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Abstract

Copper is a critical metal for the global energy transition. Yet, declining discovery rates
and increasing demand necessitate more efficient mineral exploration strategies grounded
in a mineral systems approach. The Carajds Province (Amazonian Craton, Brazil) is
one of the world’s premier copper-producing regions, hosting several iron oxide—copper—
gold (IOCG) and related deposits. The Northern Copper Belt (NCB), located near the
boundary between the Carajas and Bacaja domains, records a multiphase deformational
and metallogenetic evolution from the Neoarchaean to Paleoproterozoic. Despite extensive
previous studies, uncertainties remain regarding the geometry, depth, and continuity of the
regional structures that control copper mineralization, as well as the nature of the tectonic
boundary between the Carajas and Bacaja domains. As a result, through an integration
of airborne magnetic, gravity, gamma-ray spectrometry, morpholineament, and spatial
analyses, we characterized the tectono-structural framework of the NCB and the southern
Bacaja Domain. This will provide new constraints on the geodynamic evolution of this
world-class copper metallogenic belt, elucidating crustal-scale structures and patterns of
hydrothermal alteration and fluid pathways, and enhancing understanding of the potential
for further discoveries.

Keywords: structural framework; airborne geophysics; mineralization controls; hydrothermal
alteration; IOCG deposit

1. Introduction

Copper may represent the most important metal in the global energy transition due
to its properties and applicability in renewable energy technologies [1]. However, copper
supply appears unable to keep pace with increasing metal demand, as expenditures on
mineral exploration and the number of new ore-deposit discoveries have decreased in
recent years [2—4]. These challenges demand more effort in mineral exploration planning,
particularly within a mineral system approach, where different temporal and spatial scales
determine the architecture to form mineral systems [4,5].

In this scenario, the Carajds Province in the Amazonian Craton, Brazil, stands out as
one of the most prolific copper-producing regions globally, accounting for the majority of
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Brazil’s copper production [6,7]. The Carajads Domain, north of Carajds Province, hosts sev-
eral large-tonnage iron oxide-copper-gold (IOCG) deposits, in addition to smaller Cu(-Au)
systems such as volcanogenic massive sulfide (VHMS) and granite-related deposits, which
together represent its main copper sources [6,8]. These deposits are spatially associated
with two major WNW-ESE trans-lithospheric shear zones: the Canaa and Cinzento shear
zones [9,10]. The first, located at the contact between the Carajas and Rio Maria domains,
contains the Southern Copper Belt (e.g., Sossego, Cristalino, and Bacaba) with around
1 Gt of copper ore. In contrast, the second encompasses the Northern Copper Belt. The
Northern Copper Belt (NCB) contains more than 2 Gt of copper ore, including the giant
deposits such as Salobo, Igarapé Bahia, Furnas, Paulo Afonso, Gameleira and Pojuca.

The NCB is located close to the boundary between the Carajds Domain and the
Paleoproterozoic Bacaja Domain. From the Neoarchean to the Paleoproterozoic, the NCB
region developed multiple hydrothermal systems that gave rise to distinct styles of copper—
(gold) mineralization. It includes Neoarchean VHMS (e.g., Pojuca; [11]), late Neoarchean (ca.
2.55 Ga) IOCG deposits (e.g., Salobo, Grota Funda, GT-46; [12-14]) and Paleoproterozoic (ca.
1.88 Ga) IOCG (e.g., Paulo Afonso; [15]) and granite-related deposits (e.g., Gameleira; [16]).
The complex geodynamic evolution of the NCB directly reflects copper metallogenesis and,
consequently, its high exploration potential [12,17,18].

Despite extensive metallogenetic and structural research in the Carajas Province over
recent decades [19], uncertainties remain regarding the geometry, depth, and continuity
of crustal-scale structures, particularly along the NCB and the Carajads-Bacaja domain
boundary. These structures control the distribution of ore deposits and are key constraints
on the region’s subsurface architecture, yet their expression across multiple spatial scales
and their regional continuity are still not fully understood. Regional gravity, magnetic and
seismic data revealed no distinction between the Carajas and Bacaja domains, suggesting
they share a common lithosphere [20,21]. However, these data do not allow us to rule out
discontinuity between the two domains [21].

Apart from age and deposit type, the unique architecture of the NCB appears to be a
major control on the ore deposits in the region. Together, these gaps in understanding hinder
a deep comprehension of the geodynamic evolution of this world-class metallogenic belt.

In this paper, we used airborne geophysics, morpholineament, and spatial analysis
to unravel the tectono-structural framework of the NCB in the Carajds Province and the
southern Bacaja Domain. We focus on understanding the spatial distribution of hydrother-
mal facies and ore-controlling structures to provide constraints on fluid pathways during
the development of hydrothermal deposits in the NCB [22-25].

2. Geological Setting

The Amazonian Craton is divided into several tectonic provinces that date from the
Archean to the early Neoproterozoic [26]. In this context, the Archean Carajas Province
(Carajés and Rio Maria domains) and the Paleoproterozoic Transamazonian Province
(Santana do Araguaia, Bacaja, Careuru, and Lourengo domains, and the Amapa Block) are
located in the central-eastern part of the craton [27].

2.1. Carajds Domain (Carajds Province)

The Carajas Domain represents the northern sector of the Carajas Province. Its base-
ment, represented by Xingu Complex, calc-alkaline granite and TTG association, is mainly
composed of Mesoarchean gneisses, migmatites, granulites, and granitoids, dated between
3.0 and 2.85 Ga [27,28]. Rio Novo Group, a Mesoarchean greenstone belt, encompasses
metavolcanic-sedimentary sequences that unconformably overlie the basement units in
the western Carajas Domain (Figure 1; [29]).
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The basement units are covered by Neoarchean metavolcano-sedimentary sequences
(Aquiri Group, Liberdade Group, and Itacaitinas Supergroup), including mafic to felsic
volcanic and volcaniclastic units, banded iron formations, and siliciclastic strata [19,30].
This succession is interpreted to have formed in a rift-related environment [30,31]. These
units are intruded by Neoarchean mafic—ultramafic rocks that occur widely throughout
the Carajas Domain [32], and by A2- and Al-type granites that express an extensive felsic
magmatism by 2.76-2.73 Ga and ca. 1.88 Ga, respectively [27].

The Neoarchean rocks are also unconformably overlain by the Paleoproterozoic sedi-
mentary sequences of the Aguas Claras Formation [33,34]. Uatuma Group represents a Pa-
leoproterozoic volcanism and plutonism coeval with Al-type granite [35-37]. Structurally,
the Carajas Domain is characterized by major NW-SE to WNW-ESE trending transten-
sional shear zones, chiefly represented by the Carajas, Cinzento, and Canaa zones [38].
These zones define the principal deformation framework of the Carajas Domain [38].

2.2. Bacajd Domain (Transamazonian Province)

The Bacaja Domain consists predominantly of Archean—Paleoproterozoic terranes that
experienced significant growth during the Transamazonian Orogeny (ca. 2.1-2.0 Ga; [19,33]).
The Cajazeiras Complex and Novolandia Granulite represent Archean remnants. Ca-
jazeiras Complex comprises granulites and orthogneisses derived from Mesoarchean
protoliths [27,39,40]. This complex was extensively reworked during the Transamazonian
Orogeny [27,39,40]. In turn, Novolandia Granulite is a metavolcano-sedimentary sequence
composed of pelitic-psammitic paragneiss interlayered with mafic volcanic rocks and
banded iron formation [40].

Paleoproterozoic magmatism is widespread at Bacaja, encompassing the Vila Unidao
Group and Bacajai Complex. Vila Unidao Group is composed of orthogneiss intercalated
with granulite [29]. Bacajai Complex comprises enderbite, charnockite, granulite and
tonalite [27,39,40].

Misteriosa Sequence is composed of quartzite and mica-schist [27]. This unit lacks
detailed studies about its origin and age [41]. Arapari Suite is the most widespread intrusion
in the Bacajda Domain. It represents a late- to post-collisional magmatism, consisting of
charnockite, granite, charnoenderbite and granodiorite with I-type affinity [39,40]. Lastly,
Igarapé Carapana Gabbro is an intrusive body interpreted as the final Paleoproterozoic
magmatism [40]. It is an undeformed, unmetamorphosed and homogeneous gabbroic
assemblage [40].

A comparative summary of the main geological, structural, metamorphic, and metal-
logenetic characteristics of the Carajds and Bacajd domains is presented in Table 1.

https://doi.org/10.3390 /min16030240


https://doi.org/10.3390/min16030240

Minerals 2026, 16, 240

4 of 25

51°30'W

5°0'S

5°30'S

10° S 10° N

30°S

6° S 4°8

o

(o8]
Y% Capital
— River

|| Border

[ Amazonian Craton

L_j Other cratons

Mobile belts

BCJ: Bacaja Domain, CRJ:
Carajas Domain, RM: Rio
Maria Domain

51°0W

50°30'W

0 20
[ km

Mineral resource
& Cu-(Au) occurence
@ VHMS deposit
¢ Cu-polymetallic deposit
B |0CG deposit
A Skarn deposit
Structure
+—— Dike
—A— Thrust fault
----- Fault or shear zone
-=—= Dextral shear zone
= Sinistral shear zone
Structural limit
——= Structural signature
——— Geophysical signature
— Tectonic signature

Deposit

1: Urca 10: Serra Verde
2: Liberdade 11: Alvo Osmar
3: Acai 12: Alvo Galpéo
4: Angeélica 13: Igarapé Bahia
5: Alvo 55 14: Breves

6: GT46 15: Pojuca

7: Salobo 16: Gameleira

8: Paulo Afonso 17: Grota Funda
9: Furnas

50°0'W 49°30'W

Bacaja domain
I Igarapé Carapana Gabbro
Arapari Suite
_ Misteriosa Sequence
I Bacajai Complex
Vila Santa Fé Complex

Novolandia Granulite
Vila Unigo Group
Cazajeiras Complex

Carajas domain
Recent cover

7 Uatuma Group

I A1-type granitoid
Sedimentary sequence

I Mafic-ultramafic complex
A2-type granitoid
ltacaitinas Supergroup
Liberdade Group
Aquiri Group

| Rio Novo Group
TTG association
Calc-alkaline granite
Xingu Complex

Figure 1. (A) Simplified geological map showing hydrothermal and occurrences deposits in the

Carajas and Bacaja domains. The deposit location was compiled from [20,25,42,43]. (B) Location

of tectonic domains in the Amazonian Craton. (C) Tectonic compartmentation of the Carajas and

Transamazonian provinces after [29,39,40,44,45]. Structural limits based on [46].
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Table 1. Summary of the main geological, lithological, structural, metamorphic, geochronological,
and metallogenetic characteristics of the Carajas and Bacaja domains.

Feature Carajas Domain Bacaja Domain

Mesoarchean TTG basement, Neoarchean
metavolcano-sedimentary rocks, Neoarchean
Lithology granitic and mafic—ultramafic suites,
Paleoproterozoic granite suites and sedimentary
covers [19,35]

Meso- to Neoarchean metamorphic
complexes, Siderian greenstone belts,
Rhyacian—-Orosirian granitoids and
charnockites [39]

Predominantly Archean (>2.5 Ga) with Primarily Paleoproterozoic (2.26-1.95 Ga),
Rock age significant events in the Mesoarchean (3.08-2.83 with older Archean to Siderian basement
Ga) and Neoarchean (2.76-2.54 Ga) events [35] (3.0-2.5 Ga) [39,47]

Itacaitinas Supergroup, Mesoarchean basement
granitoids/gneisses, and Neoarchean granitoids ~ Siderian greenstone belt, Rhyacian granite
and gabbro host the primary mineral systems and metasedimentary sequence [47-49]
[6,8,35]

Host rocks of mineralization

Limited and less well-documented mineral

. L Deposits of IOCG, Fe, Mn, Ni-Co, PGE-Cr, and endowment compared to Carajas Province,
Mineralization

Au-PGE [6,8,35] mainly comprising Au, Mn, Ni and Sn
[47-49]

Controlled by three major WNW-ESE to NW-SE Dominated by extensive NW-SE to

Structural data strike—slip and transtensional shear zones WNW-ESE transcurrent shear zones
(Cinzento, Carajis and Canaa) [19] [39,41,50]

Generally low-grade (greenschist to amphibolite

Metamorphism facies), though high-grade events are recorded in High-grade metamorphism [39]
the basement
Mesoarchean (3.08-2.83 Ga), Neoarchean Mesoarchean (3.0-2.5 Ga), Rhyacian
Geochronology (2.76-2.54 Ga), and Paleoproterozoic (2.06 Ga, = magmatism (2.21-1.98 Ga) and metamorphic
1.88 Ga) events [35] peaks between 2.23 and 2.05 Ga [39,41,50]

3. Materials and Methods
3.1. Dataset

Airborne gamma-ray spectrometric and magnetometric surveys provided by the
Geological Survey of Brazil (GSB, https:/ /geosgb.sgb.gov.br/ (accessed on 8 November
2025)) were used in this study. Five surveys include this data: Oeste de Carajds (1125),
Rio Maria (1129), Tucurui (1097), Anapu-Tueré (1064) and Rio Bacajé (1133) [51-55]. These
were conducted and pre-processed by LASA Prospeccoes S/ A between June 2014 and June
2015 (Oeste de Carajas), January and November 2014 (Rio Maria), April and July 2010
(Tucurui), August and October 2004 (Anapu-Tueré) and October 2014 and March 2016 (Rio
Bacajd). Flight lines were spaced 500 m apart (N-S) with 10 km tie lines (E-W) and a terrain
clearance of 100 m. Magnetometry used a Scintrex CS-3 (10 Hz, 0.001 nT resolution), while
gamma ray data were collected with a 256-channel Exploranium GR-820 and Pico Envirotec
GRS 410 (1 Hz). Aircraft speed averaged 256266 km/h, yielding measurements every
7.1-7.4 m (magnetometry) and 71-74 m (gamma-ray). Magnetic data corrections included
parallax diurnal variation, International Geomagnetic Reference Field (IGRF) removal,
leveling, and micro-leveling. Gamma-ray corrections included dead time, background
removal (aircraft, cosmic, atmospheric radon), height, Compton effect, and conversion to
elemental concentrations [51-55].

Gravity data are from the airborne Carajds gravimetric survey (Project 1123) [56]. N-S
flight lines were spaced 3 km apart, with E-W control lines at 12 km. Mean sensor clearance
was 900 m above the surface. Two fixed-wing aircraft were used: the western portion was
surveyed with a GT-2A gravimeter aboard the PR-FAS aircraft at 275 km/h, and the eastern
portion with a GSS3 Graviton-M aboard the PP-AGP at 274 km/h. Measurements were
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restored every 0.1 and 0.5 s. The data were corrected for latitude, free-air, E6tvos, dynamic
acceleration, and Bouguer effects [56].

Data were interpolated with the minimum curvature technique [57] on regular grids
of 100 m using Geosoft Oasis Montaj 2025.1. Gamma-ray spectrometry data were merged
with the grid leveling method of Minty [58], which estimates a base-level shift and scaling
factor to align grids to the same absolute level.

Topographic data came from the Brazilian National Institute for Spatial Research’s
Topodata (INPE’s Topodata database), derived from refined SRTM (Shuttle Radar To-
pography Mission) data resampled from 3 arcseconds (~90 m) to 1 arcsecond (~30 m)
using geostatistical interpolation [59]. The database is freely available from INPE (http:
/ /www.dsr.inpe.br/topodata/ (accessed on 17 October 2025)).

3.2. Gamma-Ray Spectrometry Techniques

Gamma-ray spectrometry consists of the measurement of the naturally occurring
radioactive elements potassium (K, %), equivalent uranium (eU, ppm), and equivalent
thorium (eTh, ppm) at the Earth’s surface. These elements exhibit distinct geochemical
behaviors [60,61]. While eTh is generally immobile, K and eU are mobile, and their
enrichment is primarily associated with hydrothermal alteration [60-62]. However, in
tropical and subtropical climates, weathering may also lead to K adsorption onto clay
minerals [61].

Ratio grids enhance geochemical contrasts and reduce environmental artifacts from
vegetation and soil moisture [61]. Hydrothermal alteration zones, with enriched K, eU,
Fe, and other elements [63], can thus be mapped using radiometric ratios such as K/eTh,
eU/eTh, and the F-parameter [64]. The F-parameter (F = K - eU/eTh) is a robust geochemi-
cal index for mapping hydrothermal alteration. It highlights altered areas by comparing
K and eU enrichment relative to the eTh/eU and eTh/K ratios [65]. Potassium (Kg) and
uranium (eUy) deviations [66] were also used to enhance the local variation in K and
eU, normalizing by the mean contents in each geological unit. This procedure minimizes
lithological background effects [66,67].

3.3. Magnetic and Gravimetric Technique

Multiple heights of upward continuation (UC; 0.5, 1, 5 and 10 km) were applied to the
total magnetic field and Bouguer anomaly before multi-scale edge mapping to suppress
shallow signals and highlight deeper sources and structures [68]. This approach highlights
magnetic and gravity structures at different depths, with the lower UC level (UC = 0.5 km)
mapping short-wavelength near-surface sources, whereas a higher level (UC = 10 km)
marks deeper/long-wavelength bodies.

The geophysical discontinuities observed in the magnetic and gravity data are used to
map shallow- to deep-seated structures, including faults, shear zones, mafic—ultramafic
intrusions, and geological contacts. Moreover, truncation or deflection in these geophysical
data may also indicate the location of fault or shear zones [69]. In this context, edge-
detection techniques were applied to delineate magnetic and gravity lineaments, using
vertical and horizontal derivatives to enhance responses from both shallow and deep
sources [70].

Among edge enhancement methods, the Logistics Horizontal Gradient (LTHG)
method [71] was applied to delineate magnetic and gravimetric lineaments. LTHG applies
a logistic function to the first-order derivative of the total horizontal gradient, equalizing
shallow and deep anomalies and maximizing amplitudes along body margins. Even in
noisy data or complex settings, it outperforms other methods in edge identification and
border definition [71].
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3.4. Morpholineament

Rock texture (e.g., sedimentary bedding and foliation) and geological structures (e.g.,
contact, foliation, fault, shear zone, and fold) are commonly expressed as morpholinea-
ments, which are linear to slightly curvilinear geomorphological features [72-75]. Three
hillshade maps derived from SRTM data with a vertical exaggeration factor of 15 and
azimuths of 0°, 45° and 335° were used to map the morpholineaments as proposed by
Domingos [76] and Dutra et al. [24]. The illumination angles were orthogonally selected to
the orientation of the main structural features in the region. Major regional topographic
features, including valleys, ridgelines, and drainage patterns, were emphasized in the
morpholineament mapping.

3.5. Spatial Analysis

The orientation of the lineaments obtained from magnetic, gravimetric, and topo-
graphic data was processed using the Moving Average Rose Diagram (MARD) method [77].
This program generates smooth rose diagrams by applying a moving-average filter that
removes noise from angular datasets using a low-pass filter, thereby enhancing the recogni-
tion of statistically significant trends in orientation. The code for Excel Add-ins was ported
to Python 3.12.7 and used to plot rose diagrams using the Plotly package [78]. The default
settings were used for plotting: an average window of 9, a weighting factor of 0.90, and
equal area.

4. The Northern Copper Belt: Geological and Metallogenetic Evolution

The NCB is marked by a complex geodynamic evolution with superposition of distinct
tectono-magmatic events from the Neoarchean to the Paleoproterozoic. Its structural
framework is defined by the Carajéds, Cinzento and Canaa shear zones.

The WNW-ESE Cinzento and Carajas shear zones comprise regional-scale struc-
tures that host most deposits of the NCB. The IOCG Igarapé Bahia [17,79-81] and Grota
Funda [13], the VHMS Pojuca [11] and the Cu—polymetallic Gameleira [16] deposits occur
along or to the north of the Carajas Shear Zone. The volcanosedimentary sequences of
the Itacaitinas Supergroup chiefly host these deposits. Conversely, Salobo [12,17], GT-
46 [14], Furnas [82], Paulo Afonso [15] and other mineral occurrences (i.e., QT-02 and
AN-34 [25]) are hosted within Neoarchean granitoids and minor volcanosedimentary se-
quences along the Cinzento Shear Zone. In the western part of the NCB, the Urca, Acai,
Liberdade, Angélica, and Alvo 55 copper deposits [43] occur, but their geology remains
poorly characterized.

Early copper syngenetic mineralization is recognized at VHMS Pojuca and part of
the Igarapé Bahia deposit, likely associated with the depositions of the Itacaitinas Super-
group at 2.76-2.73 Ga [11,80]. The IOCG deposits in the NCB have primarily formed at ca.
2.55 Ga together with extensive K-Fe (biotite-grunerite-almandite-magnetite) hydrother-
mal alteration halos associated with an Archean regional, mantle-involved, hydrothermal
event [18,81,83]. The formation of the Paulo Afonso and Gameleira deposits, however, is
mainly associated with a younger Paleoproterozoic event at 1.88 Ga [15,16]. Deep and
shallow structures and their connections, forming translithospheric structures, appear to
provide a fertile framework for copper metallogenesis in the NCB [25]. These structures
define networks that exert primary control over the spatial intensity of hydrothermal
alteration and ore deposition [25].
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5. Results
5.1. Regional Magnetic and Gravity Signatures

The maximum signal amplitudes in the LTHG maps were used for mapping magnetic
and gravity lineaments from multiple UC airborne magnetic and gravity data, respectively.
The magnetic and gravity lineaments typically exhibit slightly curved to sigmoidal geome-
tries, especially in the shallower UCs (0.5 and 1 km). In contrast, at 5 and 10 km UCs, most
lineaments are straight to lightly curved (Figures 2 and 3).

Moreover, increasing the UC level results in a decrease in the number of magnetic
and gravity lineaments and a concomitant increase in their length (Figures 2 and 3). This
pattern results from the attenuation of short-wavelength components of the potential-field
anomalies, which reduces spatial resolution and promotes the merging of smaller features.
In total, 5251 magnetic lineaments were interpreted in the 0.5 km UC, with an average
length of 2.9 km, and 2507 lineaments with 4.7 km in the 1 km UC (Figure 2A,B). This
amount decreases to 394 lineaments with an average length of 5.7 km at the 5 km UC, and
to 137 lineaments with an average length of 8.8 km at the 10 km UC (Figure 2C,D). A similar
pattern is observed for gravity lineaments (Figure 3), which decrease from 455 in the 0.5 km
UC to 340 (1 km UC), 80 (5 km UC) and 31 (10 km UC), while their lengths increase from
8.3 km (0.5 km UC) to0 9.4 km (1 km UC), 17.3 km (5 km UC) and 28.0 km (5 km UC).

The mapped magnetic and gravity lineaments were grouped by length (Figure 4).
Lineaments with lengths greater than the third-quartile value of the distribution were
defined as the longest lineaments. In general, some of the longest magnetic and gravity
lineaments are spatially associated with regional shear zones, faults, contacts or mafic
intrusion suites. Interestingly, the longest magnetic lineaments are more common in the
Bacaja Domain than in the Carajds Domain, even disregarding those related to mafic
intrusions (Figure 4A).

The analysis of magnetic and gravity lineament azimuths reveals a similar structural
framework in the Carajas and Bacajd domains, characterized by low variance at the same UC
level (Figure 5). The dominant structural strike in both domains is roughly E-W (63-114°),
followed by lineaments trending NW-SE (305-314 °) and NE-SW (50-58°). The N-S set is
the least frequent and is mainly mapped by magnetic lineaments at 0.5 km UC, close to the
NE-trending mafic intrusion suite in the northwest portion of the Bacaja Domain.

In the Carajas Domain, magnetic lineaments are strongly oriented to E-W direction
at shallower (0.5 km and 1 km-UC: 63-112°) and deeper levels (5 km and 10 km UC:
70-110°; Figure 5A-D). The UC level increase resulted in a decrease in N-S magnetic
lineaments. Concerning the Bacaja Domain (Figure 5A-D), its maximum directions are
similar to those of the Carajas Domain, which varies around 0-4°, resulting in magnetic
lineaments primarily oriented in the E-W direction (76-109°). This orientation difference
decreases as the UC level increases (Figure 5).

Gravity lineament in the Carajds Domain consistently displays a dominant orientation
of 305-317° (or 125-137°) at all UC levels, in addition to the E-W set (72-117°). These same
main clusters at NW-SE and E-W are also observed in the Bacajd Domain at azimuths
of 305-311° (or 125-131°) and 63-110°. In contrast to magnetic lineaments, the relative
frequency of the N-S set increases with increasing UC level (Figure 5E-H), but with short
lengths (<27 km, Figure 2C,D). Our results indicate that the gravity lineaments are rotated
approximately 1° to 20° relative to the magnetic lineaments in both domains and at the
same UC level.
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Figure 2. Interpreted magnetic lineament in the LTHG of the upward-continued magnetic data from
(A) 0.5 km, (B) 1 km, (C) 5 km and (D) 10 km.
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Figure 3. Gravity lineament mapped in the LTHG applied to upward-continued gravity data from
(A) 0.5 km, (B) 1 km, (C) 5 km, and (D) 10 km.
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Figure 4. Longest (A) magnetic and (B) gravity lineaments.
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Figure 5. Moving rose diagrams of the (A-D) magnetic and (E-H) gravity lineaments in multiple
upward continuation levels.

5.2. Morpholineaments

Morpholineaments present lengths between 0.3 and 41.5 km (Figure 6), with the main
population in the range of 2.8 and 5.8 km (Q1-Q3 interval range). Most morpholineaments
were mapped in the Carajds Domain due to the higher altitude amplitude (Figure 6B).
The low-altitude variation in the Bacajd Domain hinders mapping morpholineaments.
Overall, morpholineament is spatially related to regional structures, such as shear zones
and faults (Figure 6A). However, several morpholineaments were identified far from
mapped structures, especially in the Carajids Domain and between shear zone corridors
(north of 5°20 S) or perpendicular to the regional shear zone (between 51° and 50°30’ W at
5°30' S) in the Bacajd Domain (Figure 6A).

In the Carajds and Bacaja domains, morpholineaments exhibit two dominant orien-
tations: (i) E-W, with azimuths of 86-118° and 90-105° for each domain, and (ii) NE-SW,
with azimuths of ~30° and 36°, respectively. This structural trend is similar to the main
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directions of the magnetic and gravity lineaments, especially at the shallower UC level

(Figure 5).
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Figure 6. Morpholineament (A) and topography (B) maps in the Northern Carajas Domain and
Southern Bacajd Domain, after [59]. (C) Moving rose diagram of the morpholineament.

5.3. Gamma-Ray Spectrometry Signatures

The radiometric ratios (K/eTh, eU/eTh and F-parameter) and deviation (Kd and eUd)
were used to evaluate potential hydrothermally altered areas, which may be indicated
by high ratio and deviation values. Overall, the high values of K/eTh, eU/eTh, and the
F-parameter (Figure 7) are mainly located in the Carajds Domain. In the Bacaja Domain, the
larger areas with high radiometric ratio values are found in the Cazajeiras (5° S, 50°30’ W),
Bacajai (5°10’ S, 51° W; 5°30" S, 51°10’ W) and Vila Santa Fé (5°30" S, 50° W) complexes,
Misteriosa Sequence (5°10 S, 50°40" W) and Vila Uniao Group (5°35’' S, 50°40" W). The
areas are notably close to regional shear zones.
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Figure 7. Gamma-ray ratio map of the Northern Carajas Domain and Southern Bacaja Domain:
K/eTh (A), eU/eTh (B) and F-parameter (C).

The high values in the deviation maps (K4 and eUy) are placed in areas similar to
those of the radiometric ratios. In the Carajds Domain, K4 and eUq highlight a widespread
area with strong K and eU enrichment close to the hydrothermal deposits (Figure 8). In
the Bacaja Domain, the Bacajai Complex exhibits high deviation values in its central and
southern portions (5°30’ S, 51°15" W, and 5°10’ S, 51°0" W). Cajazeiras Complex shows
strong NE-trending anomalies in K and eU (5° S, 50°30’ W), which continue to the northern
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portion of the Vila Santa Fé Complex. This unit also shows strong eU and moderate K
enrichments close to the contact with the Vila Unidao Group (50°30’ S, 50° W).
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Figure 8. Potassium (A) and uranium (B) deviation maps of the Northern Carajas Domain and
Southern Bacaja Domain.

Hydrothermally altered areas were also evaluated using statistical analysis of radio-
metric ratios (K/eTh, eU/eTh, and F-parameter; Figure 7) and deviation maps (K4 and
eUy; Figure 8). These areas typically exhibit anomalous concentrations of K and eU, ex-
pressed as values exceeding the sum of the sample mean (1) and its standard deviation
(0) [24]. Therefore, the p + o thresholds were calculated within each unit for ratio maps
to minimize primary lithological background effects [67], while for the deviation maps,
the same approach was derived from the regional dataset, as deviation maps inherently
suppress lithological effects [24,66].

The radiometric parameters were grouped based on the main radioelement that
fingerprints hydrothermal alteration. Thus, the K-based parameters include the K/eTh
ratio, K4, and the F-parameter, while the eU-based parameters include the eU/eTh ratio,
eUy, and the F-parameter. Anomalous values were filtered to create a ternary map of K-
and eU-based parameters (Figure 9).
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Figure 9. Interpreted regional hydrothermal overprint in the Northern Carajas Domain and Southern
Bacaja Domain by (A) K-based parameters (Kd, K/eTh and F-parameter) and (B) eU-based parameters
(eUd, eU/eTh and F-parameter). The dark gray area does not present significant metasomatism or it
is absent (values < |t + o), whereas the colorful region shows anomalous radiometric parameter values
(> + o). The white area indicates anomalous radiometric values for the three analyzed parameters.

Our results show that the northern portion of the Carajas is marked by anomalous
values in the K- and eU-based parameters (Figure 9). The hydrothermal deposits in the
Northern Copper Belt are mostly correlated with both K- and eU-based parameters. Only
Paulo Afonso and Furnas are spatially related to diminished areas, whereas continuous
areas envelop the other deposits.

In the Bacaja Domain, several areas have anomalous values in K- and eU-based
parameters (Figure 9), especially in the Bacajai Complex, Cajazeiras Complex, Novolandia
Granulite, Vila Unido Group and Vila Santa Fé Complex. In this description, we only
considered the most expensive white areas to define a regional geophysical signature.
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These areas mark the anomalous radiometric values in the three analyzed parameters,
maximizing the probability for hydrothermally altered areas.

Bacajai Complex exhibits potential hydrothermally altered areas in these southern and
northeastern portions. The southern Bacajai Complex (5°30" S, 51°10’ W) shows several
medium-sized areas with oval and circular shapes in both K- and eU-based parameters.
In turn, the northeastern Bacajai Complex exhibits a large area with strong K enrichment
(5°10’ S, 51°0" W; Figure 9B) following an NE-trending shear zone in the tectonic contact
with Cajazeiras Complex and Novolandia Granulite. This same geophysical and tectonic
signature is found in Cajazeiras Complex and Novolandia Granulite, which present strong
K (Figure 9A) and eU enrichments (5°S, 50°30" W; Figure 9B). Vila Santa Fé Complex shows
and circle-shaped K- and eU-enriched areas in its eastmost portion (5°15’ S, 49°30' W), in
the eastern border of the study area. This area is cut by an NE-trending shear zone. The
NW-trending shear zone is seen to be related to strongly K- and eU-enriched areas only in
the Carajés Province (5°45’ S, 51°35" W; Figure 9).

6. Discussion
6.1. Tectonic Framework in the Transition of the Carajds and Bacajd Domains

The consistent appearance of magnetic and gravity lineaments across all UC levels indi-
cates that the causative structures are rooted in the deep to middle crust, ruling out a shallow
origin and highlighting their association with long-lived basement structures [84,85]. The
similarity in lineament patterns across multiple depths also implies that the lithosphere
beneath the Carajds and Bacaja domains shares a typical structural architecture or has
broadly similar deformation phases and reactivations [69,85].

The tectonic framework of the Carajds Domain, particularly in the transition with the
Bacaja Domain, has been a subject of extensive debate in recent years [19-21,39]. Tavares
et al. [19] interpret the boundary between these domains as a major tectonic contact formed
during the Transamazonian Orogeny between 2.09 and 2.06 Ga. Motta et al. [20], using
airborne and satellite-borne potential field data, proposed that Carajas and Bacaja domains
share the same crustal block formed before ca. 2.1 Ga Transamazonian Orogeny. Similarly,
Costa et al. [21], using seismic topography, interpreted a similar lithospheric crust without
clear evidence for a boundary between the Bacaja and Carajds domains.

Our findings provide new constraints in this debate. The strong correlation between
the lineament azimuths and their low angular variance on the Carajis and Bacaja domains
supports a shared structural framework. However, subtle angular offsets may reflect
differences in the composition and behavior of the crust, such as variations in density,
magnetic susceptibility, and lithospheric anisotropy, that can produce a slight reorientation
of geophysical structures [84,86,87]. These offsets may also reflect deformation associated
with oblique convergence, transpression, or overprinting of Paleoproterozoic or late shear
systems on older Archean crust [69,87].

The dominant E-W and subsidiary NW-SE and NE-SW lineament sets are consistent
in the Carajas and Bacaja domains and across geophysical methods. Such low-variance
structural trends typically delineate regional high-strain corridors [88]. The persistence
of these trends across UC levels suggests a long-lived, coherent field that remained stable
through Carajéds-Bacaja’s tectonic evolution. The contrasting behavior of N-S lineaments,
with the gravity lineaments becoming more prominent at deep levels as shallow magnetic
lineaments diminish, suggests a scale-dependent structural inheritance [85]. In this con-
text, gravity lineaments may be interpreted as deeper lithospheric structures, whereas
magnetic lineaments capture shallower susceptibility contrasts. This behavior indicates
that these fabrics were formed under different tectonic stress regimes and have different
mechanical significance.

https://doi.org/10.3390 /min16030240


https://doi.org/10.3390/min16030240

Minerals 2026, 16, 240

18 of 25

Morpholineaments in both domains frequently align with regional shear zones and
faults, indicating that the regional structural corridors partly shape surface geomorphol-
ogy. Nonetheless, many morpholineaments occur outside mapped structures or intersect
trends, suggesting the presence of previously unrecognized basement discontinuities
or the shallow reactivation of structural weakness zones. Detailed field mapping and
petrological-geochemical studies are required to further constrain the nature and signifi-
cance of these features. These weak zones may be related to local strain amplification [85].
Their dominant E-W and NE-SW orientations closely match the magnetic and gravimetric
lineaments at shallow UC levels, suggesting that the development of surface lineaments is
broadly consistent with the deeper structural grain that characterizes both the Carajds and
Bacaja domains.

Despite the presence of several geophysical and morphostructural indicators support-
ing a continuous crustal framework between the Carajas and Bacaja domains, the existence
of a tectonic suture cannot be ruled out. A deep, cryptic suture may be present but remain
undetectable within the available potential-field data due to subdued contrast in physical
properties (density, magnetic susceptibility) of the structure relative to its surrounding
layers [84,89], overprinting by younger deformation and/or because it is buried beneath
extensive lithosphere fabric (long wavelength) [84,87]. Consequently, even with extensive
multilevel UC lineament analysis, the identification of a narrow, gradational, or composi-
tionally subtle boundary may not be achievable [84,89]. Rather than indicating the absence
of this boundary, the apparent structural continuity observed in the results may reflect
the intrinsic limitations of existing datasets in mapping weak or deeply buried crustal
discontinuities. Similarly, the existence of a suture zone between the two domains has
been proposed based on extensive and detailed petrological work supported by precise
geochronology and radiogenic isotope data [39]. Our results provide a crustal-scale struc-
tural framework consistent with these interpretations, thereby reinforcing the proposed
tectonic boundary between the Carajas and Bacaja domains.

6.2. Metallogenetic Implications for the Copper Systems in the NCB

Giant mineral systems commonly display unique geophysical signatures due to a
single crustal architecture [90]. Large mineral provinces form in distinct settings where
tectonic configurations, reactive host rocks and deep crustal to lithospheric structures serve
as pathways for fluid and melt migration on a regional to local scale [91]. In this context,
the NCB seems to assemble most of these geological attributes, and this is expressed clearly
in its geophysical signature.

Radiometric data reveal extensive K- and eU-enriched zones in both the Carajas and
Bacaja domains, with the most continuous anomalies concentrated in the Carajas Do-
main. The anomalies occur chiefly associated with both E-W and WNW-ESE shear zones,
magnetic and gravity lineaments (Figure 10). Statistical thresholding of the radiometric
parameters reveals multiple large, coherent alteration halos that correlate with areas of
high K metasomatism and eU concentration. These alteration zones may correlate with
hydrothermal systems. The highly correlated responses of radiometric, magnetic, and
gravity signatures indicate that hydrothermal alteration in the NCB has been significantly
guided by the crustal structural grain and deep-seated fluid-flow pathways.

The IOCG deposits of the NCB are remarkably associated with deep-seated structures
revealed by magnetic and gravity lineaments in the UC. In this case, the Neoarchean (i.e.,
2.55 Ga) Salobo, GT-46, Grota Funda, Igarapé Bahia, and Furnas are ductilely deformed
and are primarily associated with WNW-ESE shear zones. These results are similar to
those reported by Dutra et al. [24] for the Southern Copper Belt, including IOCG and
hydrothermal nickel deposits.
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Another remarkable geophysical signature of the NCB is its position adjacent to a
pronounced break in both magnetic and gravity anomalies, particularly evident in the 5 km
and 10 km upward-continued datasets. This may represent a limit between the Carajis
and Bacaja domains, even though these two domains share the same lithosphere. IOCG
deposits commonly form in the margins of cratons or lithospheric boundaries [92,93]. In
this setting, the metasomatized subcontinental lithospheric mantle could be responsible
for fluid generation for the IOCG mineralization [92,93]. The location of the NCB, similar
to that of the Southern Copper Belt, might be related to these cratonic and lithospheric
margins, which provide an excellent scenario for IOCG genesis.

Conversely, for the VHMS deposit (i.e., Pojuca), this control is not so clear, firstly
because there is only one VHMS deposit in the area. Even the syngenetic part of the
Igarapé Bahia deposit has been overprinted by later IOCG mineralization [80]. Secondly,
morpholineaments are more abundant and variable southwards within the Itacaitinas
Supergroup and the Aguas Claras Formation. In this sense, early syngenetic mineralization
in the Carajds Domain has probably been affected and modified by later hydrothermal
events and structures.

Interestingly, the Paleoproterozoic IOCG (e.g., Paulo Afonso) and Cu—polymetallic
deposits (e.g., Gameleira) seem to take place along the intersection of deep E-W (5 km and
10 km UC) and shallow NE-SW structures. The Paleoproterozoic mineral system at Carajds
Domain, apart from mineral deposit type, is commonly formed in a shallower crustal
level under brittle conditions (e.g., [94]). These structures also appear in the GT-46, which
records younger hydrothermal events [95], and Furnas. Thus, the intersection between
shallow and deep structures favors the formation of both Paleoproterozoic IOCG and
Cu-polymetallic deposits.

In terms of mineral exploration potential, our results demonstrate that the geophysical
signatures of the NCB extend northward into the Bacajd Domain. Potential-field lineaments
aligned with gamma-ray spectrometry anomalies reflecting K and eU enrichment, indicat-
ing zones where crustal-scale structures and hydrothermal alteration processes interacted.
In this context, priority areas for future investigation in the Bacaja Domain include intersec-
tions between deep-seated E-W and shallow NE-SW structures, particularly where these
coincide with K and eU anomalies. These structural intersections may represent preferential
pathways for fluid circulation and localized alteration. However, these ingredients may not
be sufficient to form copper deposits similar to those observed in the NCB. The protracted
evolution of the Carajds Domain, including early syngenetic mineralization overprinted by
later hydrothermal events, likely played a critical role in forming the copper deposits in the
NCB [81].

7. Conclusions

Overall, the Carajas and Bacaja domains share a coherent, long-lived structural frame-
work that exerted fundamental control over crustal deformation and mineralization pro-
cesses. Our conclusions are summarized below:

1. Lineaments are linked to deep- to shallow-crustal features, recording a long-lived
tectonic evolution with multiple deformation and reactivation events in both Carajas
and Bacaja domains.

2. The low angular variability of lineament orientations defines a structural continuum
between both domains, with minor offsets reflecting differences in crustal properties
and reactivation history.

3.  Persistent structural trends in geophysical and morpholineament data indicate that
both domains were affected by the same regional deformation regime, influencing
mineralization patterns.
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4. Potassium (K) and equivalent uranium (eU) anomalies are spatially associated with
hydrothermal alteration zones and shear-related structures that control mineralization.

5. Structural complexity exerted a first-order control on fluid pathways during IOCG
formation, defining the architecture of the hydrothermal system.

6.  The close spatial relationship between alteration zones and major tectonic structures in-
dicates that these structures acted as both conduits and traps for metal-bearing fluids.

7.  Integrated geophysical, geological, and structural analyses are essential to improve
mineral exploration targeting in the region.
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