prepared as standard polished thin sections. Petrographic
analysis involved optical microscopy (transmitted and reflected light), complemented by
Backscattered Electron (BSE) imaging obtained using Electron Probe Microanalysis (EPMA).
Petrography focused specifically on textures, mineral associations, alteration features, and
the crystallization sequence of zirconosilicates.

3.2. Electron Probe Microanalysis (EPMA)

Major element compositions were determined for 17 elpidite crystals and associated
(Na,K)-zirconosilicates from five representative samples. Analyses were conducted at the
GeoAnalitica Core Facility (University of Sao Paulo, Sao Paulo, Brazil) using a JEOL JXA-
FE-8530 electron microprobe (JEOL Ltd., Akishima, Tokyo). The operating conditions were
set at an accelerating voltage of 15 kV, beam current of 10 nA, and defocused beam diameter
of 30 pm to reduce sodium migration and water loss from sensitive zirconosilicate phases.

Quantitative analyses by wavelength dispersive spectroscopy (WDS) included the
following elements (with corresponding analytical conditions in parentheses): Si (TAP, Ke,
10s peak, zircon), Al (TAP, K«, 20s peak, anorthoclase), Fe (LIFL, Ke, 10s peak, fayalite), Gd
(LIFL, LB, 20s peak, synthetic GAPOy4), Dy (LIFL, L§3, 20s peak, synthetic DyPO,), Hf (LIFL,
Lo, 30s peak, zircon), Yb (LIFL, Lx, 20s peak, synthetic YbPO,), K (PET], Ke, 10s peak,
orthoclase), Ca (PETJ, Ke, 10s peak, wollastonite), P (PET], Ke, 10s peak, fluoroapatite), Ti
(PETJ, Ke, 20s peak, rutile), Zr (PET], L, 10s peak, zircon), Y (PET], L«, 20s peak, synthetic
YPOy,), Nb (PET], La, 20s peak, ilmenite), Th (PET], M«, 30s peak, rhyolitic glass), Na
(TAPH, Ku, 5s peak, albite), and F (TAPH, K«, 10s peak, fluoroapatite). The background
counting times were half of each peak count time.

Matrix corrections and conversions to elemental concentrations were performed us-
ing the PRZ/Armstrong procedure. The detection limits for all the elements analyzed
remained below 0.01 wt.%. Backscattered electron (BSE) imaging was used to document
intracrystalline chemical zoning, hydrothermally altered regions, and fractured portions.

The structural formulas for elpidite were calculated by assuming the ideal formula
NayZrSigO15-3H,0 [14], normalized to 15 oxygens and 6 Si [43]. For the other (Na,K)-
zirconosilicates, structural calculations considered either 15 oxygens and 6 Si or 19 oxygens
and 8 Si per formula unit [44]. The full dataset is provided in Supplementary Material S1.

3.3. LA-ICP-MS Analysis

Trace-element analyses (spot and raster mode) of elpidite were performed using Laser
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) on 10 crystals
from four additional samples at the GeoAnalitica Core Facility. A Thermo Scientific iCAP
Q ICP-MS instrument (Thermo Scientific, Waltham, MA, USA) coupled with a CETAC
LSX-213 G2+ laser ablation system (Teledyne CETAC Technologies, Omaha, NE, USA) was
employed, following the procedures developed by [45]. The analytical settings included
a 30 um beam diameter, energy fluence of 7.67 J/cm?, and repetition rate of 20 Hz. Each
analysis lasted 80 s (30 s background, followed by 50 s ablation).
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The calibration utilized standard reference materials NIST SRM-610, GJ-Zircon, and
Zr-91500. Internal calibration was based on the SiO, content of elpidite (determined by
EPMA). The analytes included alkali metals (7Li, 28Na, ¥K, 85Rb), alkaline earths (24Mg,
42Ca, #4Ca, 885y, 13713:11), rare earth elements (139La, 140Ce 141py 143N, 147Gm, 151y, 157Gq,
1597}, 161Dy, 1651, 166Ry, 169Tm, 173Yp, 175Lu), high field strength elements (89Y, 97y 93Nb,
179, 1815, 232Th, 2381), and additional elements (¥ Al, 31P, #3Sc, 4°Ti, 1V, 52Cr, 5°Mn, *°Fe,
59CO, 66211, 71Ga, 95MO, 118511, 121519, 182W, 206Pb, 207Pb, 208Pb).

Analyses systematically targeted different textural domains within elpidite crystals to
establish microstructure-chemistry relationships. The analyses focused on the following;:
(1) homogeneous cores and rims of euhedral crystals (Type-I), (2) fine-grained portions
within vein-like aggregates oriented parallel to foliation (Type-II), and (3) coarser-grained
areas of interstitial granular aggregates (Type-III). Care was taken to avoid fractured or al-
tered zones during the analysis. LA-ICP-MS analysis of elpidite and (Na,K)-zirconosilicates
was challenged by matrix effects and elemental fractionation, primarily due to their fine
grain size and degree of hydrothermal alteration. These limitations were mitigated through
careful internal standardization and calibration of the data. However, reliable trace element
data could not be obtained for the associated (Na,K)-zirconosilicates. Data reduction was
performed using Glitter software version 4.5 [46]. The full dataset, detection limits, and
precisions are provided in Supplementary Material S2.

4. Results
4.1. Textural and Compositional Classification of Zirconosilicates

Petrographic and chemical analyses identified three distinct zirconosilicate mineral
groups in the foliated facies of the Papanduva Pluton: elpidite (with three textural vari-
ants) and two (Na,K)-bearing varieties. These minerals are absent in the massive fa-
cies, where zircon is the primary Zr-bearing mineral, indicating substantially distinct
crystallization environments.

4.1.1. Textural Characteristics
A. Elpidite Textural Varieties:

L Type-1 (Euhedral Crystals): Subhedral to euhedral crystals ranging from
0.5-2.0 mm, with clearly defined orthorhombic shapes and uniform optical
properties (Figure 3A). These crystals frequently display fractures filled with
secondary phases appearing bright in BSE images (Figure 3B). Some crystals
contain inclusions of albite laths (Figure 3A).

II. Type-11 (Vein-like Aggregates): Consist of elongated clusters of fine-grained
crystals aligned parallel to protomylonitic foliation (Figure 3A,B). Com-
pared to other types, they exhibit darker optical coloration and more
extensive alterations.

L. Type-III (Granular Aggregates): Anhedral to subhedral crystals ranging from
1.0-2.0 mm, filling interstitial spaces between larger feldspar and quartz grains
(Figure 3C,D). These crystals often exhibit epitaxial growth aligned with the
cavity boundaries (Figure 3C).

B. (NaK)-Zirconosilicates textural varieties:

L (Na,K)Zr-Si-I (sample MR-38): Euhedral crystals exhibiting an apparent mono-
clinic habit with high relief, low birefringence, and a complex internal struc-
ture (Figure 4A,C). BSE imaging reveals concentric zoning patterns that pre-
served the original morphologies despite significant alterations (Figure 4B,D).
Cathodoluminescence (CL) imaging shows Na-rich luminescent cores sur-
rounded by darker, K-enriched rims, indicative of alteration-driven structural
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changes. CL elemental mapping (Supplementary Material S3) demonstrates
pronounced chemical zoning, with Na concentrated in the crystal core, which
corresponds to relics of the original crystal, and K enrichment along the inter-
mediate and outer zones and fractures. The Zr concentrations increase towards
the crystal edges, with Hf and Al showing similar patterns. Ca shows no rim
enrichment and is randomly distributed along the internal fractures.

II. (Na,K)Zr-Si-1I (sample MR-26): Subhedral to euhedral elongated crystals with an
apparent orthorhombic habit, B(-) optical sign, moderate relief, and first-order
interference colors (Figure 4E). They appear homogeneous in BSE imaging but

display extensive fracturing with secondary infill (Figure 4F).

Figure 3. Microscopic features of elpidite generations in the foliated facies of the Papanduva Pluton.
(A) Euhedral elpidite crystal (type I) with inclusions of albite laths. (B) Backscattered electron (BSE)
image of the same crystal shown in (A), highlighting the orthorhombic habit and microfractures
filled with secondary minerals (bright phases). (C) Fine-grained, vein-like aggregates of elpidite
(type II) aligned parallel to the protomylonitic foliation within a quartz—feldspathic matrix. (D) BSE
image of the same area as (C), illustrating the orientation of the elpidite aggregates along the foliation.
(EF) Interstitial aggregates of granular elpidite (type III) filling spaces between quartz and alkali
feldspar crystals. Elpidite crystals show epitaxial growth perpendicular to the void walls, partic-
ularly in (E). Mineral abbreviations: Epd—elpidite; Qz—quartz; Afs—alkali feldspar; Ab—albite;
Arf—arfvedsonite; Aeg—aegirine. Photomicrographs (A,C,E) under crossed polarizers.



Minerals 2025, 15, 667

8 of 24

Figure 4. Microscopic features of (Na,K)-zirconosilicates in the foliated facies of the Papanduva Plu-
ton. (A) Euhedral crystal with apparent monoclinic morphology of (Na,K)-zirconosilicate-I showing
concentric zoning partially engulfed by aegirine. (B) Backscattered electron (BSE) image of the same
crystal shown in (A), highlighting its pseudomorphic nature, with relics of the original zirconosil-
icate preserved in the core and an amorphous-like alteration in the intermediate and rim zones.
Microfractures and external rims are filled with secondary minerals (bright phases). (C) Euhedral,
elongated crystals of (Na,K)-zirconosilicate-I intergrown with quartz and alkali-feldspar. (D) BSE
image of the same area as (C), showing intense hydrothermal alteration overprinting zirconosilicate
crystals. (E) Euhedral crystal with apparent orthorhombic morphology of (Na,K)-zirconosilicate-II,
with fractures filled with secondary dark-colored phases. (F) BSE image of the same crystal shown in
(E), highlighting its compositional homogeneity and secondary mineral infill along the fractures. Min-
eral abbreviations: Zr-5i—(Na,K)-zirconosilicates; Qz—quartz; Afs—alkali feldspar; Aeg—aegirine.
Photomicrographs (A,C,E) under crossed polarizers.

4.1.2. Quantitative Classification Framework

Principal component analysis (PCA) of the major element compositions identified
two main compositional trends (Figure 5). The first principal component (PC1, 65.2%)
shows a positive correlation with NayO (0.6839) and ZrO, (0.4785) but negative with SiO,
(—0.4945) and K;O (—0.2370). The second principal component (PC2, 34.8%) correlates
positively with K;O (0.5733) and ZrO; (0.4893) and negatively with NayO (—0.4695) and
510, (—0.4565). This statistical framework clearly distinguishes three compositional groups:
Na-rich elpidite, Na-poor (Na,K)Zr-5i-I, and silica-rich (Na,K)Zr-Si-1I.
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Figure 5. Principal component analysis of zirconosilicate minerals in the Papanduva Pluton (PC1:
65.20% variance and PC2: 34.80% variance). Three distinct clusters are identified: Elpidite (Epd)
group (types-, I and III), (Na,K)Zr-Si-I, and (Na,K)Zr-Si-II. Loading vectors show PC1 correlates
with NayO (0.6839) and ZrO, (0.4785), while PC2 correlates with K,O (0.5733) and ZrO, (0.4893).
Stars represent end-member compositions.

(Na+K)/Zr (cpfu)

Two complementary metrics were also used to quantify group separations: Euclidean
distance (dg), based on compositional differences, and ratio distance (dr), based on the
structural ratios of Si/Zr and (Na+K)/Zr (Figure 6). These metrics provide robust and
objective classifications relative to the ideal zirconosilicate end-member compositions.
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Figure 6. (Na + K)/Zr versus Si/Zr compositional variation diagram for elpidite (Epd) and (Na,K)-
zirconosilicates (Zr-Si) from the foliated facies of the Papanduva Pluton. For comparison, com-
positions of elpidite and armstrongite (Asg) from many localities (e.g., Strange Lake, Ilimaussaq,
Evisa, Khan Bogd, and Lovozero complexes), along with natrolemoynite (NIm), melansonite (Mso),
and natromelansonite (Nms) from Mont Saint-Hilaire are plotted. Elpidite and armstrongite data
sources: [4,5,8-10,18,19,47-52]. Melansonite and natromelansonite data sources: [44,53]. Natrole-
moynite data source: [54].
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4.1.3. Chemical Composition
A. Elpidite Chemical Characteristics:

All three elpidite varieties are characterized by high NayO (~9.7 wt%) and ZrO,
(19.5-20.2 wt%, Supplementary Material S1) contents, tightly clustered around Si/Zr ra-
tios of 6.00 & 0.04 and (Na+K)/Zr ratios of 1.98 £ 0.03. They show minimal Euclidean
(dg = 2.94-3.41) and ratio distances (dr < 0.05) from the ideal elpidite. Minor enrichments
of CaO and TiO, observed in Type-III indicate localized hydrothermal alteration but do not
significantly affect stoichiometry. Average structural formulas are

Type-I (euhedral): (Nay.95K0017)x1.967Z10.9975i6O015-3H,0
Type-II (vein-like): (Na1.935K0.013Ca0.009)51.957211.0045i6015-3H,0
Type-III (granular): (Naj.938K0.01Cag.013)51.961211.0375i6015-3H,0

B. (NaK)-Zirconosilicate Chemical Characteristics

The (Na,K)Zr-Si-1 phase is notably alkali-depleted (Na,O = 2.27 £ 1.02 wt.%) but
Ca-rich (CaO = 0.33 £ 0.08 wt.%; Supplementary Material S1), with structural ratios of
Si/Zr averaging 6.22 + 0.25 and (Na+K)/Zr averaging 0.56 & 0.27. The average structural
formula is (Nag 422Ca0.158K0.078)x0.658Z10.964 516015 nHLO (1 & 3.5).

Conversely, the (Na,K)Zr-Si-II variety is silica-rich (5i0; = 61.01 £ 0.29 wt%) and
distinctly K-bearing (K,O = 2.24 4 0.43 wt%,; Supplementary Material S1), with high Si/Zr
ratios (mean 8.11 4 0.51) and elevated (Na + K)/Zr ratios (mean 1.55 = 0.10). The calculated
average structural formula is (Nay.17Ko 368)x1.538Z11.005518019-nHO (n = 4.5).

(Na,K)Zr-Si-1 preserves the elpidite framework (Si/Zr ~ 6.2) despite losing ~70%
of its alkalis, while (Na,K)Zr-Si-II shows both moderate alkali depletion and 35% Si
enrichment (Si/Zr ~ 8.05), corresponding to the melansonite stoichiometry [44]. The
Na-10 x K-Zr ternary diagram (Figure 7) depicts these chemical trends: elpidite clusters
near the Na-rich corner, (Na,K)Zr-Si-I samples scatter along a discrete K-enrichment tra-
jectory, and (Na,K)Zr-Si-II forming a concentrated cluster in the K-rich field overlapping
known melansonite compositions.

Zr

% type-l Epd
o type-ll Epd
o type-lll Epd
< (Na,K)Zr-Si-I
@ (Na,K)Zr-Si-ll

Epd (many localities)
+ Asg (many localities)
4 NIm (Mt. St. Hilaire)
© Nms (Mt. St. Hilaire)
* Mso (Mt. St. Hilaire)
* Epd-endmember
* Asg-endmember
+* Dly-endmember
* Mso-endmember

Na - ToxK

Figure 7. Na-10xK-Zr ternary cationic diagram for elpidite (Epd) and (Na,K)-zirconosilicates from
the foliated facies of the Papanduva Pluton. For comparison, the published compositions of el-
pidite and armstrongite from various localities, as well as those of natrolemoynite, melansonite,
and natromelansonite, are included. The end-member compositions of elpidite, armstrongite, da-
lyite, and melansonite are also plotted. The localities and data sources are the same as those in
Figure 6. Mineral abbreviations: Epd—elpidite; Zr-Si—(Na,K)-zirconosilicates; Asg—armstrongite;
NIm—natrolemoynite; Mso—melansonite; Nms—natromelansonite; Dly—dalyite.
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4.2. Trace Element Systematics
4.2.1. REE Content and Distribution Patterns

LA-ICP-MS analysis successfully discriminated the three elpidite textural varieties, re-
vealing that the REE patterns correlate with deformation intensity rather than the crystalliza-
tion sequence. The total REE concentrations vary systematically among the textural groups
but do not follow a clear crystallization sequence. In a simple crystallization sequence, trace
element concentrations would increase systematically from early- to late-formed minerals
due to incompatible element enrichment in residual melts. Instead, deformation appears to
have significantly influenced REE enrichment. The chondrite-normalized REE patterns for
the three elpidite types are shown in Figure 8.
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Figure 8. Chondrite-normalized rare earth element (REE) patterns and trace element (TE) multiele-
ment diagrams for elpidite variants from the foliated facies of the Papanduva Pluton. (A,B) Type-I
elpidite; (C,D) Type-II elpidite; (E,F) Type-III elpidite. The left panels (A,C,E) show REE patterns,
while the right panels (B,D,F) show extended TE multi-element diagrams. For comparison, the trace
element pattern of zircon from the massive facies is plotted as a thick gray line in each panel (data
from [36]). Chondrite normalization values from [55]. Symbols as in Figure 5.

Euhedral crystals (type-I, Figure 8A) consistently show the lowest REE concentrations
(median = 539 ppm; MAD = 36 ppm; Supplementary Material S2), characterized by flattened
HREE patterns (median Yb/Gdy = 4.10 £ 0.73) and the most consistent, pronounced
positive Eu anomalies (Eu/Eu* = Eun/+/(Smy % Gdy); 0.646 + 0.047).

Vein-like aggregates (type-1lI, Figure 8C), closely associated with deformation and
aligned parallel to the protomylonitic foliation, exhibit the highest and most variable REE
concentrations (median = 1919 ppm; median absolute deviation—MAD = 1138 ppm),
ranging from 415 to 7609 ppm (Supplementary Material S2). These aggregates display
extreme REE fractionation, characterized by strong depletion of light REE (LREE; median
Lan = 22.4) and substantial enrichment in heavy REE (HREE; median Dyy = 1654.4).
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Consequently, they present the lowest (La/Yb)y ratios (0.021 £ 0.008) and moderate,
variable negative europium (Eu) anomalies (Eu/Eu* = 0.228 + 0.103).

Granular aggregates (Type-llI, Figure 8E) contain intermediate REE levels
(median = 1382 ppm; MAD = 358 ppm; Supplementary Material S2), with moderately
elevated LREE (median Lay = 73.7) and significant HREE enrichment (median Dy = 463)
values. These samples exhibit higher (La/Yb)y ratios (0.191 & 0.145) and variable positive
Eu anomalies (Eu/Eu* = 0.406 + 0.134).

4.2.2. Trace Element Patterns and Element Correlations

Multi-element diagrams (Figure 8; see also Supplementary Material 52) reveal distinc-
tive trace element distributions that mirror the REE trends across the three elpidite types.
Euhedral crystals exhibit the lowest trace element concentrations, characterized by subtle
HEFSE enrichment and a distinct positive Eu anomaly, along with moderate Ba, Pb, and
Sr enrichment (Figure 8B). In contrast, vein-like aggregates exhibit the most pronounced
enrichment in trace elements, particularly HFSE such as Nb, Ta, Th, and U (Figure 8D).
These samples display striking positive anomalies for Ta, Hf, and Th—up to four orders of
magnitude above chondritic values—while showing notable depletions in Ba, Pb, and Sr.
Granular aggregates occupy an intermediate position, with moderate HFSE enrichment
and relatively higher concentrations of Ba, Pb, and Sr than those observed in vein-like
aggregates (Figure 8F).

Correlation analyses further highlight the geochemical differences among the elpidite
textural types. Heavy REE contents are positively correlated with Ca (r = 0.795, p < 0.05;
where r refers to the Pearson correlation coefficient) and K (r = 0.796, p < 0.05) and negatively
correlated with Na (r = —0.797, p < 0.05) and Zr (r = —0.632, p < 0.10). These trends are
consistent with the proposed substitution mechanism of the form Zr** + 2Na* «» Ca?*
+ K* + REE3*, supported by a statistically significant negative correlation (r = —0.783,
p < 0.05; 2 = 0.947) between the sum of the reactants and products. Figure 9 illustrates
this substitution mechanism and the varying correlation strengths among textural types:
strongest in vein-like aggregates (r = —0.923, p = 0.15), moderate in granular aggregates
(r = —0.315), and weakest in euhedral crystals (r = —0.150).
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Figure 9. Zr + 2Na versus Ca + K + XREE binary diagram illustrating the proposed substitution
mechanism Zr** + 2Na* «» Ca®* + K* + REE®* for elpidite types from the Papanduva Pluton. The

negative correlation demonstrates systematic element exchange, with the correlation strength varying
according to the deformation intensity. Symbols as in Figure 5.
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5. Discussion
5.1. Facies Dichotomy: Causes and Significance

The Papanduva Pluton exhibits a striking mineralogical dichotomy: the foliated facies
contains diverse zirconosilicates (elpidite and two (Na,K)-varieties), while the massive
facies contains only zircon. This fundamental contrast provides critical insights into the
conditions that control the transition between miaskitic (zircon-dominated) and agpaitic
(zirconosilicate-dominated) crystallization pathways [2].

The restriction of zirconosilicates to the foliated facies demonstrates that specific
physicochemical conditions control Zr mineralization pathways. Our data, combined
with previous work on these facies and similar systems, indicate that the transition from
miaskitic to agpaitic assemblages correlates with increasing oxygen fugacity (fO,), peral-
kalinity, fluorine activity, and 180 enrichment [2,24,29,37]. Under these oxidizing, highly
peralkaline conditions, excess alkalis maintain Zr** as a network modifier in the melt struc-
ture, preventing the formation of zircon and instead stabilizing elpidite as the primary Zr
phase [1]. This network-modifier behavior of Zr fundamentally alters the distribution and
mobility of HFSE and REE between the two facies. Furthermore, ref. [56] demonstrated that
fluorine preferentially forms complexes with K over Na in silicate melts, and its presence
can suppress the formation of K-zirconosilicates while favoring Na-zirconosilicates. This
relationship provides an additional physicochemical control that may explain the initial
Na-dominated crystallization in our system, with K-enrichment potentially occurring as F
depletion occurred during late-stage evolution.

Importantly, the foliated facies represents not only a more evolved magmatic compo-
sition but also records a higher degree of deformation [25], creating a complex interplay
between magmatic evolution and structural controls. This connection between structural
deformation and mineralogical evolution emerges as a fundamental control in the Papan-
duva system, explaining both the facies-level dichotomy and mineralogical diversity within
the foliated facies.

5.2. Compositional Architecture and Structural Controls

Our quantitative classification framework establishes a robust basis for understand-
ing the diversity of zirconosilicates in the Papanduva Pluton. PCA (Figure 5) reveals
two principal compositional trends that clearly distinguish three compositional groups:
Na-rich elpidite, Na-poor (Na,K)Zr-5i-1, and silica-rich (Na,K)Zr-Si-II. When placed in a
global context, the Papanduva elpidite textural variants cluster relatively tightly around
Si/Zr =~ 59-6.2 and (Na+K)/Zr ~ 1.8-2.1 (Figure 6). However, elpidite compositions
from other localities, such as Khan Bogd, Strange Lake, Evisa, and Ilimaussaq com-
plexes [5,9,10,19,47], show more significant variation in (Na+K)/Zr values (~1.1 to ~2.6),
suggesting that the alkali content is more susceptible to post-crystallization modification
than the silicate framework structure.

(Na,K)-zirconosilicates exhibit distinct compositional fields that reflect different struc-
tural modifications. (Na,K)Zr-Si-I maintains a silicate framework of elpidite (S5i/Zr ~ 6.2,
SigO15 stoichiometry), despite severe alkali depletion [(Na+K)/Zr = 0.6], but crystallizes in
the monoclinic system rather than orthorhombic system. This is scattered in the Na-10K-Zr
ternary diagram (Figure 7), reflecting a non-equilibrium cation exchange. Conversely,
(Na,K)Zr-Si-1I shows complete structural reorganization, with higher Si/Zr ratios (=8.1,
SigOq9 stoichiometry), and forms a discrete cluster in the ternary diagram of Figure 7
that approaches melansonite compositions, indicating equilibrium recrystallization under
K-dominated conditions.

The correlation analysis in our results section provides quantitative support for
the proposed substitution mechanism. The statistically significant negative correlation
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(r=—0.783, p < 0.05; 12 = 0.947) between Zr** + 2Na* and Ca?* + K* + REE** (Figure 9)
demonstrates that element mobility followed systematic exchange patterns rather than
random alterations. The contrasting compositional fields thus reflect two distinct alteration
mechanisms operating in the system: selective cation exchange and more comprehensive
structural reorganization.

5.3. Deformation as a Primary Control

The trace element data reveal that the REE enrichment patterns do not follow a simple
crystallization sequence. Despite crystallizing later, granular elpidite aggregates (Type-III)
contain intermediate REE levels, while earlier-formed vein-like aggregates (Type-II) show
significantly higher and more variable REE concentrations (Figure 8). This apparent
paradox is resolved when the spatial relationship between mineral textures and deformation
features is considered.

Three lines of evidence establish that deformation-controlled fluid pathways, rather
than the crystallization sequence, determine REE enrichment.

1.  Spatial association: Vein-like aggregates (highest REE; median = 1919 ppm) occur
exclusively along deformation features (Figure 3D), while euhedral crystals (lowest
REE; median = 539 ppm) show no association with deformation (Figure 3A,B).

2. Correlation strength gradients: The correlation between substitution components
Zr** + 2Na* and Ca?* + K* + REE®* (Figure 9) varies directly with deformation
intensity, being strongest in vein-like aggregates (r = —0.923; r? = 0.947), intermediate
in granular aggregates (r = —0.315), and weakest in euhedral crystals (r = —0.150).

3.  Variable Eu anomalies: The progressive weakening of positive Eu anomalies from
euhedral crystals (Eu/Eu* = 0.646) to vein-like aggregates (Eu/Eu* = 0.228) indicates
increasing fluid-rock interaction under progressively more reducing conditions along
deformation-controlled pathways (Figure 8).

This spatial control on REE distribution represents a distinctive feature of the Pa-
panduva granites, demonstrating how submagmatic deformation governs trace element
redistribution in zirconosilicate minerals. These relationships establish deformation as the
primary control on the spatial distribution and intensity of fluid-mineral interactions. By
creating microfractures that served as preferential fluid pathways, submagmatic deforma-
tion created microfractures that served as preferential fluid pathways, resulting in spatially
heterogeneous alteration patterns that explain the coexistence of variably altered minerals
within the same samples.

5.4. Integrated Evolutionary Model

Based on the textural, compositional, and structural evidence, we propose a three-stage
evolutionary model for elpidite and associated zirconosilicates, as illustrated in Figure 10:

I.  Stage 1—Primary magmatic crystallization: Located in the high uNa,O, low pK,O
region of the diagram, this stage represents the initial magmatic crystallization
under highly peralkaline conditions. Euhedral elpidite formed during the late-
magmatic stage from highly peralkaline, zircon-undersaturated residual melt. The
occasional inclusion of albite laths in euhedral elpidite indicates co-precipitation,
confirming its primary late-magmatic origin. Positive Eu anomalies in euhedral
crystals (Eu/Eu* = 0.646) reflect crystallization from magmatic melts with minimal
fluid interaction.

II. Stage 2— Deformation-enhanced fluid interaction: As the system evolved toward
moderate KO and still-high pNa,O, submagmatic deformation created microfrac-
tures that served as preferential fluid pathways. This stage produces two distinct
alteration patterns:
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II1.

Foliation-controlled REE enrichment: Vein-like elpidite aggregates formed
along deformation features, characterized by extreme HREE enrichment (me-
dian Dy = 1654.4) coupled with significant Na-leaching, as indicated by the
strong negative correlation between the Na and REE contents in these samples.
Pervasive alkali exchange: (Na,K)Zr-Si-I formed through preferential Na re-
moval with minimal framework disruption, maintaining Si/Zr ~ 6.2 while
showing severe alkali depletion [(Na + K)/Zr ~ 0.6].

Stage 3—Late-stage recrystallization: The final stage occurred under high uK,O and
low uNayO conditions, representing the final phase of the system evolution. Two
divergent pathways were developed:

Framework-modifying recrystallization: (Na,K)Zr-Si-II formed through in-
teractions with K-rich, Si-saturated fluids, resulting in both modified alkali
content [(Na + K)/Zr ~ 1.6] and elevated Si/Zr ratios (=8.1).

Hydrothermal elpidite precipitation: Granular elpidite aggregates crystallized
under waning hydrothermal activity, showing intermediate REE levels (median
= 1382 ppm) and higher (La/YDb)N ratios (0.191) than vein-like aggregates.

This model resolves the apparent paradox of non-sequential REE enrichment by rec-

ognizing that spatial proximity to fluid pathways, rather than the crystallization sequence,

controls alteration intensity. The evolution was spatially heterogeneous rather than uni-

formly progressive, explaining the coexistence of variably altered minerals within the
same sample.
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Figure 10. Three-stage evolutionary model for elpidite and (Na,K)-zirconosilicates in the Papanduva

Pluton. Stage 1 represents the formation of euhedral elpidite (type I) from a Na-rich, late-magmatic

peralkaline melt characterized by strong Eu anomalies. Stage 2 corresponds to deformation—enhanced

fluid interaction, producing vein-like elpidite aggregates (type II) with high HREE contents (stage
2a) and pseudomorphic (Na,K)Zr-Si-I phases marked by significant Na depletion (stage 2b). Stage 3
depicts late-stage recrystallization pathways, including the crystallization of K-rich (Na,K)Zr-Si-1I

with elevated Si:Zr ratios and the formation of granular elpidite aggregates (type III) during waning

of hydrothermal activity. The base of the diagram summarizes fluid evolution from Na-rich to

K-enriched conditions, with REE enrichment patterns driven primarily by deformation-related fluid

pathways rather than the crystallization sequence.
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5.5. Reaction Mechanisms and Stability Fields

The three-stage evolutionary model illustrated in Figure 10 can be further refined
into a detailed reaction sequence that provides a mechanistic basis for the mineralogical
transformations observed in the Papanduva Pluton. These reactions correspond to specific
regions within the petrogenetic grid shown in Figure 11, which illustrates the mineral stabil-
ity fields and reaction boundaries in utNa, O-pK,O space. This grid was constructed using
a Schreinemakers analysis of nine key reactions (R0-R8), considering ideal endmembers:
Stage 1 Reactions (High pNayO region):

RO: Zircon + Na-rich fluid — Euhedral elpidite + Arfvedsonite

ZrSiO4 + Na-rich fluid — NapZrSigO15-3H,0 + Na-amphibole
R1: Arfvedsonite + O, — Aegirine + Na,O + H,O
NasFes2"Fey3*SigOxn (OH), + 30, — 5NaFe®*Si,Og + NayO + 2H,0
R2: Na,O + TiO, + 45i0, — Narsarsukite
2NayO + TiO; + 45105 — Nay(Ti,Fe**)Sis(O,F)11
R3: Formation of euhedral elpidite
NayO + ZrO; + 6510, + 3H,O — NayZrSigOq5-3H,O

These reactions reflect the transition from miaskitic to agpaitic assemblages under condi-
tions of increasing oxygen fugacity and peralkalinity during late-magmatic crystallization.
Stage 2 Reactions (Transition to intermediate ptNayO and puK,0):

R4: Fluid-mediated crystallization along deformation features (vein-like elpidite)

Na20 + ZI‘Oz + 6SiO2 + 3H20 + (REE,Ca,K) — (Na,K)ZZr816015-3H20
R5: Euhedral elpidite + K-rich fluid — (Na,K)Zr-5i-I + Na-rich fluid
NayZrSigO15-3H,0 + K,Ca-rich fluid — (Na,Ca,K)g 45ZrSigO15-nH,O + Na*

These reactions represent the two distinct alteration patterns identified in Stage
2, which occur as the system transitions from high Na,O to intermediate Na,O-K,O
chemical potentials.
Stage 3 Reactions (High pK,0O, low nNapO region):

R6: Euhedral elpidite + K-rich fluid + silica — (Na,K)Zr-Si-1I + Na-rich fluid

Na22r816015-3H20 +K* + 28102 — (Na,K)1.5ZI‘Sigolg-nH20 + Na*
R7: narsarsukite + Zr-rich fluid + K-rich fluid — (Na,K)Zr-Si-II + Al-bearing narsarsukite rim

Nay(Ti,Fe>*)Sis(O,F); + Zr*" + K* + 2Si0, — (Na,K); 5ZrSigO19-nH,O + Al-bearing narsarsukite rim
R8: Formation of granular elpidite
NaZO + ZI'02 + 65102 +K* + Ca2+ + 3H20 — (Na,K)ZZrSi6Ol5~3HzO

Recent work by [29] on narsarsukite [Nay (Ti,Fe3*)Sis(O,F)11] in the Papanduva foliated
facies provides evidence supporting our reaction framework. The observed intergrowth
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between narsarsukite and a Na-K-rich zirconosilicate, likely corresponding to (Na,K)Zr-Si-
II, confirms the operation of reaction R7.
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Figure 11. Petrogenetic grid for zirconosilicate minerals in the Papanduva Pluton. Schreinemakers
analysis of nine key reactions (R0-R8) in the uNa, O-puK,O space, illustrating three evolutionary
stages. Stage 1: Late-magmatic transformation of zircon to euhedral elpidite (RO, R3), with as-
sociated aegirine (R1) and narsarsukite (R2) formation under high pNa,O conditions. Stage 2:
Deformation-enhanced vein-like elpidite formation (R4) and development of (Na,K)-zirconosilicate-I
(R5) during deformation—enhanced fluid interaction. Stage 3: Late-stage recrystallization forming
(Na,K)-zirconosilicate-II via elpidite (R6) and narsarsukite (R7) pathways and granular elpidite pre-
cipitation (R8). Colored stability fields represent: Stage 1 primary magmatic assemblages (red), Stage
2 deformation-enhanced assemblages (blue), Stage 3a ZrS-II formation via elpidite (green), Stage 3b
ZrS-11 formation via narsarsukite (purple), and granular elpidite precipitation (orange). The invariant
points (I;-I7) indicate critical transitions. Dashed arrows trace the paragenetic sequence from Na-rich
to K-enriched conditions.

These reaction sequences align with the experimentally determined stability limits of
elpidite (<600 °C at 100 MPa) and estimated temperature conditions for the late-magmatic
(<650 °C) and post-magmatic (<500 °C) stages in the foliated facies based on amphibole and
clinopyroxene compositions [37]. Experimental studies support our temperature-controlled
evolutionary model: [57] synthesized elpidite analogs at 350-500 °C, whereas [58] produced
the K-rich analog (umbite) at 200 °C. This 150-300 °C temperature difference confirms
that K-rich zirconosilicates form at lower temperatures, consistent with their late-stage
crystallization in the proposed Stage 3 evolution.

5.6. Sources and Evolution of Potassium

The compositional data reveal a shift from Na-dominated to increasingly K-rich fluids
during the submagmatic to hydrothermal transition (Figure 10), corresponding to the
trajectory across the petrogenetic grid from high uNayO to high uK,O (Figure 11). This
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evolution was spatially heterogeneous rather than uniformly progressive, explaining the
coexistence of variably altered minerals within the same sample.
Observable mechanisms that contribute to increasing K/Na ratios include the following:

1.  Primary magmatic enrichment: The foliated facies represents a more evolved mag-
matic composition than the massive facies, with higher initial K/Na ratios docu-
mented in whole-rock analyses [25]. As crystallization progressed, potassium be-
came concentrated in the residual melts, whereas sodium-rich minerals preferentially
crystallized [37].

2. Autometasomatic processes: The crystallization sequence from Na-rich minerals
(aegirine and arfvedsonite) to K-bearing zirconosilicates demonstrates systematic Na
depletion from residual fluids, creating progressively higher K/Na ratios recorded in
the mineral compositions.

3. Structural control on fluid pathways: Submagmatic deformation created preferential
fluid pathways along structural discontinuities, as evidenced by the occurrence of
(Na,K)Zr-5Si-I phases associated with deformation features.

The additional processes documented in our samples are as follows:

4. Fluid-rock interactions: Textural evidence for replacement and vein-like growth
indicates interaction with K-bearing fluids. Experimental studies have shown that K
is readily partitioned into hydrothermal fluids during fluid-rock interactions [5,7,59].

5. Ion-exchange processes: Experimental studies have demonstrated that elpidite ex-
hibits high K* exchangeability even at low temperatures (90-150 °C), with K* preferen-
tially occupying water molecule sites [60]. This mechanism explains the compositional
evolution observed in our samples: the (Na,K)Zr-Si-I phase shows selective cation
exchange with minimal framework disruption, whereas extensive exchange (>50%
of Na*) causes severe framework distortion. This provides a mechanistic basis for
the transition to (Na,K)Zr-Si-1II, characterized by both modified alkali content and
elevated Si/Zr ratios.

A comparable ion-exchange mechanism operates at Mont Saint-Hilaire, where melan-
sonite, (Na,[1)[J,KZrSigO19-5H,0, forms by selective exchange within a similar frame-
work [44]. However, this demonstrates that K-enrichment can proceed without the strong
deformation control that characterizes the Papanduva system.

In summary, the documented K-enrichment patterns (Figures 10 and 11) in the Pa-
panduva Pluton resulted from the combined effects of magmatic differentiation, autometa-
somatism, deformation-enhanced fluid circulation, and ion-exchange processes within a
closed system. The association of (Na,K)Zr-Si-I with deformation features demonstrates
structural control on fluid-rock interaction, while the progressive compositional evolution
to (Na,K)Zr-Si-II reflects the integrated operation of multiple K-enrichment mechanisms.

5.7. Broader Implications and Comparative Context
5.7.1. Mineralogical and Textural Comparisons

The Papanduva Pluton shares textural features with other alkaline complexes
[5,9,10,18,19,47], while showing distinct compositional evolution. Both Papanduva and
Khan Bogd (Mongolia) display zircon-rich versus elpidite-rich facies, but their alteration
pathways diverge: Papanduva exhibits K-dominated evolution while Khan Bogd shows Ca-
dominated pathways [10]. The compositional differences reflect contrasting fluid composi-
tions rather than mineral reactivity differences, as experimental studies have demonstrated
similar K* exchange capacities in elpidite from both localities [60].

The documented mineral assemblages demonstrate these contrasting pathways:
the Papanduva system lacks Ca-rich zirconosilicates (e.g., armstrongite and gittinsite)
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found at Khan Bogd [10,49], despite significant Ca in contemporaneous phases such as
turkestanite (CaO ~6-9 wt%), nacareniobsite-(Ce) (CaO ~17-19 wt%), and britholite-(Ce)
(CaO ~3-5 wt%) [24,39]. The documented Ca distribution explains why Papanduva zir-
conosilicates evolved toward K-enrichment rather than the Ca-enrichment observed at
Khan Bogd.

5.7.2. Trace Element Patterns and Mineral Competition

The more evolved foliated facies of the Papanduva pluton are characterized by REE
and HFSE enrichment, along with increasing peralkalinity during late-magmatic stages [25].
These trends suggest that mechanisms beyond fractional crystallization contributed to the
observed geochemical signatures of this enrichment process. Similar trends in evolved
A-type granites, such as enrichments in Zr and Nb, flattening of REE patterns, and Eu
anomalies, have been linked to the crystallization of REE-rich accessory minerals and
HEFSE complexing with fluorine [61,62]. These analogs support the interpretation that
mineral competition and melt complexing also influenced the zirconosilicate compositions
at Papanduva.

Compared to elpidite from the Khan Bogd Complex, Papanduva elpidite exhibits
lower LREE across all textural types (Figure 12), likely reflecting the early removal of LREE
by co-crystallizing accessory phases such as astrophyllite, nacareniobsite, and chevkinite,
which crystallized prior to or contemporaneously with elpidite [24,29,63]. Papanduva
elpidite also displays relative HREE depletion compared with primary zircon (Figure 8).
This pattern correlates with the presence of HREE-bearing minerals, including arfvedsonite
(124 ppm HREE), aegirine (138 ppm HREE), and gerenite-(Y) (up to 823 ppm; [24]), which
crystallized during the late to post-magmatic stages.
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Figure 12. Chondrite-normalized REE patterns for elpidite types from the Papanduva Pluton com-
pared with those of elpidite from the Khan Bogd Complex (Mongolia). The median values for Type-I,
Type-II, and Type-III elpidite are shown. The shaded field represents the compositional range of
elpidite from the Khan Bogd Complex (data from [10]). Chondrite normalization values from [55].

Collectively, these observations indicate that the REE budget of zirconosilicates at
Papanduva was primarily controlled by mineral competition rather than by limited REE
availability. The resulting signatures reflect the selective partitioning of REEs among
coexisting accessory phases during the magmatic evolution. Although the specific mineral
assemblages may vary across systems, the underlying processes of mineral segregation and
element complexing appear to be consistent among evolved alkaline rocks.
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While mineral competition governs initial REE partitioning, the overprint of struc-
turally controlled fluid pathways is essential to explain their spatial redistribution.

5.7.3. Structural Controls: A Distinctive Feature

The spatial correlation between deformation features and REE distribution observed
at Papanduva has not been reported in other elpidite-bearing localities [5,9,10]. This
underscores the critical role of structural controls in localizing fluid—mineral interactions
and enhancing the mobility of elements.

Experimental studies on ion exchange mechanisms [60] provide a framework for
understanding how deformation enhances the redistribution of elements. Microfractures
generated by submagmatic deformation facilitate infiltration into the zirconosilicate frame-
work, promoting the exchange of Na* for K* and other cations along these pathways.
This establishes a mechanistic connection between the structural features and the ion
exchange processes.

A comparison with Mont Saint-Hilaire further illustrates this. Although melansonite
at that locality forms via similar ion-exchange reactions [44], the absence of pronounced
deformation features suggests that structural discontinuities at Papanduva significantly
accelerate such exchanges.

Although fluid-driven alteration is common in other alkaline systems [4,5,10,17,21],
the correlation between deformation features and zones of extreme REE enrichment at
Papanduva provides a novel perspective. Quantitative data support this interpretation:
the strength of substitutional relationships between major and trace elements increases
proportionally with deformation intensity (strongest in vein-like aggregates: r = —0.923 vs.
weakest in euhedral crystals: r = —0.150; Figure 9), reinforcing the role of structural control.

This mechanism also accounts for the non-sequential REE enrichment observed in
different elpidite varieties. Rather than following a straightforward magmatic crystal-
lization sequence, elemental mobility appears to have been controlled by proximity to
deformation-guided fluid conduits. Consequently, the resulting alteration pattern is spa-
tially heterogeneous and cannot be attributed solely to magmatic processes.

A comparative analysis with other alkaline systems underscores the distinctive role
of structural controls at Papanduva. At Mont Saint-Hilaire, cation exchange and ion
substitution occur within microporous zirconosilicate frameworks; however, in the absence
of significant deformation, these processes appear more diffusional and less spatially
localized [44].

Taken together, these observations demonstrate that while mineral competition gov-
erns the initial REE distribution during crystallization, structurally controlled fluid path-
ways play a key role in post-magmatic redistribution. Further comparative studies on other
agpaitic systems are required to evaluate the broader applicability of this mechanism.

6. Conclusions

Our results show that elpidite and two chemically distinct (Na,K)-zirconosilicates
record a three-stage evolution of the Papanduva Pluton, from Na-rich magmatic crystalliza-
tion, through deformation-driven fluid interaction, to late-stage K-rich ion-exchange. This
sequence explains the contrast between zircon-bearing massive facies and zirconosilicate-
dominated foliated facies and clarifies why REE enrichment is spatially associated with
deformation zones rather than being controlled by magmatic crystallization sequences.
The strong negative correlation between deformation intensity and REE content (r = -0.923
for vein-like aggregates vs. r = —0.150 for euhedral crystals) provides quantitative evi-
dence for the structural control of element redistribution. Furthermore, in contrast to other
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elpidite-bearing systems, Papanduva exhibits K-dominated, rather than Ca-dominated,
alteration pathways.

These findings demonstrate that submagmatic deformation can exert a significant
influence on HFSE and REE mobility in peralkaline granitic systems, refining current
models of miaskitic-to-agpaitic transitions. They also highlight zirconosilicates as sensitive
tracers of late-stage structural and geochemical processes in alkaline granite evolution.
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