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We present a review of frontier research advances in the investigation of cryptic structures that transect the South American Andes at oblique strike directions. The intersections between these cryptic structures and the superimposed Andean belt correlate with the spatial distribution of gold-rich mineral deposit clusters. The deposit clusters can be described as superclusters, as they comprise various gold deposit types that formed at multiple times throughout the Phanerozoic, impinging repeatedly on the structural intersections. However, the cryptic inherited fault structures are difficult to detect, because their deeper-seated roots are often overlain by younger supracrustal successions, and/or their exposed surface manifestations are structurally obscured by subsequent tectonic-magmatic activity. Thus, it also remains a challenge to constrain the nature and timing of formation, and the respective subsequent evolutionary path, of these proposed pre-Andean structures. Based on various case studies, we demonstrate that the localization of identified Phanerozoic gold deposit superclusters along the western South American margin is fundamentally controlled by structural inheritance often dating back to at least the Mesoproterozoic. Integration of multi-approach observations and datasets allows insights into a larger-scale tectonic history that showcases the successive inheritance of major structures originating from the Amazonian Craton, over the Paleozoic Gondwana margin, into the Cenozoic magmatic belts of the Andes, and even into recent fractures within the subducting oceanic Nazca plate, recording >1.2-billion-years of progressive structural inheritance and growth at one of the longest-lived tectonic margins in Earth history. In contrast to previous models of the spatial distribution of gold deposits, based on statistical approaches and spatial periodicity in self-organized systems focusing on single subduction and/or accretion episodes and belts, we propose that the structural inheritance and intersections are key to the localization of gold deposits in the Andes. In combination with bulk-geochemical data from magmatic rocks, we suggest that inherited structures maintained a trans-lithospheric connectivity to pre-fertilized gold enriched upper mantle reservoirs, which were tapped during multiple tectono-magmatic reactivation episodes.
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1 INTRODUCTION
The spatial distribution of economic ore deposits at tectonic margins remains a hotly debated subject with significance for the exploration of base and precious metals, such as copper and gold, respectively (e.g., Bierlein et al., 2006; Wyman et al., 2016; Groves et al., 2018; Hayward et al., 2018; Wiemer et al., 2022). Following early advances in the definition of favourable tectonic settings for specific deposit types, metals and metal associations (e.g., porphyry copper; Sawkins, 1972; Sillitoe, 1976; 2008; orogenic gold; Goldfarb et al., 1998), the advent of the mineral system concept provided a break-through recognition of essential underlying genetic processes and parameters for the formation of ore deposits within independent spatial-temporal frameworks (i.e., source—pathway—trigger; e.g., Wyborn et al., 1994; Hagemann and Brown, 2000; McCuaig et al., 2010; Hagemann et al., 2016). This allowed for a more holistic perspective on the relationship between the genesis of ore-deposits and their distribution that spawned a fruitful new era of unifying models, improving the translation of common geological processes and features into applicable target criteria (e.g., gold in accretionary orogens; Hronsky et al., 2012).
However, insights into both the genesis and the distribution of ore deposits are often still based on the investigation and understanding of individual deposits, with a common focus on the largest (i.e., world-class) known examples to derive unifying frameworks that are relevant at the regional to global scale (e.g., Jiadong orogenic gold province; Groves and Santosh, 2016). Furthermore, the identification of spatial controls is frequently based on hindsight recognition, with limited significance for future greenfield exploration targeting. In addition, as most of Earth’s near-surface (<100 m) economic potential is known, the frontiers of metal ore exploration require advanced predictive targeting strategies, aiming for discoveries of evermore deeper (i.e., concealed) crustal ore deposits blind to conventional exploration methods, or in more remote and historically inaccessible jurisdictions, and/or satellite expressions of larger-scale deposit clusters of a particular mineral system.
Indeed, one of the main shortcomings of predictive power seems to lie in the lack of understanding the causative relationships between spatial, temporal, and genetic processes within broader geodynamic contexts. Whereas the importance of first-order, arc- or greenstone belt -parallel faults as primary, trans-lithospheric pathways for metal-bearing magmas and ore-fluids is commonly accepted (e.g., Neumayr et al., 1998; Haeberlin et al., 2002; Sillitoe and Perello, 2005; Bierlein et al., 2006; Goldfarb et al., 2008; Groves et al., 2018), the along-strike spatial distribution of deposits commonly remains poorly studied or controversial (e.g., Angerer et al., 2018). Various studies attest to the presence of major deposit clusters located at sites of structural complexity along, and/or in vicinity to, their first-order fault system (e.g., Eisenlohr et al., 1989; Neumayr et al., 1998; Thébaud et al., 2018; Piquer et al., 2021a; Wiemer et al., 2021a; 2022). Importantly, however, the recognition of sites of structural complexity as favourable ore deposit “hot-spots,” invoked the emanation of two endmember hypotheses: i) the emergence of self-organized systems and spatial periodicity (e.g., Hronsky, 2011; Hayward et al., 2018), and ii) ancient structural inheritance (e.g., Chernicoff et al., 2002; McCuaig and Hronsky, 2014; Wiemer et al., 2021a; 2022). Both these hypotheses are based on well-recognized processes in the natural sciences, and ultimately may not necessarily operate mutually exclusive. Nevertheless, their role in ore deposit formation and distribution, and thus predictive target solutions, requires further research.
This review paper summarizes the general endmember models for the spatial distribution of ore deposits, while keeping in mind the possibility of syn-mineralization structure development, followed by a critical review on the tectonic and metallogenic evolution of South America, focussing on gold-rich porphyry, intrusion related and orogenic mineral systems along the western Gondwana margin and subsequent Andean belt. The distribution of ore deposits and deposit clusters along the western South American margin was used previously to demonstrate both endmember modes of spatial-genetic control, as the region represents a suitable natural laboratory to test respective hypotheses, due to the presence of extensive and well-preserved ore-rich arc segments (i.e., metallogenic belts) on the one hand (e.g., Sillitoe, 1976; 2008; Sillitoe and Perello, 2005; Carlotto et al., 2009; Hayward et al., 2018), and the notion of cryptic ancient lineaments and inherited Andean cross-faults, on the other hand (e.g., Chernicoff et al., 2002; Richards, 2003; Love et al., 2004; Ramos, 2008; McCuaig and Hronsky, 2014; Wiemer et al., 2022).
To this end, we present a synthesis of the >1 billion year tectonic-metallogenic evolution of western South America, highlighting the emergence of continent-scale structural patterns and ore-associated corridors, which are discussed in the light of cryptic structural inheritance as a result of a long-lived and complex history of cratonic boundary reactivation, micro-terrane dispersal and (re-)accretion. In addition, we present both new and compiled (global) geochemical data, addressing critical characteristics of mafic parental magmas associated with gold-rich deposits. The data support the notions of trans-lithospheric permeability and the inheritance of pre-fertilized mantle domains, in conjunction with polyphase structural-tectonic inheritance (e.g., Hronsky et al., 2012; Xiong et al., 2021; Wiemer et al., 2022).
2 ENDMEMBER MODELS FOR THE DISTRIBUTION OF MINERAL DEPOSITS AT TECTONIC MARGINS
2.1 General perspective within the mineral system concept
The mineral system concept is based on the recognition of four essential ingredients, i.e., i) an ore-fertile source, ii) structural pathways to carry metal-bearing magma or fluid from source to sink, iii) a geodynamic trigger event that provides required energy to initiate and maintain magmatic source-extraction and magma/fluid transport, and iv) an efficient metal trap to concentrate and preserve ore. Because Earth’s mantle and crust are not readily enriched in economic concentrations of metals (e.g., McDonough and Sun, 1995), respective ore-fertile sources, or reservoirs, require either a pre-enrichment of metal (i.e., potentially multiple ancient/pre-mineralization geologic processes), and/or a selective extraction of metal (e.g., as incompatible species at low degrees of partial melting, i.e., a combination of source and trigger process; e.g., Hronsky et al., 2012). Similarly, the origin of structural pathways may be temporally and genetically unrelated to the processes that drive their (re-)activation at the time of ore deposit formation (e.g., earthquakes along pre-existing structures to cause fault-valve style fluid ascent and associated mineralization; e.g., Sibson, 1985; 1992). In fact, the geodynamic trigger is often cited as a reactivation event, and mostly documented as part of a transient tectonic switch (e.g., transpression to transtension; e.g., Goldfarb et al., 2008; Voute et al., 2019; Trunfull et al., 2020; Trevisan et al., 2021; Wiemer et al., 2021a; Bogossian et al., 2021; Loucks, 2021). Specific geodynamic triggers may drive fertility in magmas through the creation of transient compressive stress traps in the lower crust that localize sustained magma replenishment and batch fractionation (e.g., Loucks, 2021).
The most fundamental factor is the sequence of past geodynamic processes, which shape the evolutionary path that ultimately leads to the confluence of favourable parameters, at which point in time the formation of an ore deposit seems inescapable (e.g., Hronsky et al., 2012; Wiemer et al., 2022). But, where exactly do deposits form along their principal first-order, arc-parallel fault zone structure? Deposits and deposit clusters are often situated at sites of structural complexity or damage zones (i.e., reactivated fault intersections, jogs, bends, relays) characterized by increased permeability and connectivity, which promote the accumulation of magma and/or hydrothermal fluids (e.g., McCuaig and Hronsky, 2014; Wiemer et al., 2021a; 2022). Damage zones may arise during i) one-event systems, in which reactivation directly follows upper mantle fertilization and development of structural architecture during a single subduction episode. In this case self-organization may play a critical role in the distribution of zones of high permeability and increased magma/fluid flux. On the other hand, ii) geodynamic trigger events can cause the re-activation of structures (and fossil fertile mantle domains) that were already established during a former tectonic event. In this case structural inheritance may dictate the location of increased mass and energy fluxes. Importantly, structural inheritance, or the location and spacing of pre-existing structures, may have been subject to self-organization (Hayward et al., 2018). Hence, to advance predictability and refine exploration strategies, a comprehensive knowledge of the tectonic history of a respective region is necessary.
2.2 Self-organized systems and spatial periodicity
Self-organization and criticality, explaining the behaviour of complex natural systems, have been applied to the distribution of mineral deposits (Chadam and Ortoleva, 1990; Bak, 1996). Hronsky (2011) noted that deposits may exhibit a power law distribution and fractal geometry. Additionally, he argued that the formation of mineral systems often involves rapid focussed release of a large amount of energy after a slow build-up, indicating criticality. This concept encompasses three key ideas: the self-organization of energy and mass fluxes to maximize entropy production (seen in regular/power law spacing), the degree of order or size of the potential energy gradient that a system seeks to remove (explored through fractal geometry and resource endowment), and the spontaneous emergence of spatial patterns once a threshold barrier is surpassed (Schneider and Dorion, 2005).
Hayward et al. (2018) explored geological phenomena (e.g., hydrothermal convection cells, magmatic diapirism, crustal fault segmentation, and buckling instabilities) and their interaction in higher-level self-organization. They concluded that the intersection of fault systems with inherited spatial periodicity plays a significant role in shaping the distribution of periodic deposit clusters. However, whereas the presence of these phenomena (i.e., lower-level system components) may be identified, our present lack of knowledge of complex interactions and feedback loops between these components hampers predictability (Hayward et al., 2018).
Case studies demonstrate a rough spatial periodicity in the distribution of regions of high energy and mass flux, and/or associated structural complexity, along linear, arc-parallel fault zones, based on empirical data sets. For example, the distribution of volcanic centres along the Cocos-Caribbean arc displays spatial periodicity (∼150-km wavelength), over a strike length of >1,000 km (Figure 1A; Hayward et al., 2018). In the case of ore deposits, spatial periodicity has been documented, for example, in the Archean Yilgarn Craton, Australia (e.g., Weinberg et al., 2005; Bierlein et al., 2006; Micklethwaite, 2007; Doutre et al., 2015). Here, world-class gold deposits along the Boulder-Lefroy Shear Zone in the Eastern Goldfields Superterrane are regularly spaced at intervals of ca. 35 km and focus on intersections with regional anticlines and dilational fault jogs (Bierlein et al., 2006; Hayward et al., 2018). Similarly, Eocene-Oligocene porphyry Cu deposit cluster centroids along the Domeyko fault system, northern Chile, may display a periodic distribution corresponding to a spacing of ca. 100–130 km (Figure 1B; Hayward et al., 2018). Other, global examples of spatial periodicity in the distribution of various deposits and deposit styles along respective major fault zones can be found in Hayward et al. (2018).
[image: Figure 1]FIGURE 1 | (A) Depiction of spatial periodicity (∼150-km wavelength) in the distribution of highly productive Quaternary volcanic centers along the Cocos-Caribbean volcanic arc (redrawn from Hayward et al., 2018). (B) Statistical evaluation of the spatial distribution of porphyry Cu deposit cluster centroids along the Domeyko fault system, northern Chile (redrawn from Hayward et al., 2018). (C) Schematic block diagram illustrating vertical propagation and inheritance of basement structures into younger cover during tectonic re-activation (redrawn from McCuaig and Hronsky, 2014).
2.3 Structural inheritance and deposit supercluster
In contrast to the endmember model of self-organization in one-event systems (see Section 2.2), the distribution of deposits and deposit clusters may be explained by structural inheritance and ongoing reactivation through the superimposition of tectonic events. Generally, the recognition of inheritance of “structure,” sensu lato, dates to, at least, the formulation of the Wilson-Cycle plate tectonic paradigm, which explains the current modus operandi of our planet’s internal heat dissipation. As such, the current thermal state of the Earth system may be regarded as a snapshot of a much larger self-organizing system. However, the application of such idea is highly impractical, when concerned about the regional-scale distribution of deposits along plate boundaries and accretionary arcs. Instead, we must consider the most significant effect (i.e., control) of a particular crustal or trans-lithospheric structure on the subsequent tectonic evolution of a region. In other words, the presence of a pre-existing structure determines the evolutionary path of successive events (see bifurcation theory; Nicolis and Prigogine, 1977).
Indeed, the initiation of plate tectonics, itself, and/or the initiation of new subduction zones (e.g., Stern and Gerya, 2018), the “seeding” of intracratonic rifts (e.g., Ukrainian Dniepr-Donets basin; Stephenson et al., 2021; see also Phillips et al., 2019; Muñoz-Barrera et al., 2020, and the analogue modelling by Zwaan et al., 2021), the ultimate break-up of continents (e.g., North Atlantic, Schiffer et al., 2020; Laurentian margin of eastern North America, e.g., Thomas, 2006), and the formation of micro-terranes and continental fragments (e.g., Mediterranean, van den Broek et al., 2020), have been proposed to require and/or impinge on, pre-existing lithospheric weak zones. Similarly, the structural inventory, and/or the shape and geometry of incoming lithosphere in continent-continent collisional orogens (e.g., India-Himalaya; Valdiya, 1976), or the structure and topography of oceanic crust in oceanic-continental accretionary orogens (e.g., aseismic seamount or ridge subduction in Ecuador, Marcaillou et al., 2016; or central Peru; Rosenbaum et al., 2005), have been proposed to significantly affect the structural-kinematic response and resulting lithospheric-crustal anatomy of resulting orogens.
With regards to ore deposit distribution in the South American Andes, structural inheritance was first documented by Sillitoe (1976), who documented the presence of lineaments and/or transverse boundaries that crosscut and segment prominent, arc-parallel metallogenic belts. Across the transverse boundaries, there are subtle changes in the distribution, lateral width, metal endowment, and overall presence or absence of metallogenic belts of a specific mineralization episode. Furthermore, it was noted that deposits cluster in vicinity to these transverse boundary structures (Sillitoe, 1976; 2008; Sillitoe and Perello, 2005). Meanwhile, other studies focussing on Cu and Cu-Au porphyry and related epithermal deposits in northern Chile found that major deposits are located at intersections between principal arc-parallel structures and other, cryptic major lineaments of supposedly more ancient origin (e.g., Salfity, 1985; Chernicoff et al., 2002; Richards, 2003; Gow and Walshe, 2005).
In central Peru, Love et al. (2004) and McCuaig and Hronsky (2014) demonstrated that arc-perpendicular transfer zones controlled the localization of Miocene mineralization (e.g., Antamina polymetallic skarn deposit) and represent inherited basement structures that date back to at least the Mesozoic. Noting the mere subtle, cryptic, and relatively broad expression of respective inherited transfer zones, McCuaig and Hronsky (2014) established a conceptual model of vertically accretive structural inheritance and fault propagation (Figure 1C). The model describes the upward propagation of re-activated deeply rooted basement structures into younger, overlying volcanic-sedimentary stratigraphy, whereby the newly propagated near-surface structural expression may be characterized by only cryptic and broader, often anastomosing and/or discontinuous fault networks.
A more recent study from northern Peru demonstrated the inheritance of basement structures in controlling the geometry of the Carboniferous Pataz gold vein system (Wiemer et al., 2021a). In the latter case, a switch in the far-field stress orientation during re-activation induced a strike-slip Riedel-type fault system, further obscuring the cryptic nature of inferred underlying basement faults. In a follow-up regional-scale investigation, Wiemer et al. (2022) suggested that the inferred cryptic pre-Carboniferous Pataz basement structures continue to the west and north-west, where at their intersection with much younger NNW-striking Andean arc-parallel fault zones clusters of Miocene Au-Cu porphyry and related epithermal deposits are located. Whether the pre-Carboniferous basement continues below the Andean belt to the west (i.e., vertically accretive inherited fault propagation), or the inherited structures were propagated laterally, will be discussed in Section 4.3. Nevertheless, Wiemer et al. (2022) coined the term “deposit supercluster” to describe the spatial association of deposits that belong to different metallogenic age-provinces but are controlled by the same inherited ancient structure or structural corridor. The concept of deposit supercluster will be used in the remainder of this paper to highlight possible similar cases of structural inheritance.
3 CRITICAL REVIEW OF THE TECTONIC EVOLUTION OF SOUTH AMERICA
As discussed in Section 2, tectonic history is key to identify endmember scenarios of the distribution of deposits, and/or deposit supercluster. Therefore, it is crucial to review the tectonic evolution of South America, in the light of possible inheritance of trans-lithospheric fault systems. The South American lithosphere evolved over much of Earth’s geologic history, and witnessed all major supercontinent cycles (i.e., Columbia, Rodinia, Gondwana-Pangea), and comprises the longest-lived presently active tectonic margin at its western margin. The present distribution of surface lithologic ages is shown in Figure 2A.
[image: Figure 2]FIGURE 2 | (A) Simplified geologic map of South America showing the distribution of surface lithologic ages (map based on Gómez et al., 2019); TBL, Trans-Brasiliano Lineament; Red rectangles indicate the location of maps presented in Figures 5, 6, 8, 10. (B) Outline of major Sub-Andean basins (modified after Jacques, 2003; Wesselingh et al., 2006). (C) Outline of basement blocks and micro-terranes along the western South American margin (compiled and modified after Mourier et al., 1988; Cediel et al., 2003; Loewy et al., 2004; Ramos, 2009; Cordani et al., 2010; Willner et al., 2011; Romero et al., 2013; Cingolani and Ramos, 2017; Wiemer et al., 2022); COT, Caribbean oceanic terranes; POT, Pacific oceanic terranes.
Focussing on the identification of possible ancient structural inheritance within the western South American margin (i.e., Andean orogenic belt), the problem in linking interior continental architecture with possible related, inherited structures in the basement of the Andes, is amplified by the vast sedimentary cover sequences that form large basins in the Andean hinterland (e.g., Solimões—Amazon basin; Figure 2A). Therefore, it is equally important to consider the outlines and margins of sub-basins that lie in-between the Andes and the exposed Archean-Proterozoic continental interior (Figure 2B). The outlines of sub-basins and/or major arches, may inform about the existence and lateral continuity of deep-seated basement structures (Figure 2B). In fact, the boundaries of sub-Andean basins have been correlated with the structural segmentation of the Andes (e.g., Jacques, 2003). Furthermore, basin formation in the sub-Andes has been ascribed to early Permian-Triassic extension that was accommodated by inherited basement structural inhomogeneities, with major implications for oil and gas potential (e.g., Calderon et al., 2017; Zamora and Gil, 2018).
More importantly, however, we must appreciate the mosaic-like distribution of micro-terranes and crustal blocks, and their respective boundaries, along the western South American margin (Figure 2C). To understand this collage of tectonic entities, a critical review of the tectonic evolution of South America is presented below. To guide the reader in following data review, a compilation of main geological features, referred to and discussed in the following Sections, is presented in Figure 3.
[image: Figure 3]FIGURE 3 | Map of South America showing the outline of Archean-Proterozoic cratons, the main geochronologic provinces of the Amazonian craton, the limits of orogenic fronts (i.e., Transamazonian, Rio Negro, Sunsás-San Ignacio, Andes), the location of pre-Neoproterozoic basement inliers within the Andes (a-j), the location of Neoproterozoic ophiolites (u-z) and oceanic tracts, and recent oceanic ridges and fracture zones (compiled and modified after Jacques, 2003; Loewy et al., 2004; Santos et al., 2004; 2008; Mišković et al., 2009; Cordani et al., 2010; 2013; 2016; Teixeira et al., 2010; Bettencourt et al., 2010; Rapela et al., 2010; Ibanez-Mejia et al., 2011; Escayola et al., 2011; Tassinari et al., 2011; Casquet et al., 2012; Rizzotto and Hartmann, 2012; de Castro et al., 2014; Ramos et al., 2015; Kroonenberg et al., 2016; Ramos, 2018; da Silva et al., 2018; Gómez et al., 2019; Motta et al., 2019; Rocha et al., 2019; López et al., 2020; Nedel et al., 2021; Assis et al., 2021; Wiemer et al., 2022). Note: both the extended (including the Parana basin, PPB; Santos et al., 2019), and the limited extent (RdlP limit; Rapela et al., 2011) of the Rio de la Plata craton are indicated. See text for discussion.
3.1 Archean-Paleoproterozoic nuclei and the Amazonian Craton
The oldest fragments of continental lithosphere in South America are recognized in five major Archean-Proterozic cratonic blocks (Figure 3): 1) the Amazonian Craton (including the Rio Apa cratonic fragment), 2) the São Francisco Craton (including the Archean Goias block, and interpreted to correlate with the Congo Craton), 3) the São Luis Craton (interpreted to correlate with the West African Craton), 4) the Borborema Province basement (interpreted to correlate with the Sahara Metacraton), and 5) the Rio de la Plata Craton (interpreted to correlate with the Kalahari Craton). Furthermore, the crystalline basement of both the Parnaíba basin (e.g., de Castro et al., 2014) and the Parana (Paranampanema) basin are suggested to comprise Archean cratonic components. It remains contested whether the Parana basin basement (also including the Luis Alves cratonic fragment) forms part of the extended Rio de la Plata Craton (Santos and Oliveira, 2016), or forms a separate cratonic block (e.g., Rapela et al., 2011).
The Amazonian Craton is classically subdivided into ∼NNW-trending geochronological provinces that correspond to an approximate E to W trend of decreasing crust formation ages (sub-divisions and references provided in Figure 3). Its Archean nucleus is formed by the Carajás block that largely comprises granite-greenstone belts of the >3.00–2.86 Ga Rio Maria domain and the ∼3.08–2.73 Ga Carajás domain (e.g., da Silva et al., 2018; Motta et al., 2019; Trunfull et al., 2020). It is suggested that after proposed low-angle subduction between ca. 2.98–2.92 Ga, the two domains collided at ca. 2.87–2.86 Ga (e.g., da Silva et al., 2018). Early copper and iron-oxide-copper-gold (IOCG) mineralization is dated between ca. 2.76–2.68 Ga and associated with rifting and basin formation within the Carajás domain (Trunfull et al., 2020). Crust of similar Archean age has been reported from the Amapá, Bacajá, and Santana do Araguaia domains, and is inferred to form extensive basement to the Xingu-Iricoumé province, respectively, together forming the Central Amazonian province (Figure 3). The Central Amazonian province possibly formed a tectonic entity by the end of the Neoarchean and is enclosed by Paleoproterozoic ∼2.26–2.06 Ga granite-greenstone belts of the Maroni-Itacaiunas province to the north-east (Figure 3; e.g., Kroonenberg et al., 2016; Kroonenberg, 2019; Tedeschi et al., 2020). During the major Transamazonian orogeny (correlated to the global assembly of the Columbia supercontinent) ∼2.01–1.80 Ga juvenile crust of the Tapajós (and Tapajós-Ventuari) province to the west and south-west accreted, and magmatism, magmatic reworking and metamorphism affected large parts of the Central Amazonian and Maroni-Itacaiunas provinces (Figure 3). During this time the overall WNW- to NNW-trending structural grain of the western Amazonian Craton was likely established and correlates with the proposed south-westernmost front of the Transamazonian orogen, as shown in Figure 3. Indeed, significant orogenic gold deposits within the NE Guiana Shield formed at ca. 2.08 and 1.99 Ga and are associated with major NW-striking fault systems (e.g., Karouni deposit, Tedeschi et al., 2020). At its south-western extent, the Transamazonian event is represented by the ca. 2.05–1.87 Ga polyphase accretion to collisional Tapajonic (or Tapajós-Parima) orogeny (Tapajós province), during which gold-rich porphyry and epithermal mineral deposits formed in vicinity to major NNW- to NW-trending faults and arc-terrane boundaries (e.g., Santos et al., 2004; Bettencourt et al., 2016; Juliani et al., 2021). This event coincided with extensive (A-type) magmatism and hydrothermal activity within the Central Amazonian province (e.g., Xingu-Iricoumé province and Carajás block) and marked a major episode of diverse gold-rich mineral system formation (and remobilization) in the Carajás domain at ca. 1.88 Ga (e.g., Trunfull et al., 2020). The Tapajonic orogeny was shortly followed by the Rio Negro orogeny, including the ca. 1.81–1.74 Ga collisional Juruena orogeny with associated gold mineralization at ca. 1.79 Ga, at the SW margin of the Amazonian Craton (Rio Negro-Juruena province; Figure 3; e.g., Santos et al., 2004; Bettencourt et al., 2010; Casquet et al., 2012; Kroonenberg et al., 2016; Juliani et al., 2021; Nedel et al., 2021). Evidence for Rio Negro-Juruena basement has been detected in the Rio Apa cratonic fragment, and in the Paraguá terrane towards its southwestern limit (see Rio Negro front in Figure 3). The Rio Apa fragment and Paraguá terrane, however, were substantially reworked during the ∼1.60–1.30 Ga Rondonian-San Ignacio orogeny (e.g., Bettencourt et al., 2010; Nedel et al., 2021), which marked the onset of the Mesoproterozoic Sunsás-San Ignacio orogenic cycles associated with the assembly of the Rodinia supercontinent (Section 3.2).
3.1.1 Paleoproterozoic crust and basement inliers within the Andes
Paleoproterozoic outcrops within the Andean belt are extremely scarce and restricted to the northern domain of the Arequipa-Antofalla terrane (Figure 2C; location “h” in Figure 3). Combined zircon geochronological and whole-rock Pb and Nd isotopic data attest to the presence of ca. 2.02–1.79 Ga juvenile intrusions that were metamorphosed at ca. 1.82–1.79 Ga (Loewy et al., 2004). Isotopic data from the central Arequipa-Antofalla terrane suggest that, here, Mesoproterozoic intrusions (Section 3.2) incorporated Paleoproterozoic components from the northern domain (Loewy et al., 2004). In the southern Arequipa-Antofalla terrane (Figure 2C), however, Paleoproterozoic zircon or isotopic signatures indicative of reworking of Paleoproterozoic components appear to be absent (Loewy et al., 2004). To the north, inherited ca. 1.99–1.81 Ga magmatic zircon have been reported from drill-cores in the Peruvian off-shore region and interpreted to represent basement to the Paracas terrane (Figure 2C), as a northern continuation of the central to northern Arequipa-Antofalla terrane (Romero et al., 2013). In addition, scarce Paleoproterozoic (ca. 1.75–1.90 Ga) detrital and inherited zircons have been found in Paleozoic intrusive and sedimentary rocks of the Eastern Andean Cordillera of Peru and southern Ecuador (e.g., Chew et al., 2007; Wiemer et al., 2022). A regional zircon Lu-Hf isotopic survey of the Peruvian Eastern Cordillera indicates contributions of reworked Rio Negro and Tapajós-Ventuari age crust (i.e., ca. 2.1–1.6 Ga), based on isotopic model ages (Mišković and Schaltegger, 2009). Overall, these data indicate that the Paracas and the northern-central Arequipa-Antofalla terranes may have originally formed part of the western Amazonian Rio Negro crust prior rift break-up and tectonic dispersal around ca. 1.74 Ga.
3.2 Mesoproterozoic Rodinia assembly: the Rondonian-San Ignacio and Sunsás orogenic cycles
During the Mesoproterozoic Rodinia assembly, the Amazonian Craton experienced two main stages of crustal growth and/or terrane accretion, both of which are recorded at the craton’s NW and W/SW margins (present-day Northing; Figures 4A, B). The two main stages include: 1) the ca. 1.57–1.37 Ga Rondonian-San Ignacio orogeny, including the collisional Alto Guaporé orogeny in the SW Amazonian Craton, during which the Paraguá terrane (“Pg” in Figure 3) collided and was reworked (Bettencourt et al., 2010), and local granite intrusions between ca. 1.6–1.3 Ga that intrude the Rio Negro-Juruena province in the NW part of the Amazonian Craton (e.g., Cordani et al., 2016; Bonilla et al., 2021; Figure 4A); and 2) the ca. 1.30–1.00 Ga Sunsás-Putumayo orogeny that marks the South American equivalent to the Grenvillian orogeny in North America and Baltica during the final Rodinia assembly (Figure 4B). Overall, the main stages describe the stepwise approach and ultimate collision of Laurentia from the SW and Baltica from the NW. The approach and collision of Laurentia occurred sub-parallel to the previously established ∼NW-striking structural grain of the Amazonian Craton, whereas Baltica and associated micro-terranes and arcs collided perpendicular to the NW strike of the Amazonian Craton (Figures 4A, B). The collision of Baltica involved a fringing arc system that marked the accretion of the Oaxaquian-Colombian terranes during the Putumayo orogeny at ca. 1.25–0.98 Ga (Figure 4A; Ibanez-Mejia et al., 2011). Evidence for Putumayo crust is represented in the ca. 1.20–1.00 Ga Santander, Santa Marta, and San Lucas inliers, together forming part of the Chibcha terrane, and the Garzón Massif (also referred to as the Andaqui terrane) in the Northern Andes of Colombia (Figures 2C, 3; e.g., Ramos, 2009). Zircon geochronological data from the Garzón Massif and from exploration wells in the Putumayo basin to the south attest to ca. 1.46–1.02 Ga magmatism, followed by ca. 0.99–0.97 Ga metamorphism (Figures 2B, C, 3; Ibanez-Mejia et al., 2011). Furthermore, at the NW edge of the Amazonian Craton, ca. 1.31 Ga magmatism and metamorphism affected the Guaviare complex (Figure 3; Cordani et al., 2016; López et al., 2020).
[image: Figure 4]FIGURE 4 | Schematic freeform illustrations of the paleogeographic-tectonic evolution of the South American Gondwana margin. Note that the reconstructions are based on the present-day Northing of the Amazonian Craton. The figures are based on information provided in: Mourier et al., 1988; Cediel et al., 2003; Loewy et al., 2004; Chew et al., 2007; 2016; Teixeira et al., 2007; Ramos, 2008; Mišković et al., 2009; Cardona et al., 2009; Cordani et al., 2010; Bettencourt et al., 2010; Ibanez-Mejia et al., 2011; Willner et al., 2011; 2014; Escayola et al., 2011; Roperch et al., 2011; Romero et al., 2013; Caxito et al., 2020; Casquet et al., 2014; Ramos et al., 2015; Granot and Dyment, 2015; Spikings et al., 2016; Cingolani and Ramos, 2017; Casquet et al., 2018; Young et al., 2019; Quadros et al., 2021; Nedel et al., 2021; Wiemer et al., 2021b; Wiemer et al., 2022. Discussion and further data sources are provided in the text. (A) The Amazonian Craton at the onset of the Mesoproterozoic, highlighting the established NW-trending structural grain of the cratonic interior, and the sub-parallel accretion-collision of both juvenile and reworked terranes (light green) during the Rondonian-San Ignacio orogeny. Note that the proposed composite Paracas—north-central Arequipa-Antofalla terrane comprises evidence for both Tapajós-Ventuari and Rio Negro-Ventuari basement, whereas no Rondonian-San Ignacio imprints have been detected. San Ignacio-age intrusions in the northwestern Amazonian Craton may indicate the onset of subduction accretion in this area. See text for discussion and references. (B) Collision of Laurentia and Baltica with the Amazonian Craton, leading to the Sunsás-Grenville and Putumayo orogens, respectively. Note that the K’Mudku shear zone is interpreted to have formed as a sub-parallel, and intra-cratonic response to the Putumayo orogeny. The Sunsás orogeny included a short-lived rifting of the former Guaporé suture zone (see (A)), followed by re-collision during which the Alto Guaporé gold province formed as part of the Aguapei belt. (C) The Neoproterozoic dispersal of Rodinia included the opening of the Iapetus Ocean and associated, possibly scissor-like, detachment of the Paracas-Arequipa-Antofalla (and/or MARA, see text) continental ribbon that led to the formation of the Paracas-Tucavaca ocean basin. Similarly, the Puncoviscana basin (and ocean?) opened, sub-parallel to the Clymene Ocean to the east, by rift-incision from a triple junction between the Tucavaca and Puncoviscana tracts (stippled lines). (D) Situation at the time of Pan-African West Gondwana assembly, which included the Brasiliano orogeny (see Brasiliano orogenic belts in italic fonts) and the Pampean orogeny (area marked by red stripe pattern). The Pampean orogeny included the collision of the Pampia terrane with the Rio de la Plata craton, but also an accretionary arc system, outbound of which the Puncoviscana Formation was deposited. Around the western and north-western Amazonian Craton there is no evidence for collision at this time, but widespread detrital and inherited zircon from the Gondwana margin of Peru and Ecuador attest to the onset of Paleozoic subduction around the paleo-Gondwana margin. (E) The Ordovician-Silurian paleo-Gondwana margin (i.e., Famatinian orogeny) witnessed the collision of the Cuyania and Paracas (plus Arequipa-Antofalla?) micro-terranes, whereas sub-parallel magmatic belts formed as a result of coeval outboard subduction-accretion. The Famatinian orogeny marked the early formation of orogenic gold deposits (stars, numbers 1–3) that represent the oldest known localities associated with subsequent supercluster formation along the Gondwana and Andean margin throughout the Phanerozoic. (F) During the Devonian-Carboniferous, far-field stress regimes changed from NNE-to a NW/WNW-directed convergence direction (grey stippled arrow towards black arrow), as a response to the clockwise rotation of Laurentia around NW Gondwana (insert (F–I)), resulting in the oblique super-positioning of developing magmatic arcs (and associated docking of the Chilenia terrane) with regards to the former Famatinian structural grain, orogenic strike, and associated sutures. Orogenic gold formation in northern Peru (#5) was localized within a dilational jog at the intersection between the Pataz Lineament (PL), the Famatinian collisional suture, and the superimposed Carboniferous magmatic belt, and occurred during a Late Carboniferous (Pennsylvanian) tectonic switch from compression/transpression to transtension. The tectonic switch may have marked the very onset of following Permo-Triassic extension that appears to have developed in a scissor-like fashion, i.e., a southward increasing intensity and/or duration of extension (blue arrows). It is proposed that the extension dynamics resulted in the differential westward offset of the Famatinian suture, accommodated in pre-existing or newly formed transverse structures. Similarly, the spatially punctuated formation of Devonian-Carboniferous orogenic gold deposits in southern Peru, Bolivia, and Argentina (# 4, 6 and 7) may have been controlled by both newly established and pre-existing structures, as can be inferred by the reconstructed location of micro-terrane boundaries. (G) At the Late Mesozoic onset of the Andean orogeny, the docking of the Amotape-Tahuin terrane and subsequent multiphase accretion of the Pacific and Caribbean oceanic terranes appear to have been controlled by pre-existing faults within the continental interior and/or by the shape of either incoming oceanic lithosphere or the shape of the Gondwana margin continental lithosphere. (H) During the following Miocene to present, ongoing terrane accretion occurred along the western margin of central to northern Colombia, while the present-day Peru-Chile trench and subduction developed. The figure shows a compilation of identified present-day transverse structures along the Andean belt (compare with Figure 3) that are discussed in the light of (cryptic) structural inheritance and control on deposit localization with respect to more detailed maps shown in Figures 5–8, 10 (indicated). (I) Simplified distribution of Late Mesozoic to Cenozoic (to recent) major Cu porphyry belts of western South America (after Sillitoe and Perello, 2005).
Importantly, based on a review of geochronological data of reset K-Ar and Rb-Sr mica ages within the Amazonian Craton Cordani et al. (2010) discuss the idea that thermotectonic reactivation focussed along structural corridors, such as the K’Mudku shear zone (Figure 3), as an intracratonic response to the Sunsás-Putumayo orogeny. The isotopic resetting of micas at ca. 1.20 Ga is partly associated with the development of mylonitic fabric development along the K’Mudku shear zone (Cordani et al., 2010 and references therein). In addition, A-type granites within the K’Mudku shear zone were emplaced at ca. 1.22 Ga (Souza et al., 2015). Given its sub-parallel alignment with the Putumayo orogen and/or its perpendicular relationship to the Sunsás orogeny, it may be inferred that the K’Mudku shear zone formed as an intracratonic response to the collision of Baltica, and/or as an intracratonic transfer zone in response to Laurentia collision (Figure 4B).
The final collision of Laurentia during the Sunsás orogeny along the W/SW Amazonian Craton margin included the formation of the ca. 1.14–1.01 Ga Nova Brasilândia belt, the ca. 1.30–0.92 Ga Aguapei belt, and the Sunsás belt, which roughly follow former sutures (e.g., Guaporé suture zone) that surround the Paraguá terrane and were established during the preceding Rondonian-San Ignacio orogeny (Figures 4A, B; e.g., Cordani and Teixeira, 2007; Teixeira et al., 2010; Bettencourt et al.,, 2010; Quadros et al., 2021). Final collision in the Aguapei belt at ca. 1.10–0.92 Ga followed rifting between ca. 1.15–1.10 Ga (Melo et al., 2022), possibly attesting to the notion that the Rondonian-San Ignacio and Sunsás orogenies were separated by a short-lived episode of extension. During the final collision, and/or post-collisional, the ca. 920 Ma Alto Guaporé gold belt formed along NNW-trending shear zones sub-parallel to the Aguapei belt (40Ar/39Ar hydrothermal muscovite; Melo et al., 2022). The San Ramón gold province and the Don Mario Cu-Au-Ag mine may have formed at similar time within the Sunsás belt (Figure 4B).
Sunsás age basement inliers and/or sparse outcrops within the Andes include the Mariposa and Sucre inliers in central to south Peru, drill-cores from the Peruvian Paracas off-shore region, and basement inliers of the Arequipa-Antofalla terrane, overall attesting to magmatism and metamorphism between ca. 1.20–0.94 Ga. (Figure 3; Loewy et al., 2004; Mišković et al., 2009; Romero et al., 2013). Furthermore, widespread detrital and inherited ca. 1.30–0.95 Ga zircon ages in the Eastern Cordillera of Peru have been reported (e.g., Chew et al., 2007; Wiemer et al., 2022). These data attest to the presence of extensive Sunsás basement in Peru, which included the Paracas and Arequipa-Antofalla terranes sandwiched in-between Amazonia and Laurentia (Figure 4B). To the south, widespread detrital and inherited zircon, and basement outcrops and xenoliths of the San Rafael, Las Matras and Sierra de Pie de Palo inliers suggest the presence of ca. 1.33–1.03 Ga basement to the Pampia, Cuyania, and Chilenia terranes (Figures 3, 4B; e.g., Sato et al., 2000; Ramos, 2009, and references therein; Rapela et al., 2010; Cingolani and Ramos, 2017).
3.3 Neoproterozoic Rodinia dispersal and oceanic tracts
The Neoproterozoic dispersal of Rodinia was largely marked by the opening of the Iapetus Ocean, following continental break-up that likely impinged on lithospheric weak zones sub-parallel to the Grenvillian/Sunsás orogen (Figure 4C). However, the Tomac ophiolite (Wiemer et al., 2022), and the Tapo Ultramafic Massif ophiolitic vestiges (“x” and “y” in Figure 3) attest to the formation of oceanic crust at 718 ± 47 Ma (Sm-Nd whole-rock isochron, Tassinari et al., 2011; Willner et al., 2014) in central to northern Peru. In combination with coeval local alkaline granite intrusions (ca. 750–690 Ma, U-Pb zircon, Mišković et al., 2009), and detrital zircon indicating a ca. 750 Ma maximum depositional age of marine sedimentary rocks (“Old” Marañon Complex; e.g., Chew et al., 2007), it has been proposed that a distinct Paracas oceanic basin formed sub-parallel to the Iapetus, resulting in the detachment of the Paracas and Arequipa-Antofalla terranes (Figure 4C; Wiemer et al., 2022). It is unclear whether the Paracas ocean formed an oceanic passage, or rather a scissor-like oceanic incision narrowing towards its proposed spatial correlation with the Tucavaca aulacogen to the SE (Wiemer et al., 2022; Figure 4C). Nevertheless, in this reconstruction, the extended Paracas-Arequipa-Antofalla terrane (including the juvenile Sunsás basement of the southern Arequipa-Antofalla domain) and the Rio Apa cratonic fragment may have formed the MARA composite terrane, as proposed by Casquet et al. (2012; Figure 4C). On the other hand, to the south, the ca. 750–630 Ma Puncoviscana Ocean basin may have separated the Arequipa-Antofalla terrane from the Rio Apa cratonic fragment and the Pampia terrane (e.g., Escayola et al., 2011). In this scenario, an additional rift triple junction would be situated at the intersection of the Paracas and Puncoviscana ocean basins with the Tucavaca aulacogen (e.g., Ramos, 2008; Figure 4C).
To the east of the Amazonian Craton, Neoproterozoic ophiolites (“u-w” in Figure 3) are interpreted to represent remnants of the Clymene Ocean (Figure 4C; 757 ± 49 Ma, Sm-Nd whole-rock Quatipuru ophiolite; Paixão et al., 2008; Cordani et al., 2013; Caxito et al., 2020). Whether oceanic crust fully separated the Amazonian Craton from the West African Craton remains unclear. However, the Clymene Ocean is interpreted to have separated the Amazonian Craton and associated dispersed micro-terranes to the south from the Rio de la Plata and/or Parana craton(s) and the São Francisco-Congo Craton to the east. The Rio de la Plata and the São Francisco-Congo cratons, in turn, were separated by the Goias-Pharusian Ocean that linked the Clymene and the Adamastor oceans (Figure 4C; e.g., Caxito et al., 2020).
3.4 Late Neoproterozoic to Cambrian Pan-African (Brasiliano-Pampean) orogeny
The following Pan-African assembly of West Gondwana was accomplished through multiple accretion and collision of cratonic blocks and magmatic arcs, referred to as the Brasiliano and the Pampean orogenies in South America. The West Gondwana assembly resulted in the establishment of a complex and extensive network of Neoproterozoic to Cambrian mobile belts to the east and south-east of the Amazonian Craton (Figure 3).
The Brasiliano orogeny included the collision of Archean-Paleoproterozoic cratonic blocks with, and to the east of, the Amazonian Craton, marking the closure of the Clymene and the Goias-Pharusian oceans, as well as the Adamastor Ocean further to the east (Figure 4D; e.g., Caxito et al., 2020). The polyphase orogeny included the formation of the Brasilia fold belt between the Goias Archean block and outboard magmatic arc and the São Francisco-Congo Craton, the collision of the São Francisco-Congo Craton with the Rio de la Plata-Parana cratonic block, which possibly led to the early establishment of the AZ125 lineament, and the formation of the Borborema belt between the northern São Francisco-Congo Craton and the Sahara Metacraton (e.g., Rocha et al., 2019; Caxito et al., 2020). The latter composite of tectonic entities collided with the Amazonian Craton and West African Craton during closure of the Clymene Ocean, which ultimately resulted in the formation of the Paraguai-Araguaia belts and the tectonic emplacement of Neoproterozoic ophiolites around the eastern margin of the Amazonian Craton. The Clymene Ocean suture has been proposed to be represented by the Trans-Brasiliano Lineament (TBL; Figure 4D; e.g., Paixão et al., 2008; Cordani et al., 2013; Caxito et al., 2020). Closure of the Adamastor Ocean to the east is recorded in the Dom Feliciano and Ribeira belts along the eastern margin of the Rio de la Plata Craton (Figure 4D).
The coeval Pampean orogeny records the accretion to collision of the Pampia terrane along the western Rio de la Plata Craton, marking the closure of the southern Clymene Ocean and associated development of the southern segment of the Trans-Brasiliano Lineament (Figure 4D). The Pampean orogeny led to ca. 540–515 Ma juvenile intrusions and metamorphism, documented in the Sierras Pampeanas (e.g., Rapela et al., 2010; Ramos et al., 2015). Neoproterozoic to Cambrian basement in the eastern Sierras Pampeanas comprise potential oceanic derived amphibolites (Ramos et al., 2015). The Pampean belt can be followed to the south, around the SW/S margin of the Rio de la Plata Craton (Tohver et al., 2021). Closure of the Puncoviscana Ocean is recorded in the Puncoviscana Formation with initially outbound sedimentation coeval with ca. 540–530 Ma arc magmatism, directly followed by collision of the Arequipa-Antofalla terrane with the northern Pampia terrane (Figure 4D; Ramos, 2008; Escayola et al., 2011).
To the north, no collisional orogeny has been documented. However, widespread inherited and detrital Pampean-age zircon are reported from the Peruvian Eastern Cordillera (e.g., Cardona et al., 2009; Wiemer et al., 2022). Hence, the Peruvian, Ecuadorian and Colombian Gondwana margin likely only witnessed the initiation of outboard subduction-accretion during the Pan-African Pampean orogeny (Figure 4D). On the other hand, there appears to be an absence of Pampean zircon in the off-shore Paracas and the Arequipa-Antofalla terranes (e.g., Loewy et al., 2004; Romero et al., 2013). This indicates that Pampean subduction initiated in-between the Paracas-Arequipa-Antofalla blocks, likely reflecting the onset of NE-directed subduction of the Neoproterozoic Paracas oceanic crust (Figure 4D).
3.5 Famatinian accretion and micro-terrane collision
The Famatinian orogeny records extensive magmatic accretion along the West Gondwana protomargin during the Ordovician to Silurian (Figure 4E; e.g., Ramos, 2018). At the type locality in Argentina, a ca. 484–463 Ma continental arc complex developed on the older basement of the Pampia terrane and marks the docking of the Cuyania micro-terrane (e.g., Astini and Davila, 2004; Rapela et al., 2010; Cingolani and Ramos, 2017; Ramos, 2018). Further south, the coeval collision of the North Patagonia terrane resulted in the Trans-Patagonian orogeny (Figure 4E; González et al., 2021).
Along the preserved western margin of the Arequipa-Antofalla terrane, the Famatinian magmatic arc is represented by ca. 476–447 Ma granitoid intrusions that were metamorphosed at ca. 440 Ma (e.g., Loewy et al., 2004; Mišković et al., 2009). Famatinian-age magmatic zircon from off-shore drill-cores suggest the northward continuation of the magmatic arc, outbound along the western Paracas margin (Romero et al., 2013). In the hinterland, in present-day Bolivia and southern Peru, the Ordovician clastic retro-arc platform developed (Figure 4E; e.g., Ramos, 2018). Shortly after their deposition, the clastic sedimentary rocks were affected by folding and magmatic-hydrothermal activity that led to the formation of the Sierra Rinconada (e.g., Minas Azules) and the Incahuasi orogenic gold vein deposits (1 and 2 in Figure 4E; Rodríguez and Bierlein, 2002; Klipfel, 2007). The Ordovician retro-arc platform largely covers the proposed former rift triple junction, which connected the Tucavaca aulacogen with the Puncoviscana and the Paracas ocean basins (Section 3.3). Indeed, the Famatinian orogeny included the re-collision of the Paracas-Arequipa-Antofalla terrane(s) with the Gondwana margin, leading to the tectonic emplacement of the Tomac ophiolite and the Tapo Ultramafic Massif (TUM) ophiolitic vestiges in central to northern Peru (“x” and “y” in Figures 3, 4E; Tassinari et al., 2011; Willner et al., 2014; Wiemer et al., 2022). In central to northern Peru, Early Famatinian continental arc magmatism, and marginal to marine sedimentation (i.e., max. depositional ages of the Contaya Formation and the “Young” Marañon Complex, respectively), are recorded between ca. 480–465 Ma, followed by Late Famatinian intrusions, metamorphism, and associated deformation (D2 after Wiemer et al., 2021a) ascribed to the Paracas collision at ca. 462–437 Ma (Chew et al., 2007; 2014; 2016; Cardona et al., 2009; Willner et al., 2014; Ramos, 2018; Wiemer et al., 2022). Wiemer et al. (2022) proposed that the northern limit of the Paracas collision was accommodated in oceanic transform faults, which represent the propagated oceanic extension of the Mesoproterozoic K’Mudku shear zone corridor in the Amazonian Craton (Figure 4E; discussed in more detail in Section 4.3). At the intersection of the extrapolated K’Mudku shear zone with the collisional Famatinian suture, D2 deformation-related orogenic quartz-pyrite veins have been observed in the Pataz region of northern Peru (St. Filomena, 3 in Figure 4E; Wiemer et al., 2021a; 2022).
Further to the north, ca. 484–461 Ma igneous rocks, and metamorphic imprints record the continuation of the Famatinian orogen in the Chibcha and Cajamarca-Valdivia terranes of Ecuador and Colombia (e.g., Ramos, 2018). In this northern West Gondwana margin segment, the Famatinian orogeny was likely non-collisional (Figure 4E).
3.6 Late Paleozoic Gondwanide orogenic cycles and Permian-Triassic extension
After a short episode of apparent tectonic quiescence, the Late Paleozoic Gondwanide resurgence of subduction-accretion along the West Gondwana margin was characterized by an overall switch in the far-field principal stress regime towards a more E-directed orientation that can be ascribed to the clockwise rotation of Laurentia around NW Gondwana (insert Figures 4F–I; e.g., Young et al., 2019). The Early Gondwanide orogeny included the mid-Devonian to early Carboniferous collision of the Chilenia terrane. The event is recorded in the high-pressure metamorphic belt of the Guarguaraz Complex, Chile (Figure 4F; Willner et al., 2011). Further inland, Devonian-Carboniferous orogenic gold systems formed in the Sierra de las Minas, Sierra de Córdoba and Sierra Culampaja districts of the Sierras Pampeanas (4 in Figure 4F; ca. 393–351 Ma; 40Ar/39Ar hydrothermal mica; Skirrow et al., 2000). These gold deposits are spatially associated with Devonian granites, and/or associated with newly established conjugate NW- and NE-trending fault networks that intersect reactivated older (Famatinian and/or Pampean) shear zones (Skirrow et al., 2000).
Carboniferous granitoid intrusions at the western Chilenia margin attest to the presence of an outbound accretionary arc system. This accretionary magmatic belt can be followed northward of the Chilenia collisional orogen along the entire Peruvian, Ecuadorian and Colombian Gondwana margin (Figure 4F). The magmatic accretion may have led to the formation of the Carboniferous basement to the Amotape-Tahuin terrane in south-western Ecuador (Figure 4F; e.g., Mourier et al., 1988). Evidence for Late Paleozoic basement to the suspect Mejillonia terrane of north-western Chile (Figure 4F) is not confirmed, and the Mejillonia terrane may have formed during later Triassic-Jurassic magmatic arc accretion (Casquet et al., 2014).
Along the Peruvian Eastern Cordillera, an extensive Carboniferous to Permian magmatic belt formed (Chew et al., 2007; 2016; Cardona et al., 2009; Mišković et al., 2009; Witt et al., 2013a; Angerer et al., 2018; Voute et al., 2019). A superimposed relationship to the former Famatinian orogen (i.e., crosscutting obliquely aligned strike trend) is best documented in structural relationships in northern Peru (Wiemer et al., 2021a; 2022).
The Carboniferous to Permian magmatic belt hosts numerous intrusion-related orogenic gold districts (5 in Figure 4F) along the Eastern Cordillera of central to northern Peru (e.g., Haeberlin et al., 2002). These include the major Pataz-Parcoy gold districts that are situated within a regional scale dilational jog at the intersection of the Famatinian suture and the Pataz Lineament, which has been suggested to form the continuation of the K’Mudku shear zone (“PL” in Figure 4F; Wiemer et al., 2022). The dilational jog formed during Carboniferous dextral strike-slip of the NNW-trending Rio Marañon fault (Wiemer et al., 2021a; 2022). Gold formation is dated at ca. 332 Ma (Re-Os molybdenite, Szappanosné-Vágó et al., 2010) and corresponds to a switch in the tectonic regime from compression to transtension (Voute et al., 2019; Wiemer et al., 2021a). Gold formation in Pataz-Parcoy was near-contemporaneous to orogenic gold deposit formation in the Santo Domingo, La Rinconada-Ananea, and Yani-Aucapata, as well as the Antofagasta, Amayapampa, and Cebadillas districts within the eastern Altiplano region of the Ordovician retro-arc platform (6 and 7 in Figure 4F; e.g., Haeberlin et al., 2002). This indicates a possible extended Carboniferous gold belt, approximately following the ancient basement tracts of the Famatinian Paracas collisional suture and the inferred Puncoviscana suture (see previous Sections).
The Early Gondwanide cycle culminated in regional metamorphism at ca. 315 Ma (e.g., Chew et al., 2016) and was succeeded by the Late Gondwanide orogeny that occurred during the Permian and witnessed the ca. 300–260 Ma intrusion of mostly A- and S-type granitoid plutons, followed by metamorphism at ca. 260 Ma, along the Peruvian Eastern Cordillera (Mišković et al., 2009; Chew et al., 2016). The preserved width and abundance (i.e., volume) of the Permian intrusive rocks increase, concomitant with an apparent younging of magmatism until the Triassic, towards the south. These A- and S-type magmatic suites indicate an incipient extensional regime and the decline of subduction related magma production, which may be ascribed to large-scale crustal relaxation after final Pangea assembly, and/or the development of post-Carboniferous back-arc extensional environments (e.g., Mišković et al., 2009; Wiemer et al., 2021a).
During the Triassic, continental rifting and extension affected most of the western South American margin, likely associated with the disassembly of West Gondwana/Pangea (Figure 4F; e.g., Spikings et al., 2016). In Peru, thick syn-rift shallow marine to continental sedimentary sequences of the ca. 245–220 Ma Mitu Group were deposited within NNW-trending grabens (e.g., Spikings et al., 2016). As mentioned in the introduction of Section 3, early Sub-Andean basin formation during syn-rift Mitu Group deposition was controlled by Paleozoic basement structural inhomogeneities, e.g., resulting in the formation of structural highs, such as the Iquitos arch, that represent sub-parallel, NNW-trending boundaries of basins or sub-basins (e.g., Marañon basin, Figure 2C; Zamora and Gil, 2018). Also, the reader is encouraged to compare the alignment of the Contaya arch with the sub-parallel Famatinian Paracas suture and the Rondonian-San-Ignacio and Sunsás orogenic fronts (Figure 3). Similarly, Jacques (2003) proposed that NE-trending sub-Andean basin boundaries can be geometrically correlated with the transverse fault segmentation of the Andean belt (compare Figures 2B, 4H).
Based on these insights, it may be argued that the extension dynamics led to the displacement of segments/blocks of the Paleozoic Eastern Cordillera, accommodated by NE-trending transverse faults, which either established during the Permian-Triassic rifting, or represented the reactivation of more ancient faults in the continental basement (i.e., Gondwana and/or Paracas-Arequipa-Antofalla). Indeed, Noble et al. (1978) suggested that peralkaline volcanic lavas within the Mitu Group indicate lithosphere-scale extension, but also remarked that the rather sporadic along-strike distribution of these lavas may document the onset of Triassic fragmentation of lithospheric blocks. In the case that the NE-trending transverse faults originated from the Gondwanan continental interior, it is noted that remarkably little Andean arc-parallel strike-slip offsets are observed.
3.7 Late Mesozoic to recent Andean orogenic cycles
Renewed commencement of subduction during the Late Triassic to Early Jurassic initiated the Andean orogeny (e.g., Clark et al., 1990; Mišković et al., 2009; Zentilli et al., 2018) that roughly coincided with the onset of the opening of the South Atlantic (Granot and Dyment, 2015; Figure 4G). The Andean orogeny witnessed several cycles of repeated convergence, extension, and deformation phases along the western margin of South America. The presence or absence, width, and distribution of i) deformational fronts, 2) magmatic belts and thermal/hydrothermal activity, and 3) metallogenic belts, display characteristic along-strike variations across major arc-perpendicular transverse lineaments and/or deflections (e.g., Huancabamba and Abancay deflection; Figures 4G–I; Sillitoe, 1976; Sillitoe, 2008; Love et al., 2004; Sillitoe and Perello, 2005). In general, major subduction and associated ore deposit formation occurred during following episodes along distinct arc segments: i) mid-late Jurassic (ca. 174–145 Ma), ii) early-mid Cretaceous (ca. 135–100 Ma), iii) Late Cretaceous to early Paleocene (ca. 80–52 Ma), iv) Paleocene-early Eocene (62–40 Ma), v) mid Eocene-early Oligocene (ca. 42–32 Ma), and vi) Miocene-early Pliocene (ca. 20–4 Ma; Figures 4G–I; e.g., Clark et al., 1990; Sillitoe, 1976; 2008; Sillitoe and Perello, 2005; Carlotto et al., 2009; and data and references presented in Section 4).
Allochthonous and/or parautochthonous terrane accretion during the Andean orogeny was largely restricted to the Cretaceous accretion of the Amotape-Tahuin block, the Late Cretaceous-Paleocene accretion of the Pacific and Caribbean oceanic terranes, and the following protracted collision of the Choco-Panama terranes, until the Miocene, all focusing on the Ecuador and Colombia margins (Figures 4G, H; e.g., Mourier et al., 1988; Cediel et al., 2003). In Ecuador, the northern limit of the clockwise rotation and Cretaceous accretion of the Amotape-Tahuin terrane spatially correlates with the southern demarcation of the strike-slip dominated Paleocene accretion of oceanic terranes (Figure 4G; e.g., Mourier et al., 1988; Cediel et al., 2003). In turn, this NE-trending structural corridor (i.e., Central Ecuador structural corridor, CEC) can be geometrically correlated with both the recent Grijalva fracture zone in the Nazca plate and the approximate southern limit of the Mesoproterozoic Putumayo orogenic front (Figure 4H). The possible existence of a long-lived inherited structural corridor and its control on ore deposit distribution in this area will be discussed in Section 4.2. The subsequent accretion of the Choco-Panama terranes in Colombia also appears to have been controlled by a pre-existing lithospheric inhomogeneity. Here, the southern edge of the incoming terranes, the former Triassic rift axis, and the inferred southern margin of the northward displaced Maracaibo sub-plate (e.g., Cediel et al., 2003; Spikings et al., 2016) appear to lign-up along a common structural corridor that is highly endowed in Mesozoic-Cenozoic ore mineral systems (Figures 2C, 4H, I). Further details are provided and discussed in Section 4.1.
Another conspicuous Andean arc segment boundary, the NE-trending Abancay deflection, is observed in southern Peru. During the late stages of the Peruvian Coastal batholith emplacement at ca. 45–39 Ma, porphyry and skarn deposits formed in southern Peru, south of the deflection, and represent the northernmost extremity of the prominent Eocene-Oligocene porphyry belt of northern Chile (Figure 4I). The deflection also coincides with an apparent offset in Miocene magmatic activity and deposit formation (Figures 4H, I; e.g., Clark et al., 1990). The Abancay deflection approximately coincides with the northern region of the south Peruvian—Bolivian orocline (Clark et al., 1990; Clark et al., 1990; Sillitoe, 2008; Sillitoe, 2008). Development of the wide deformation belt that wraps around the orocline included clockwise rotation of crustal thrust slices during Eocene-Oligocene (i.e., Incaic deformation phase) shortening, but also sinistral transcurrent shear along pre-existing faults (Figure 4G; Roperch et al., 2011). This indicates that orocline formation represented the upper crustal amplification of an inherited basement feature that was likely established during the Mesoproterozoic. Interestingly, this area also delimits the approximate southernmost extent of present-day Peruvian flat-slab subduction (Figure 3). The Abancay fault/deflection offsets, and/or cuts, the Cusco-Vilcanota fault system (CVFS; Figure 4H) that extends SE-ward and marks a trans-lithospheric structure, separating different upper mantle domains, based on a Sm-Nd and Sr isotopic study of Cenozoic potassic volcanic rocks and intrusions (Carlier et al., 2005). The latter study found that the upper mantle domain to the NE of the CVFS is characterized by overall older depleted mantle Nd-isotopic model ages (i.e., Paleoarchean to Sunsás), compared to the lithospheric mantle to the SW (i.e., largely Sunsás age depleted mantle model ages), whereas in-between the two domains, an additional Neoproterozoic component (TDM = 864–612 Ma), likely including an asthenospheric mantle contribution, was detected (Carlier et al., 2005). The Neoproterozoic model age overlaps the oceanic crust formation age of the Peruvian ophiolites. However, although the strike direction of the trans-lithospheric CVFS approximates the Famatinian Paracas suture and associated basement structural grain in central to northern Peru (Wiemer et al., 2021a; 2022), its position does not agree with a linear continuation of the Famatinian suture (Figure 4F). As mentioned in Section 3.6, the proposed westward displacement of basement blocks, hence including the CVFS, along transverse faults, may have resulted from the Permian-Triassic extension. Similarly, the westward displacement of the TUM ophiolitic vestiges relative to the northern Tomac ophiolite may be explained in this way. Indeed, for example, the cryptic Antamina transverse structural corridor (“AC” in Figure 4G) has been interpreted to be of at least Mesozoic origin (e.g., Love et al., 2004; McCuaig and Hronsky, 2014) and may represent a transverse structure that initially accommodated the Permian-Triassic extension. The Antamina structural corridor affects volcanic-sedimentary successions dating back to at least the Upper Jurassic, and its polyphase activity is inferred from varying degrees of deflection of the plunge of folds and the strike of folds and faults throughout the younger Cenozoic volcanic and sedimentary cover rocks (Love et al., 2004). A similar situation will be discussed in Section 4.3 with regards to the Pataz Lineament (“PL” in Figure 4G). Both the Antamina corridor and the Pataz Lineament are characterized by an unusual abundance of Cenozoic igneous intrusions and appear to play a significant role in controlling the localization of Miocene porphyry and related epithermal and skarn deposits (e.g., Love et al., 2004; Wiemer et al., 2022). NW/NNW-trending, strike-parallel normal faults that accommodated the Permian-Triassic extension and syn-rift sediment accumulation in southern Peru were reactivated, and/or nucleated the development of Andean thrust faults during progressive Cenozoic basin inversion and deformation (Perez et al., 2016).
Along the Chilean-Argentinian western margin of the South American Andes, an overall inverted, i.e., landward younging of magmatic and metallogenic belts (Cu porphyry) is observed (Figure 4I; Sillitoe and Perello, 2005). Within these belts, however, deposits and/or deposit clusters display a punctuated distribution, and particularly some of the younger Miocene volcanic centers and associated deposits are situated within, or in vicinity to, older pre-Andean magmatic and metamorphic belts, indicating the repeated magmatic-hydrothermal reactivation of older belts (e.g., Sillitoe and Perello, 2005). The punctuated distribution of deposits along the Chilean-Argentinian segment has been ascribed to intersections between arc-parallel and older transverse lineaments (e.g., Chernicoff et al., 2002; Richards, 2003; Hayward et al., 2018). The origin of the older transverse structures, however, remains unknown so far. In the context of the presented tectonic evolution of the western South American margin, these structures will be discussed in more detail in Section 4.4.
4 CASE STUDIES OF MULTI-SCALE AND POLYPHASE STRUCTURAL INHERITANCE AND ASSOCIATED GOLD-RICH DEPOSIT CLUSTERS
Below, selected areas (see maps indicated in Figures 2A, 4H) will be discussed in more detail, to highlight the distribution of ore deposits in the context of key geodynamic and geological features and the presented tectonic history.
4.1 Colombia
The temporal spatial distribution of ore deposits in Colombia overall follows the previously recognized main Cu porphyry belts of the Andes (Sillitoe and Perello, 2005; Sillitoe, 2008; compare Figures 4I, 5A). However, based on the presented tectonic evolution history (Figure 4; Section 3), the Colombian Andes are largely underlain by Mesoproterozoic and Paleozoic basement, so that a simple “onion-shell”-like accretion and crustal growth with respect to the Mesozoic-Cenozoic sub-parallel magmatic and metallogenic belts appears inadequate. Indeed, we propose below the existence of cryptic structural corridors, which host a particularly high abundance of deposits of various formation ages, i.e., belonging to distinct segments of various previously identified metallogenic belts, that may represent deposit superclusters controlled by larger-scale structural-geodynamic inheritance (after Wiemer et al., 2022).
[image: Figure 5]FIGURE 5 | (A) Simplified geologic map of Colombia showing major faults and terrane boundaries, and the distribution of major deposits, grouped by age of mineralization (given in brackets, in Ma, where known) and deposit type (compiled and modified after Cediel et al., 2003; Sillitoe and Perello, 2005; Naranjo et al., 2018; Shaw et al., 2019; Gómez et al., 2019). Inferred cryptic inherited structural corridors are indicated by shaded (stripe pattern) areas and include the Central Colombian (CCC) and the Junin-Mocoa (JMC) structural corridors (compare to Figures 3, 4H). (B) Corresponding subdivision into major terranes and crustal blocks. Location of map shown in Figure 2A.
In NE Colombia, the Vetas-California-Angostura district deposits are overall hosted by partially migmatized Mesoproterozoic and Paleozoic basement gneiss and Jurassic-Cretaceous granitoids and metasedimentary rocks (Figure 5A). However, Miocene-Pleistocene Cu-Mo-Au porphyry, Au-Ag epithermal, and hydrothermal Au-Ag breccia type mineralization are spatially associated with local late Miocene intrusions, situated at significant distance to the main Miocene magmatic-metallogenic belt (Figure 5A). Auriferous veins of the Vetas-California-Angostura district follow NE-trending faults, such as the La Baja fault, sub-parallel to the foliation of the basement gneiss (e.g., Naranjo et al., 2018; Shaw et al., 2019; Scarpelli, 2021). The Vetas-California district is of similar age and displays similar types and styles of mineralization as the major Miocene Cauca belt (e.g., Quebradona, Marmato, La Colosa; Figure 5A), which is characterized by Au-Cu/Cu-Au porphyry and related epithermal Au-Ag, as well as minor intrusion-related Au veins and stockworks (e.g., Naranjo et al., 2018; Shaw et al., 2019). The roughly N-S-trending Cauca belt extends along almost the entire Colombian and Ecuadorian Andes and focusses along the Romeral mélange and sub-parallel Cauca fault, which mark the suture zone of the early phase of oceanic terrane accretion onto the Cajamarca-Valdivia continental margin during the Paleocene (Figures 4G, 5; e.g., Cediel et al., 2003; Naranjo et al., 2018). Importantly, however, the Cauca belt displays conspicuous mineralization gaps. Its mineralized Colombian northern section spans about 150–200 km, from the Buritica deposit in the north to the La Colosa deposit cluster in the south (Figure 5A). The southern limit of the northern Cauca belt approximates the southern NE-trending demarcation of the Miocene Choco-Panama terrane accretion (i.e., Garrapatas fault) to the SW and the structurally bound Vetas-California deposits along NE-trending faults, as well as the sub-parallel NE-trending southern limit of the Maracaibo sub-plate to the NE (Figures 5A, B; e.g., Leal-Mejia et al., 2019). This southern limit of what is here referred to as the Central Colombian corridor (CCC), also marks a prominent deflection of the Cauca belt from ca. NNW-trending to the north towards ca. NNE-trending to the south. The deflection marks a region of the highest abundance of recent volcanoes in central Colombia (Figure 5A). The central part of the CCC, between the northern Cauca belt and the Santa Marta Bucaramanga fault, hosts an apparently isolated cluster of deposits that form the northernmost extremity of the Jurassic Cu-Au porphyry belt (e.g., Sillitoe and Perello, 2005; Naranjo et al., 2018). Furthermore, the Antioquia batholith intruded the central CCC, with a main phase of magmatic activity between ca. 96–70 Ma. Compared to other typically elongated magmatic belts, the Antioquia batholith displays a noticeably circular shape (Figure 5A). The batholith is associated with Late Cretaceous to early Paleocene gold-rich porphyry and intrusion related vein type mineralization (Figure 5A; e.g., Naranjo et al., 2018). Interestingly, prior to Late Mesozoic-Cenozoic mineral system formation along the CCC, Triassic rifting affected approximately the same corridor, at least in its southern south-west to central part (i.e., as a branch of the Payendé rift, Spikings et al., 2016).
The broad, up to 200-km-wide delineation of the CCC, as depicted in Figure 5A, however, cannot be realistically regarded as resulting from a single underlying basement TLF structure. It may be argued that a critical basement terrane boundary approximates the southern limit of the CCC, whereas the localizations of deposit clusters in the central part of the CCC were controlled by respective more narrow cross-structures and corridors, recording a more complex geodynamic interplay of basement and superimposed tectonic features.
Another cluster of Cretaceous and Jurassic deposits is spatially well separated from the Cretaceous and Jurassic deposits within the CCC, and may belong to another sub-parallel, ca. 150-km-wide NE-trending corridor, here referred to as the Junin-Mocoa corridor (JMC, Figures 3, 4H, 5A). To the SW, the JMC marks the continuation of the Cauca belt in southern Colombia and northern Ecuador and approximates the location and strike of the Carnegie Ridge and associated sub-parallel oceanic fractures (Figures 5A, 6A).
[image: Figure 6]FIGURE 6 | Simplified geologic map of Ecuador showing major faults and terrane boundaries, and the distribution of major deposits, grouped by age of mineralization (given in brackets, in Ma, where known) and deposit type (compiled and modified after Sillitoe and Perello, 2005; Schutte et al., 2012; Gómez et al., 2019). Inferred cryptic inherited structural corridors are indicated by shaded (stripe pattern) areas and include: ALC, Alpala corridor; CEC, Central Ecuador corridor; JMC, Junin-Mocoa corridor; TNC, Telimbela-Nambija corridor (compare to Figures 3, 4H). (B) Corresponding subdivision into major terranes and crustal blocks. Location of map shown in Figure 2A.
4.2 Ecuador
The continuation of the middle section of the Miocene Cauca belt in northern Ecuador, as a part of the inferred JMC, is also interrupted by a mineralization gap to the south, which approximates another deflection, from NNE-to N-trending, of the overall Andean strike (Figure 6A). This deflection appears to mark an intersection between the deflected Andean strike (here, the eastern suture zone of the oceanic terranes and associated sub-parallel crustal-scale structures, such as the Chimbo-Toachi shear zone), the inferred, cross-belt cryptic JMC, which correlates with the NE-trending Canande fault that cuts through the oceanic terranes in northern Ecuador (e.g., Kerr et al., 2002), and another possible cryptic NW-trending lineament, here referred to as the Alpala corridor (ALC; Figures 4H, 6A). To the SE, the NW-trending Alpala corridor approximates the boundary between the Putumayo and the Marañon basins, and the Iquitos arch, respectively (Figure 3). Indeed, the high-grade porphyry Cu-Au Alpala deposit is located within a NW-trending sector of the roots of a structurally controlled lithocap (Rohrlach et al., 2015).
The ca. 250–300-km-wide mineralization gap to the south is characterized by a high abundance of recent volcanoes. The distribution of recent volcanoes displays a somewhat suspicious outlier cluster that appears to follow the ALC (Figure 6A). Furthermore, in vicinity to the ALC, the Chacana volcanic field produced sanukitoid-like lavas (Chiaradia et al., 2014) that will be discussed in Section 5.
In western central to south Ecuador, recent volcanoes are absent, whereas the area marks another possible deposit supercluster, previously proposed by Wiemer et al. (2022). This supercluster marks the intersection of the Andean belt with two inferred cryptic structural corridors, here referred to as the NE-trending Central Ecuador corridor and the NW-trending Telimbela-Nambija corridor (CEC and TNC in Figures 3, 4H, 6A). The proposed existence of the inferred structural corridors is based on following observations: 1) The NE-trending CEC forms the broadened extension of the boundary between the NE-striking suture along the southern tip of the accreted Pacific oceanic terranes and the northern limit of the preceding dextral strike-slip dominated Amotape-Tahuin terrane accretion, as well as the oceanic Grijalva fracture system in the Nazca plate (Figures 4G, 6A, B; e.g., Mourier et al., 1988; Cediel et al., 2003; Spikings et al., 2005; Schutte et al., 2012). Furthermore, in its proposed NE-ward extension, the CEC hosts a major cluster of Miocene Cu-Mo-Au porphyry and related epithermal deposits, in addition to the Jurassic Cu-Mo-Au porphyry and related epithermal deposits of the El Pangui district (Figure 6A). At its inferred northern limit, the CEC aligns with the NE-trending boundary between the Putumayo and Marañon basins in the Sub-Andes. On a larger scale, the CEC trend and location approximates the southern front of the Putumayo orogeny (and/or the northern limit of the Archean-Paleoproterozoic margin of the Amazonian Craton), and, indeed, the respective Andean segment is absent of known Mesoproterozoic basement inliers that are observed to the north (Figures 3, 4H, 6A). 2) The proposed TNC is interpreted to form the extension of NW-trending structures that cut through the Miocene deposit cluster (at the intersection of the TNC and CEC; e.g., Schutte et al., 2012) and equivalent recent oceanic fractures that appear to dextrally offset the tip of the Carnegie Ridge (Figure 6A). To the SE, the TNC runs through the Jurassic Nambija Cu-Au porphyry district. On the continental scale, the TNC may be correlated with the Contaya arch and with the NW-trending Mesoproterozoic Sunsás orogenic belts (compare Figure 3).
4.3 Peru
The Peruvian Andes comprise some of the most compelling evidence for ancient structural inheritance in controlling the distribution of mineral systems and ore deposits to date. This section focusses specifically on the north Peruvian gold supercluster (Figure 7), based on which the terminology “deposit supercluster” was originally introduced (Wiemer et al., 2022). The localization of the north Peruvian gold supercluster has been ascribed to the intersection of two major cryptic structural basement corridors, namely, i) the NE-trending Pataz Lineament (PL) and ii) the NW-trending Famatinian Paracas collisional suture (PCS), with the superimposed NNW-trending magmatic arcs of the Late Paleozoic Eastern and the Late Mesozoic-Cenozoic Western Andean Cordilleras (Figures 3, 4E–H, 7; Wiemer et al., 2022).
[image: Figure 7]FIGURE 7 | Simplified geologic map of Peru (adapted from Wiemer et al., 2022; based on Goméz et al., 2019). Note the NE-trending Pataz Lineament structural corridor, which is proposed to link the Mesoproterozoic K’Mudku shear zone with the recent Mendaña fracture zone (refer to Figure 4H). The North Peruvian gold supercluster is situated at the intersection of the Pataz Lineament with both the Famatinian Paracas collisional suture and the superimposed syn-to post-Carboniferous trend of the Andean orogen. Further to the south, the cryptic Famatinian suture is offset to the W/SW, likely due to dextral transverse fault kinematic movement (see red arrows), for example, along the Antamina corridor, sub-parallel to the Pataz Lineament. A Mesoproterozoic origin of the transverse structures remains to be tested; interestingly, the origin of the Antamina corridor has been demonstrated to date to at least the early Mesozoic (e.g., Love et al., 2004). In the absence of evidence for a Mesoproterozoic origin, it is proposed that the scissor-like southward widening of the Permo-Triassic continental rift system (Figure 4F) resulted in the formation of syn-rift transverse structures, such as the Antamina corridor. The westward displacement of the Famatinian suture to the south is supported by the location of the TUM (Tapo Ultramafic Massif) ophiolitic vestiges relative to the Tomac ophiolite (e.g., Tassinari et al., 2011; Wiemer et al., 2022). Location of the map in Figure 8 is indicated, and locations of photographs shown in Figures 9B, C are indicated.
The structural intersection marks a prominent deflection of the trend of the post Famatinian Rio Marañon fault zone, demarcating a regional-scale ca. 40-km-wide dilational jog that hosts the world-class Carboniferous Pataz-Parcoy gold districts (Figures 4F, 8A; Wiemer et al., 2022; Villanes et al., 2023). The gold veins follow internal rheological contrasts within the host plutonic Pataz batholith (e.g., Schreiber et al., 1990; Haeberlin et al., 2004; Witt et al., 2013a; 2016; Wiemer et al., 2021a), which, in turn, can be correlated with pre-existing NW-trending faults and foliations that belong to the Famatinian basement (Wiemer et al., 2021b). The overall along-strike prominence of steep to medium NE-dipping (i.e., NW-striking) thrust faults and foliations of the basement indicate that the Pataz-Parcoy gold districts formed in the hanging wall of the cryptic Famatinian suture (Figure 8A; Wiemer et al., 2021a; 2022).
[image: Figure 8]FIGURE 8 | (A) Geologic map of the Pataz region and adjacent areas, northern Peru, showing the distribution of gold-rich Paleozoic and Miocene deposits (based on and modified after Wiemer et al., 2021a; Wiemer et al., 2022, Eastern Cordillera; and INGEMMET, Western Cordillera). Major cryptic inherited structures (NE-trending Pataz Lineament; NW-trending Famatinian suture and sub-parallel El Cuello corridor) are shown and extrapolated into the Western Cordillera. Major Carboniferous orogenic gold deposits (Pataz-Parcoy) are situated in the hanging-wall of the NE-dipping Famatinian suture (i.e., suture between Gondwana to the NE and the Paracas micro-terrane to the SW; Wiemer et al., 2022) and the associated fold-thrust-style Ordovician-Silurian basement orogen. The intersection between the inherited structures marks the location of a regional-scale dilational jog (see bend in the first-order Rio Marañon fault), which hosts the Pataz-Parcoy deposits. The extrapolated inherited structures and corridors are well-correlated with the location of the Miocene Yanacocha and Lagunas Norte deposit clusters. Importantly, although the Famatinian suture is well-constrained within the basement of the Eastern Cordillera (e.g., paired high-pressure/low-temperature, HP/LT—intermediate-pressure/high-temperature, IP/HT metamorphic belt; Wiemer et al., 2022), the inferred minimum total width of the cryptic Famatinian orogenic belt exceeds 80 km. Similarly, the structural corridor associated with the Pataz Lineament spans a minimum width of 50 km. Note that the occurrence of local Jurassic intrusions and related (sub-economic) polymetallic skarn within the Eastern Cordillera is spatially restricted to the vicinity of the Famatinian suture. Location of map indicated in Figures 2A, 7. Locations of photographs in Figures 9A, B are indicated. (B) Schematic cross-section illustrating the thin-skinned thrust style contact between the Eastern and the Western Cordillera, indicating the west-ward continuation of Paleozoic basement below the Mesozoic-Cenozoic nappes.
Importantly, the extrapolated cryptic Famatinian basement collisional orogen appears to control the localization of the Miocene Yanacocha Au-Cu porphyry and related Au-Ag epithermal deposits (Figure 8A). In fact, Sillitoe (2008) noted the presence of NW-trending faults in the Yanacocha deposit cluster, which otherwise is mainly controlled by the intersection of NNW-trending Andean faults and a NE-trending transverse structural corridor. Further to the north, the distribution of other related Miocene porphyry-epithermal deposits can also be correlated with extrapolated Famatinian structures in the Western Cordillera (Wiemer et al., 2022; Figure 7). It is noted that the inferred NE-inclined Famatinian suture that controls the localization of the Pataz-Parcoy gold system in its hanging-wall may have been offset dextrally in its NW-ward extrapolated continuation (see displaced Famatinian suture, Figure 8A). The proposed NW-ward continuation of the suture is not well constrained, but spatially matches the prominent El Cuello corridor of reactivated structures cutting through the Pataz area and the northernmost occurrence of Neoproterozoic ophiolitic remnants in vicinity to the Rio Marañon fault zone (Wiemer et al., 2021a; Wiemer et al., 2022). Furthermore, the inclined nature of the Famatinian suture in combination with its proposed continuation as shown in Figure 8A, suggests a similar control of hanging-wall deposit localization in approximately 15-km-distance from the suture towards the NE for both the Pataz and the Yanacocha clusters.
The NE-trending Pataz Lineament may represent the link between the Mesoproterozoic intracratonic K’Mudku shear zone, and/or a branch thereof, in the Amazonian Craton and the recent (ca. 3.5 Ma, Huchon and Bourgois, 1990) oceanic Mendaña fracture system in the Nazca plate (Figures 3, 4H, 7; Wiemer et al., 2022). Furthermore, the Pataz Lineament approximates the boundary between the Marañon and the Acre basins (Figure 2B), and it connects the Carboniferous Pataz-Parcoy gold districts with the Lagunas Norte cluster of Miocene Au-Cu porphyry and related epithermal and skarn deposits in the Western Cordillera. In fact, high grade gold shoots in the major Lagunas Norte mine display a consistent NE-trending strike/plunge (Evans et al., 2016). On the other hand, it is important to note that particularly the expressions of the epithermal gold deposits associated with the Lagunas Norte cluster are locally subject to significant lithologic control of hosting volcanic and sedimentary successions (e.g., Cerpa et al., 2013). As noted in Section 3.7, along the Pataz Lineament the exposed Miocene volcanic rocks and associated intrusions that are likely genetically related to the Lagunas Norte deposit cluster display an increased abundance (Figure 8A). In addition, the inferred boundaries of the Pataz Lineament not only intersect the northern and southern limit of the Pataz-Parcoy dilational jog, but also appear to be responsible for significant deflections of the beddings/foliations and fold plunge direction of the Cretaceous sedimentary rock successions in the Western Cordillera (Figure 8A).
Thus, it is important to note the similarity between the Pataz Lineament and the Antamina corridor. The Jurassic (or older) origin of the Antamina corridor, which displays similar features of strike deflection within younger cover rocks (e.g., Love et al., 2004; McCuaig and Hronsky, 2014), may be ascribed to the formation of a transfer structure that accommodated the Triassic extension episode (Section 3.7; Figures 4F, 7). Indeed, in contrast to the Pataz Lineament, the Antamina corridor cannot be readily correlated with any known structure within the Amazonian Craton, but is part of a set of NE-trending cryptic arc-normal fault corridors found throughout the central and southern Peruvian Andes. Wiemer et al. (2022) proposed that the Pataz Lineament may have already accommodated the Neoproterozoic detachment of the Paracas terrane as a propagated major oceanic transform fault during the Paracas oceanic basin opening, to subsequently delineate and accommodate the northern Paracas re-collision (Figures 4C, E). Thus, similar transverse structures, such as the Antamina corridor or Abancay deflection, may also originate from more ancient, pre-existing structures that accommodated the detachment and re-collision of the Paracas-Arequipa-Antofalla continental ribbon.
The proposed continuation of the pre-Carboniferous basement below the Western Andean Cordillera is schematically depicted in the cross-section of Figure 8B. The cross-section highlights the presence of Famatinian basement to the west of the superimposed major NNW-trending Rio Marañon fault zone. No distinct boundary between the Eastern and Western Cordillera is observed. The structurally bound occurrence of Permian-Triassic rift-related sedimentary sequences (Mitu Group) on both sides of the Rio Marañon fault zone attests to the fact that NNW-trending (i.e., Andean strike) horst-graben structural development that initiated in the Carboniferous was polyphase with more recent uplift activity during the Cenozoic (e.g., Witt et al., 2016; Wiemer et al., 2021a). During the Late Mesozoic to early Cenozoic, however, Cretaceous sedimentary rocks of the Western Cordillera were thrust NE-ward over the basement of the Famatinian orogen and the Carboniferous-Permian plutonic and volcanic rocks of the Eastern Cordillera along shallow thrust faults resembling a thin-skinned mode of tectonic emplacement (Figure 8B). The shallow thrust-style contact relationship between the Western and Eastern Cordillera lithologic-tectonic entities to the west of the Rio Marañon fault zone is shown in the photograph of Figure 9A. Just below the thin-skinned thrust contact, the Famatinian basement hosts the newly identified NE-trending Sitabamba-Pias shear zone, which appears to form part of the Pataz Lineament (Figure 8A). The mylonitic Sitabamba-Pias shear zone (Figure 9B, location indicated in Figures 7, 8A) aligns with NE-trending mafic dike swarms that crosscut the Pataz batholith between the Pataz and Parcoy districts to the east, and spatially correlates with significant strike deflections of structures within the over-thrusted Cretaceous sedimentary rocks.
[image: Figure 9]FIGURE 9 | (A) Panorama photograph of the thrust-style contact between the Eastern and the Western Cordillera in the Pataz region, northern Peru (location of photograph given in Figure 8A; looking to the NNW; compare to cross-section in Figure 8B; this study). (B) Photograph from the newly defined (this study) Sitabamba-Pias mylonitic shear zone, northern Peru (location of photograph given in Figures 7, 8A). (C) Photograph of a polyphase migmatitic, ductile shear zone intersection, Huaytapallana area, south-central Peru (location of photograph given in Figure 7; this study). Note: values in (B,C) are given as dip direction/dip angle for average foliation measurements of S1/2, S3 and S4. The values correlate with the main structural trends of strike directions identified by Wiemer et al. (2022), i.e., ca. 115° for the Famatinian orogen (#1 in (C)), ca. 55° for the Pataz Lineament and other supposedly inherited cross-fault structures (#2 in (C)), and ca. 150° for the post-Famatinian Andean orogen (#3 in (C)).
Another critical insight stems from the recent discovery of a high-grade metamorphic migmatitic shear zone intersection within the Huaytapallana area of the Eastern Cordillera of central Peru (location shown in Figure 7; photograph in Figure 9C; this study). The shear zone intersection records at least three main episodes of deformation, corresponding to S1/2, S3 and S4 foliations and associated isoclinal F2 and superimposed tight F3 folds, respectively (Figure 9C). The latest D4 deformation is characterized by discontinuous narrow zones of S4 foliation development that clearly cut through all previous deformation fabrics and follow a strike that can be correlated with the Andean strike direction. This D4 event is ascribed to reactivation during the Andean orogeny but displays ductile fabric development. The earlier deformation events D2 and D3 are both associated with penetrative ductile foliation development along the hinges of associated F2 and F3 folds (Figure 9C). The strike trends of the S2 and S3 foliations are surprisingly well correlated with the large-scale NW-trending Famatinian orogen (S2) and the NE-trending transverse structures, e.g., Pataz Lineament and Antamina corridor (S3). Both D2 and D3 fabrics are associated with garnet-bearing metamorphic assemblages, whereas only D2 experienced partial melting and leucosome formation. Overall, the observations support the notion of polyphase, stepwise uplift of the Eastern Cordillera basement, and the pre-Andean origin of both NW- and NE-trending structures. Ultimately, the garnet-bearing metamorphic assemblages associated with D2 and D3 were formed in deep crustal levels, whereas the rock currently outcrops at an elevation of ca. 4500 m altitude, juxtaposed against little deformed sub-greenschist Cenozoic metasedimentary rocks at lower altitude (ca. 3500 m), in which the same trend of structures is observed, but displays a brittle response. Hence, considering the thin-skinned thrust-style contact relationship between the Western and Eastern Cordillera as observed in the Pataz region (Figures 8B, 9A), a westward continuation of the Famatinian Paracas basement appears reasonable. North-west and NE-trending structures were reactivated and propagated vertically, possibly at multiple times during the Andean orogeny.
4.4 Chile and Argentina
The central to northern Chilean-Argentinian margin of South America hosts some of the world’s largest copper mines, Collahuasi, Chuquicamata, and Escondida, which are part of the Eocene to early Oligocene Cu-Au porphyry and associated epithermal belt that follows the N-S trending arc-parallel trans-lithospheric Domeyko fault system (Figure 10A). This belt has been subject to the debate about the role of structural inheritance and/or spatial periodicity in the distribution of major deposits (e.g., Chernicoff et al., 2002; Richards, 2003; Hayward et al., 2018). The southern termination (∼29°S) of the Eocene–early Oligocene belt approximates the proposed northern demarcation of the Cuyania and Chilenia terranes and/or its intersection with the NE-trending Tucuman Transfer zone that roughly marks the northern limit of the recent Chilean flat-slab segment (Figures 4E, F, 10; e.g.; Kley et al., 2005; Iaffa et al., 2011). As mentioned in Section 3.7, the northernmost and less endowed part of this metallogenic belt is recognized in southern Peru, south of the Abancay fault and deflection (Figure 4I; e.g.; Clark et al., 1990; Sillitoe and Perello, 2005).
[image: Figure 10]FIGURE 10 | Simplified geologic map of north-central Chile and north-western Argentina showing major faults and terrane boundaries, and the distribution of major deposits, grouped by age of mineralization (given in brackets, in Ma, where known) and deposit type (compiled and modified after Skirrow et al., 2000; Rodríguez and Bierlein, 2002; Chernicoff et al., 2002; Sillitoe and Perello, 2005; Rapela et al., 2010; Willner et al., 2011; Escayola et al., 2011; Gómez et al., 2019; Piquer et al., 2021a; 2021b; Escuder-Viruete et al., 2022). Note that besides the Atacama fault zone and the Domeyko fault system, faults that strike sub-parallel to the overall N-S Andean strike direction are ommitted, for clarity. CMA, Collahuasi-Minas Azules fault zone; COT, Calama-Olacapato-El Toro fault; PFS, Piuquencillo fault system. (B) Corresponding subdivision into major terranes and crustal blocks. RDLP, Rio de la Plata craton Location of map shown in Figure 2A.
Overall, the belt is hosted within a corridor of NW-trending faults, here referred to as the North Chile-Argentina corridor (NCAC; Figures 3, 4H, 10). Major NW-trending faults within the NCAC have previously been recognized as ore deposit controlling structures, and include the Calama-Olacapato-El Toro, the Chorrillos, the Quevar, the Archibarca, and the Culampaja lineaments or faults (Figure 10A; e.g., Chernicoff et al., 2002; Richards, 2003; Hayward et al., 2018; Escuder-Viruete et al., 2022). The Chorrillos and Quevar faults have been regarded as branches of the Calama-Olacapato-El Toro fault (e.g., Escuder-Viruete et al., 2022). Another, so far unnamed, but previously recognized (e.g., Chernicoff et al., 2002) sub-parallel broad fault zone that largely demarcates the northern boundary of the NCAC is here referred to as the Collahuasi-Minas Azules fault corridor (CMA; Figure 10A). The CMA corridor runs sub-parallel to the poorly defined northern NW-trending boundary of the Rio de la Plata Craton (Figures 3, 4H; e.g., Rapela et al., 2011).
The origin of the NW-trending faults within the NCAC remains unclear, noting that numerous studies have interpreted these transverse fault sets to date back to at least the late Paleozoic (Permo-Carboniferous) as arc-oblique transfer faults, which were variously reactivated as Mesozoic transtensional and normal faults (e.g., Chernicoff et al., 2002; Espinoza et al., 2021). It may be discussed that the southern limit of the NCAC correlates with the proposed sub-parallel NW-trending boundary of the northern Chilenia terrane (see Chilenia boundary after Ramos, 2008 in Figure 10). However, considering the presented tectonic history of South America (Section 3; Figure 4), and lack of conclusive evidence, the NW-trending northern boundary of the Chilenia terrane is not confirmed. A more reasonable explanation for the limiting boundaries of the Eocene to early Oligocene metallogenic belt may be found in a NE-trending structural corridor that includes the Tucuman Transfer zone and the Tuina-Caspana fault (Figures 4H, 10). Indeed, based on the integration of 3-D P-wave, VP/VS, and electrical resistivity tomographic models in northern Chile, a recent study by Contreras-Reyes et al. (2021) demonstrated the existence of zones of high permeability, fracturing and fluid content that correlate with the trans-lithospheric Atacama and Domeyko fault zones and the NE-trending Tuina-Caspana fault (Figure 10). The Tuina-Caspana trans-lithospheric fault approximates the structurally unspecified but geochronologic-isotopic broadly constrained boundary between the northern-central and the younger southern domain of the Arequipa-Antofalla terrane (Figure 10B; Loewy et al., 2004). Indeed, it appears that a critical knowledge gap in our understanding of causative relationships and processes in the origin and evolution of major trans-lithospheric fault zones and their role in ore deposit formation concerns a more comprehensive tectonic reconstruction and delineation of tectonic blocks. Based on intermediate-to-short wavelength gravity anomalies, a recent study by Carrizo and Herrera (2019) demonstrates the presence of widespread crustal-scale dense blocks in the Chilean fore-arc, arc, and back-arc. Investigation of the interplay between the dense crustal blocks and long-lived trans-lithospheric faults (TLF) suggests a spatial and genetic control on the emplacement of Cu-fertile magma along the flanks and edges of dense crustal blocks at their intersection with TLFs. It follows that a better understanding of the lithosphere-scale architecture and its evolution is crucial, requiring advanced integration of geophysical, geochronological, chemical-isotopic, and structural and geodynamic data sets.
Similar to the proposed deposit superclusters in Colombia, Ecuador and Peru (see previous Sections), both NW- and NE-trending transverse structures in central-northern Chile and Argentina are associated with deposits and deposit clusters of various type, style and age. For example, the CMA corridor that appears to control the localization of the giant Collahuasi Cu-Au porphyry deposit at its intersection with the Domeyko fault system can be traced SE-ward towards its intersection with the N/NNE-trending Famatinian belt and a spatially associated cluster of orogenic gold deposits (i.e., Minas Azules and Rosario de Coyaguayma districts, northern Sierra Rinconada; Figure 10A). Whereas structurally bound orogenic gold vein formation in the Minas Azules deposit is intimately associated with Late Famatinian N/NNE-striking fold-and-thrust belt development, and hosted within Ordovician metasedimentary rocks (i.e., turbidites), the localization of deposits and clusters along the belt appears to be controlled by NW-trending fault intersections (e.g., Rodríguez and Bierlein, 2002). Considering the close vicinity to the Pampean margin it may be argued that the NW-trending faults originated as transfer faults accommodating the closure of the Puncoviscana oceanic basin (Figures 4C–E, 10A). If true, the same scenario may explain the origin of the other sub-parallel NW-trending major TLF structures within the NCAC (i.e., Calama-Olcapato-El Toro, Archibarca, Culampaja). Ultimately, these TLF structures display a relatively regular spacing, are aligned near-perpendicular to the inferred suture that marks the closure of the Puncoviscana oceanic basin and they control the localization of deposits of various age dating back to at least the Late Mesozoic. Furthermore, the entire region has been shown to comprise basement of at least Late Mesoproterozoic age, supporting the notion of vertically accretive basement TLF inheritance and propagation (e.g., McCuaig and Hronsky, 2014).
Another noteworthy feature concerns the Chilean flat slab, its location, evolution, and effect on the volcanic arc migration and associated magmatic-hydrothermal systems during the Miocene. The sharp deflection of the present-day Benioff zone may be correlated with the progressive subduction of the Juan Fernandez ridge (Figures 10A, B). On the other hand, the location and alignment of the oceanic ridge itself raises the question whether the involvement of more ancient lithosphere-scale structures within the continent play a role. More importantly, associated isolated Miocene volcanic-hydrothermal centres and ore deposits appear to impinge on more ancient sites of lithospheric permeability. The Miocene Dente Verde Cu-Au porphyry deposit (∼11.2 Ma; K-Ar hydrothermal illite; Urbina and Sruoga, 2008) is situated within a NNE-trending belt of Pampean metamorphic basement rocks and belongs to a narrow belt of isolated Miocene intrusions that follow a NW-striking trend (Figure 10A; e.g., von Gosen et al., 2002). The same NW-trending strike direction is also followed by faults that control the localization of the Devonian orogenic gold systems of the Rio Candelaria and Las Callanas districts at their intersection with the Pampean and superimposed Devonian-Carboniferous belt (Figure 10A; e.g., Skirrow et al., 2000).
In another example, Escuder-Viruete et al. (2022) show that Late Miocene (∼7.7–6.3 Ma; 40Ar/39Ar whole rock) epithermal Ag-Pb-Zn mineralization associated with the Quevar Volcanic Complex marked the development of a Riedel-type fault network in between, and as a response to, sinistral reactivation of the Chorrillos and Quevar fault branches of the Calama-Olcapato-El Toro TLF (Figure 10 (Escuder-Viruete et al., 2022). The study demonstrates the importance of lower-order and potentially newly developed structural architectures adjacent to principal TLFs as sites of mineralization.
5 GEOCHEMICAL EVIDENCE FOR TRANS-LITHOSPHERIC CONNECTIVITY AND INHERITED PRE-ENRICHED MANTLE DOMAINS
In this Section, selected bulk-rock geochemical data is presented, focussing on magmatic parental rocks to particularly gold-rich mineral systems. In previous Sections, the importance of tectonic history, terrane boundaries and associated TLF structures and their intersections as sites of increased permeability and associated high mass and energy fluxes has been highlighted. The review included both Cu- and Au-rich mineral systems. However, besides the fact that factors, such as the magmatic-hydrothermal transport behaviour of metal species, the volume, duration, and residence of magma and magmatic activity, physico-chemical parameters such as the redox state, the precipitation efficiency, and the transient stress state of the lithospheric mantle and crust play an important role in whether Cu- or Au-rich mineral systems form, it is commonly accepted that Cu and Au systems, respectively, require different magmatic source reservoirs, and or different processes of magma extraction (e.g., Loucks and Ballard, 2002; Hronsky et al., 2012; Loucks, 2014; 2021; Chiaradia, 2020). Compared to rather common subduction related magma genesis in Cu porphyry systems, noting that the confluence of various other parameters is required in the formation of economically significant Cu deposits (e.g., Loucks, 2014; 2021), the source and/or mode of source magma extraction in the generation of Au-rich systems has been associated with other specific geodynamic anomalies (e.g., Hronsky et al., 2012). Besides the mode of selective metal extraction as incompatible species at low degrees of partial melting of a reservoir, it is postulated that pre-enrichment of an upper mantle domain during a preceding or even ancient subduction event may produce a sufficiently fertilized (fossil) upper mantle reservoir subject to Au-rich magma generation upon reactivation (e.g., Xiong et al., 2021). Thus, structural TLF inheritance may be accompanied by inheritance of pre-fertilized mantle domains.
5.1 Identification of gold parental magmas
Bulk-rock geochemical data from unaltered/fresh plutonic and volcanic rocks and dike intrusions that are spatially and temporally associated with the Carboniferous Pataz gold vein system of northern Peru (location in Figures 7, 8A; discussed in Sections 3.5, 3.6 and 4.3) and its proposed extension in the Huachón gold prospective area in Central Peru (Défago et al., 2006) display an overall bimodal composition of mafic endmembers and differentiated felsic suites across a conspicuous silica gap (between ca. 57–65 wt% SiO2; e.g., Witt et al., 2013b; Wiemer et al., 2020; Villanes et al., 2023). The mafic and felsic plutonic and volcanic suites are considered to be genetically related (Wiemer et al., 2020). Therefore, the silica gap is interpreted to represent a “Daly gap” (e.g., Daly, 1925; Bonnefoi et al., 1995). The origin of the Pataz “Daly gap” is subject to ongoing research, however, preliminary results from field observations, petrology and geochemistry indicate that deep crustal entrapment and fractionation processes led to the batch extraction of felsic magma from mafic parents, concomitant with ore-fluid release (Wiemer et al., 2021b; Villanes et al., 2023). Indeed, the primitive mafic endmember suite of the Pataz magmatic system displays a higher concentration in Cu compared to the differentiated felsic suite at comparable Au concentrations between the mafic endmembers and part of the felsic rocks (Figures 11A, B). Another group of the felsic rocks display a relative depletion in Au concentrations that may indicate that Au has been effectively removed. These observations challenge models that envisage gold enrichment as a primary result of differentiation of granitic magma with final magmatic-hydrothermal ore-fluid expulsion from highly evolved granitic systems (e.g., Mustard et al., 2006). The notion is important, because most often granitic systems are studied to argue for, or against, a magmatic origin of gold-rich mineral systems (e.g., orogenic gold; Goldfarb and Pitcairn, 2022). Instead, it appears more logical to focus on the source and genesis of parental mafic endmembers (Section 5.2) and the reason why these usually only represent voluminously subordinate components, compared to granitic intrusions, if they are exposed at all (Section 5.3).
[image: Figure 11]FIGURE 11 | (A,B) Bulk-rock geochemistry discrimination diagrams of Carboniferous unaltered plutonic and volcanic host rocks to the Pataz intrusion related orogenic gold system. Au and Cu versus SiO2, respectively, showing higher metal concentrations in the mafic (gabbro/basalt, lamprophyre dikes) endmembers (<57 wt% SiO2), whereas the more differentiated granodiorite/dacite-granite/rhyolite association (>65 wt% SiO2) is interpreted to have lost part of its metal cargo upon ore-fluid expulsion during magmatic fractionation and differentiation processes.
5.2 Inheritance of pre-fertilized mantle source reservoirs
In the absence of evidence for post-magma extraction crustal contamination, in combination with the primitive character of both the Pataz and Huachón mafic endmembers, it is inferred that these rocks derived from a mantle source that was already enriched in incompatible species (including precious and base metals). The most primitive Pataz and Huachón rocks fall within the field for absarokite based on their elevated K2O concentration (Figure 12A), at corresponding MgO contents of up to ca. 10 wt% (Figure 12B) indicating a mantle derived origin. The K-enriched mantle source is supported in comparison to a reference suite of primitive rocks from the Mariana arc. At similar SiO2 and MgO concentrations, the Mariana rocks display K2O contents along a typical basalt to basaltic andesite differentiation trend for rocks that derived from uncontaminated upper mantle (Figures 12A, B). In addition, a global data compilation of rocks belonging to the appinite-absarokite suite, or the primitive sanukitoid suite, are shown. All considered occurrences, spanning examples from the Neoarchean to the present, are genetically or at least spatially associated with gold-rich mineral systems, and overlap the K2O and MgO vs. SiO2 composition of the Pataz rocks. (Figures 12A, B; data sources: Ovejas batholith; Duque-Trujillo et al., 2019; Creixell et al., 2009; Graham et al., 2017; Absaroka Range; Iddings, 1895; Feeley, 2003; King River; Feldstein and Lange, 1999; Cripple Creek; Kelley et al., 1998; Mascota; Ownby et al., 2008; Ecuador; Chiaradia et al., 2014; Santos and Oliveiri, 2016; Wilkin and Bornhorst, 1993; Ach’Uaine; Fowler and Henney, 1996; Lobach-Zhuchenko et al., 2008; Larionova et al., 2007; Leslie et al., 2009; Damavand volcano; Liotard et al., 2008; Ireland; Murphy et al., 2019). Indeed, most of the compiled absarokite-appinite rocks are interpreted (by respective authors) to have been derived from upper mantle that was pre-enriched (i.e., pre-metasomatized) at the time of magma genesis/re-mobilization. In some cases, the subduction induced metasomatism of the upper mantle, responsible for the pre-enrichment preceded the remobilization event by 100s of million years.
[image: Figure 12]FIGURE 12 | (A,B) K2O and MgO versus SiO2 bulk-rock geochemical diagrams, including data from South American and other appinite-absarokite and primitive sanukitoid localities (samples <58 wt% SiO2) that occur in spatial association with gold-rich deposits (locations and references provided in the legend). The data suggest the direct derivation of mafic endmembers from a metasomatized lithospheric mantle, and all localities have witnessed preceding subduction related orogenic events at some point in geologic time. The interpretation is corroborated by comparison to a reference suite of most primitive rocks from the Mariana arc. (C) Bulk-rock (Ba/Zr)/(Sr/Y) versus SiO2 discrimination diagram (based on a global reference suite provided in Loucks and Ballard (2002); see legend in upper right corner). Refer to text for discussion.
The Pataz and Huachón primitive Au parental rocks along with the global absarokite-appinite data compilation are further discriminated in the (Ba/Zr)/(Sr/Y) vs. SiO2 graph (Figure 12C), originally produced by Loucks and Ballard (2002) based on a global data set of least altered Phanerozoic rocks. The graph discriminates Au-, Cu-Au/Au-Cu-, and Cu-rich parental magmatic rocks, whereby Ba (normalized to Zr, as a commonly accepted immobile species) is used as an indicator for incompatible element enriched Au-rich sources and/or parental magmas, and the Sr/Y ratio that efficiently discriminates between Cu-Au- ore-productive compared to unproductive suites, whereby Y represents a compatible species in minerals that are not significantly affected by high pressure or high H2O content, such as hornblende, and Sr (similar to Eu) represents a compatible species in plagioclase, which is drastically suppressed at high pressure and high H2O (Loucks and Ballard, 2002). In other words, both Au- and Cu-fertile parental magmas are hydrous and characterized by deep crustal onset of crystallization, whereby Au-parents require an incompatible element enriched source, or selective extraction of incompatible species. Furthermore, Loucks and Ballard (2002) demonstrated that the SiO2 content (as an index of differentiation) of respective parental magmatic systems corresponds to variations in approximate onset of sulfide-saturation, i.e., ca. 50 wt% SiO2 for Au magmas and ca. 55 wt% SiO2 for Cu parental magmas.
Indeed, the data from the Carboniferous magmatic rocks from the Pataz and Huachón regions suggest that part of the northern and central Peruvian lithospheric mantle was pre-enriched/-metasomatized due to the preceding Famatinian orogeny (and/or the older Sunsás orogeny). A similar model has recently been proposed for post-subduction shoshonitic host rocks to major gold deposits in Fiji (Clarke et al., 2022). Clarke et al. (2022) argue that directly preceding subduction in Fiji was not sufficient in providing slab-derived sediment melt and fluid fluxing to produce observed enriched geochemical trends (including metals) within post-subduction shoshonitic magmas. Instead, an earlier episode of subduction best explains the formation of metal-enriched cumulate portions within the Fijian upper mantle and lower crustal lithosphere, which were subject to later partial melting. However, a zircon-based study on the Pataz absarokitic gabbros indicates that here respective magmas were some of the first to be generated and to intrude the lower to mid crust during Carboniferous subduction-related magmatic activity (Wiemer et al., 2020; 2023). Hafnium-in-zircon isotopic data with slightly negative εHf values (ca. −2) in early crystallized zircons from the Pataz absarokitic gabbros support the notion of Au-parental magma extraction from pre-enriched sub-continental lithospheric mantle since the onset of Carboniferous subduction (Wiemer et al., 2020; 2023). Re-melting of the pre-fertilized Pataz lithospheric mantle may be explained as a result of subduction-drag and/or heat from concomitant subduction-related magmatism. Nevertheless, despite the specific geodynamic mode of melt generation, both the Fjian and the Pataz systems require the presence of pre-modified (and fertilized) upper mantle or lower crustal domains.
The presented compilation of data in Figure 12 also includes the primitive sanukitoids of the recent (ca. 30 ka) Yuyos lava flow from the Chacana volcanic field (location shown in Figure 6; data from Chiaradia et al., 2014). Interestingly, the Chacana volcanic field is situated at an intersection with the newly proposed Alpala corridor (ALC; Figure 6; Section 4.2) that hosts the Miocene Cu-Au porphyry Alpala deposit (Rohrlach et al., 2015). Considering the plotting of the Chacana data in the Cu-Au/Au-Cu field of Figure 12C, it may be argued that the Chacana volcanic field represents a Cu-Au/Au-Cu porphyry system “in-the-making.”
Other data from South America include Jurassic-Cretaceous mafic dike swarms from the Coastal Range and Frontal Cordillera of central Chile, emplaced during a period of crustal extension (Creixell et al., 2009). Part of these dikes show geochemical signatures indicative of their derivation from a subduction-modified mantle source (Creixell et al., 2009). Although these dikes are not readily associated with any major deposits within the area, some of the dike swarms appear to follow major TLF systems (e.g., along the Piuquencillo fault system; Figure 10A).
Along the proposed Central Colombian structural corridor (CCC; Figure 5A), enriched mafic enclaves within the Cretaceous Ovejas satellite intrusion of the Antioquia batholith also display geochemical affinities to the enriched absarokitic-shoshonitic suite (Duque-Trujillo et al., 2019). Considering the presented tectonic history of the Colombian region, it may be argued that both the Putumayo and the subsequent Famatinian subduction-accretion episodes played a fundamental role in the modification and fertilization of respective upper mantle domains, which were repeatedly tapped during the prolonged Antioquia batholith magmatism.
5.3 Comment on the scarcity of gold parental igneous rocks
For decades, primitive potassic magmas have been considered as potential parents to gold rich ore deposits (e.g., Müller and Groves, 2019). However, the idea is often rejected due to the subordinate exposed volume of respective rock suites. In fact, mafic dikes (lamprophyric and other enriched basalt compositions) in the Pataz region are spatially restricted to the vicinity of the Ongon shear zone and the eastern- and westernmost exposed margin of the Pataz batholith (Figure 8A). Within the interior of the granodiorite to monzogranite-dominated batholith hardly any mafic dikes are observed. Similarly, both plutonic mafic rocks (appinitic/absarokitic gabbros) and their volcanic equivalents (appinitic lava flows) appear to focus on the western margin of the Pataz batholith and overlying volcanic pile (i.e., Lavasen Volcanic Rocks). The most voluminous granodiorite within the central parts of the Pataz batholith, however, comprises locally abundant appinitic mafic enclaves (e.g., Wiemer et al., 2021a; Villanes et al., 2023). These enclaves are chemically similar to those observed within the Antioquia batholith of central Colombia (Duque-Trujillo et al., 2019).
Based on insights from previous studies, Murphy (2020) presents a reasonable explanation for the overall scarcity and/or peri-batholithic restricted distribution of preserved intact appinite complexes and/or related dikes: The coeval formation of voluminous felsic granitoid magma, irrespective of process (e.g., fractionation of appinitic mafic parent, associated lower crustal anatexis, or extraction from another source) that rise into mid-upper-crustal levels to form large magma chambers, causes a rheological barrier to the subsequent ascent of mafic magma. Thus, parental components often only occur in the form of mafic enclaves entrained in differentiated granitoids, as observed in Pataz (e.g., Murphy, 2020; Wiemer et al., 2021b).
Moreover, younger ore-endowed regions, such as in the case of the Miocene Cu-Au/Au-Cu porphyry and related skarn deposits along the western South American margin, mostly only provide insight into shallow level sub-volcanic rocks and surficial volcanic eruptive rocks of their respective crustal-scale magmatic system. In these cases, fruitful insight comes from variable compositions of mineral phenocrysts and/or their chemical zonation. In the Yanacocha district, northern Peru, for example, Chambefort et al. (2013) recorded the occurrence of early high-alumina amphibole phenocryst compositions that indicate crystallization from a volatile-rich mafic precursor magma at elevated depth.
6 DISCUSSION AND CONCLUSION
In view of the concepts, observations, and data reviewed and presented in this paper, several conclusions can be drawn, but more importantly, critical points of discussion are highlighted, which may direct future research. Firstly, it is noted that it has most recently been stated that young gold-rich deposits are not underlain by older basement and/or lithosphere as part of an argument against both a magmatic and a mantle-derived source for orogenic gold deposits (e.g., Goldfarb and Pitcairn, 2022). This statement may be wrong. The here presented tectonic evolution of South America clearly indicates that almost the entire continent is underlain by pre-Andean, in fact mostly pre-Cambrian basement, including its western margin. Although no “young” orogenic gold deposits are known from South America, hardly any respective young mesothermal crustal levels are exposed at present.
Secondly, the western South American margin as a natural laboratory for the investigation of endmember models of deposit distribution (i.e., self-organization and structural inheritance) is recalled. The presented tectonic history implies that significant strike-slip off-sets or impacts of plate tectonic reorganization were limited on the continental to regional scale to typically <50 km along-strike, allowing for the reconstruction of successive geodynamic events of particular regions over Earth-scale geologic time. Indeed, it appears likely that not only prominent ancient structural grains (e.g., the NW-trend of the Paleoproterozoic Transamazonian orogen, Amazonian Craton), but also widespread remnants of ancient mantle lithosphere comprising components of Proterozoic or older age, fundamentally affected the geodynamic evolution, including ore genesis, of South America until the present day. The critical review of the tectonic history and the presented case studies highlight the importance of further investigation. In some of the presented case studies, deposit supercluster formation as a result of polyphase structural inheritance appears very likely and the origin of respective inherited TLFs can be traced back to specific geodynamic events, tectonic boundaries and/or terrane sutures. In other cases, the proposed existence of cryptic TLF corridors remains speculative. Nevertheless, this paper documents an integrated approach towards the delineation of potential inherited structural corridors that are recommended for more detailed investigation to explore further causative relationships and processes of TLF inheritance.
With regards to the end-member models of ore deposit distribution, i.e., structural inheritance and self-organization, the following first-order knowledge gaps are put forth: 1) How do overlapping scales of self-organization (fractal geometry) interact and relate to applicable spatial framework solutions, 2) What is the interplay between temporally superimposed “spontaneous” self-organization events (likely at various scale), and 3) What are the boundaries and the effects of boundaries of/on self-organizing systems? The latter knowledge gap may be the most straight forward to address. For example, if the Eocene-Oligocene porphyry belt of Chile displays spatial periodicity (Figure 1B), where geologic and structural features are only observed internally, within the belt, it can be expected that internally the belt is characterized by a certain degree of homogeneity. Among all complexity, such homogeneity and its boundaries must be defined and parameterized to validate the operation of self-organization. This, in turn, leads to the fact that knowledge of tectonic histories and lithosphere-scale structural architecture and lithologic anatomy is key.
The documented or proposed inherited structures or structural corridors, irrespective of the origin of respective TLFs are cryptic in nature and mostly not readily observed in their surface expression. Nevertheless, various modes of TLF inheritance can be identified based on presented case studies and examples and will be discussed in the next Section.
6.1 Modes of trans-lithospheric fault inheritance
Two general modes of trans-lithospheric fault inheritance and propagation are discussed below, comprising vertical and lateral endmembers and sub-types. These modes are not mutually exclusive.
6.1.1 Vertical TLF inheritance and propagation
Three possible endmember modes of vertical structural inheritance and propagation are identified and conceptually summarized in Figure 13. The Figure schematically illustrates the wide lateral mid-to upper crustal exploration targeting search space resulting from vertical modes of TLF propagation. The endmember modes of vertical inheritance are summarized below, noting that these endmembers may work in conjunction and that changes in the stress field during TLF reactivation may significantly alter the upper crustal propagated fault zone in 3D space.
[image: Figure 13]FIGURE 13 | Schematic endmember scenarios of vertical inheritance and propagation of trans-lithospheric fault systems (TLF). See text for discussion.
The first endmember mode (Figures 13–i) describes the upward propagation of a vertical TLF into younger overlying cover rocks, as has been conceptualized previously based on the Antamina corridor in central Peru (Figure 1C; McCuaig and Hronsky, 2014). Other examples presented in this paper include the Atacama and Domeyko fault zones in NW Chile, which represent steep/sub-vertical TLF systems, branching into the upper crust (Figure 10A; e.g., Contreras-Reyes et al., 2021). Indeed, particularly the somewhat discontinuous and/or anastomosing nature of the relatively broad Domeyko fault zone system demonstrates this mode of vertical TLF propagation. More complex examples include both the Pataz gold vein system in northern Peru (Figure 8A; Wiemer et al., 2021a) and the epithermal polymetallic Quevar deposit in Argentina (Figure 10A; Escuder Viruete et al., 2022). In both cases, not only a branching of strike-parallel faults occurred, but in-between the main fault branches, strike-slip induced lower-order structural systems evolved, which host most of the economic ore mineralization. In this case, exploration targeting must symmetrically focus on both sides of the TLF.
In the second endmember mode, an inclined and/or listric-shaped TLF is reactivated as a principal magma/fluid conduit (Figures 13–ii). An inclined geometry of TLFs may not be unusual, considering the shape of subduction zones and associated sutures and major thrust faults in accretion to collisional orogens. Magma ascent along such inclined TLF conduit would eventually depart as sufficiently buoyant differentiated magma evolves. The buoyant upward rise (path of least resistance) of magma and in consequence the localization of associated mineral deposits may be expected in quite some distance from the actual TLF and its surface expression but can be expected to focus on the hanging-wall (Figures 13–ii). The locations of the Pataz-Parcoy intrusion related orogenic gold districts in northern Peru, for example, are clearly spatially restricted to the hanging-wall of the medium to steeply NE-inclined Famatinian suture (Wiemer et al., 2022; Figure 8A). In this endmember mode of vertical inheritance, exploration targeting strategies must acknowledge the asymmetric nature with preference of deposits situated in the hanging-wall of the TLF, but still in relative proximity.
Lastly, thin-skinned over-thrusting must be considered. Here, basement and TLF underly younger tectonic nappes characterized by distinct possibly entirely unrelated structural architecture Figures 13–iii). This case is demonstrated in the contact between the Western and Eastern Cordillera in the Pataz region, northern Peru (Figures 8A, B, 9A). The over-thrusted Western Cordillera sedimentary successions are intruded by Miocene subvolcanic and volcanic rocks associated with Au-Cu mineralization, which can be overall correlated with inferred/extrapolated and/or cryptic TLFs (Famatinian Paracas suture and Pataz Lineament). However, local fluid flow and mineralization are controlled by the structural-lithologic anatomy of the sedimentary nappes. In addition, however, the sedimentary-nappe internal structural architecture is significantly affected by superimposed deformation that is interpreted to mark the reactivation of the underlying TLF. This can be observed in the deflection of the strike of foliations and folds in the Cretaceous sedimentary rocks (Figure 8A). Therefore, in the case of over-thrusting of upper crustal tectonic slices, the exploration search space may drastically vary depending on the internal structural and permeability architecture of respective thrust nappes and/or its interplay with the underlying TLF during tectonic reactivation. Ultimately, the over-thrusting of tectonic nappes may also lead to the sealing of a basement TLF (see a and b in Figures 13–iii).
6.1.2 Lateral TLF inheritance and propagation
The lateral inheritance and propagation of TLFs may even be more difficult to detect within complex tectonic histories. Case studies concerned with more recent geodynamic events provide fruitful insights. For example, the opening of the North Atlantic as reconstructed by Schiffer et al. (2020) nicely demonstrates that the initial continental break-up occurred along former weak zones that can be correlated with the Caledonian and Variscan orogens, and even older, Precambrian structures propagated into, or led to the nucleation sites of newly formed transforms in the oceanic crust. The concept has been adopted by Wiemer et al. (2022) to explain the opening of the Paracas oceanic basin (i.e., along former Sunsás orogen-parallel weak zones) and associated detachment and later re-collision of the Paracas micro-terrane with emphasis on its northern demarcation along and accommodated by a proposed oceanic lithosphere-scale transfer fault (i.e., Pataz Lineament), which may have propagated and/or nucleated from the K’Mudku shear zone, and or a branch thereof, within the Amazonian Craton (Figures 4C–E). In support of Wiemer et al.’s (2022) reconstruction, NW-striking transform faults associated with Rodinia break-up and Iapetus opening that segment the Laurentian (i.e., Grenville) margin of eastern North America are observed (e.g., Allen et al., 2010). The Laurentian transform faults segment the Grenvillian orogen at similar relative angle (i.e., after back-rotation of global plate kinematic reorganizations). Future advanced paleogeographic reconstructions may be able to correlate the Pataz Lineament with its Laurentian transform fault counterpart.
The issue of lateral structure propagation and/or inheritance is furthermore exemplified in the case of the Triassic intracontinental rifting that affected most of the South American margin (e.g., Spikings et al., 2016; Figure 4F). Could it be that structures, such as the central Peruvian Antamina corridor, originated as syn-rift accommodation zones near-perpendicular to inferred rift axes, or do they represent even more ancient propagated and inherited Precambrian basement structures? Similarly, the initial formation of the major fault zones of the North Chile-Argentina corridor (NCAC) may be discussed in the light of the former Neoproterozoic opening of the Puncoviscana oceanic basin (Figures 4C, D, 10).
Approaching lateral TLF propagation and inheritance in a generalized fashion, the reader is referred to various scenarios as depicted schematically in Figures 14A–D. Lateral TLF inheritance and propagation is best documented in examples of intracontinental rifts and oceanic basin opening. Here, the rift zone may impinge on former lithospheric weak zones and/or pre-existing TLFs within the continent may seed the propagation of transform faults within the newly forming oceanic lithosphere (Figure 14A; e.g., Thomas, 2006; Phillips et al., 2019; van den Broek et al., 2020; Muñoz-Barrera et al., 2020; Schiffer et al., 2020; Stephenson et al., 2021; Zwaan et al., 2021; Wiemer et al., 2022). A future challenge in understanding lateral TLF inheritance includes improved mechanical-structural models of inter-terrane fault propagation during episodes of terrane accretion and collision. In a simple case of lateral TLF propagation during near-perpendicular terrane accretion, deposit localization can be expected to approximate linear damage zones that propagate through time and space (Figure 14B). However, either global kinematic reorganisation, or superimposed non-collisional subduction episodes may result in the reactivation of TLF systems and their lithospheric roots, whereby overprinting structural-hydrothermal systems may represent a combination of vertical and lateral fault propagation (Figure 14C). The latter scenario may be documented in the Carboniferous overprinting and reactivation of Famatinian structures in the Pataz region of northern Peru (Wiemer et al., 2021a; Wiemer et al., 2022). Finally, as depicted in Figure 14D, lateral modes of TLF reactivation may include a change from normal or steep to flat-slab subduction, whereby tectonic-magmatic activity switches from trench proximal towards reactivation of ancient orogens and TLFs within the continental interior. In view of the Wilson Cycle of plate tectonic operation, the generalized types of lateral inheritance, propagation, and reactivation (Figures 14A–D) provide clues to an underlying mechanism of recycling of gold reservoirs throughout Earth’s history (e.g., Griffin et al., 2013).
[image: Figure 14]FIGURE 14 | Schematic illustration of various modes of lateral inheritance, propagation, and reactivation of trans-lithospheric fault systems. (A) Rifting along pre-existing weak zones and/or seeding and propagation of oceanic transform faults originating from TLFs within older continental lithosphere. (B) Simple lateral TLF propagation during terrane accretion. (C) TLF reactivation during superimposed orogeny upon change in far-field stress and/or difference in collision versus non-collision dynamics across distinct arc segments. (D) TLF reactivation in continental interiors during switch in large-scale geodynamics. See text for discussion.
6.2 Integrated geodynamics perspective on gold cluster formation and localization
The here presented case studies of identified and/or proposed inheritance of trans-lithospheric fault systems highlight the importance of early structural architectures, which may have initially formed and subsequently developed over 100s of million years prior to reactivation and gold formation (e.g., Yang and Santosh, 2020; Wiemer et al., 2022). However, of equal importance appears to be the type of a respective TLF structure (i.e., terrane boundary or suture, transform fault, or rift) and/or its mode of reactivation (e.g., superimposed subduction, strike-slip reactivation, etc.). Numerous recent examples world-wide highlight the multistage subduction histories of regions that are particularly highly endowed in gold, whereby early subduction-induced metasomatism fertilized the lithospheric mantle or lower crust (e.g., North China craton, Xiong et al., 2021; Clarke et al., 2022). Multistage subduction histories support the notion that the critical fundamental control on gold metallogeny is the presence of a gold-enriched lithospheric upper mantle region as either a source reservoir, or a passage for deeper generated ascending magma (Hronsky et al., 2012; Griffin et al., 2013). Although the Au content of metasomatized sub-continental lithospheric mantle is only slightly higher compared to unmodified counterparts, the metasomatized domains are characterized by a heterogeneous mineralogical-chemical composite, including more readily fusible fractions promoting selective and efficient release of metals into respective hydrous parental magmas (e.g., Tassara et al., 2017; Wang et al., 2019). In other words, mantle regions surrounding the deeper roots of TLF structures that represent former subduction- or accretion-related terrane boundaries are likely to have undergone a pre-mineral stage of mineralogical-chemical redistribution and segregation of incompatible species and metal enriched, melt-accessible portions (e.g., gold-rich veins in metasomatized mantle xenoliths; Tassara et al., 2017; enriched cumulates in the lower crust; Clarke et al., 2022).
As part of the non-convective lithospheric upper mantle or lower crust, these fertilized domains may remain hidden for extensive periods of geologic time until the respective TLF structure is reactivated, and the readily fusible metal-enriched portions are scavenged by partial melts. The presented global geochemical data compilation identifies the most primitive end-member Au-parental rock suites (i.e., appinite/absarokite and primitive sanukitoids) associated with regions that were subject to multistage subduction histories prior to gold deposit formation. In the case of the South American examples, i.e., absarokitic-shoshonitic enclaves in the Cretaceous Antioquia batholith, central Colombia (Duque-Trujillo et al., 2019), recent primitive sanukitoid lavas from the Chacana volcanic field, Ecuador (Chiaradia et al., 2014), Carboniferous absarokitic gabbro intrusions and mafic dikes in the Pataz and Huachón areas of northern and central Peru (Wiemer et al., 2020; 2023), and Mesozoic enriched dike swarms in central Chile (Creixell et al., 2009), the presented tectonic reconstructions of respective areas are consistent with the here envisaged model of protracted geodynamic inheritance: all regions display evidence of TLF inheritance and have undergone multiple subduction or accretion episodes that are likely to have modified the lithospheric mantle or lower crust.
Nevertheless, structural, geochronological, geochemical, and isotopic data are lacking in various key regions along the western South American margin to refine tectonic histories and shed further light on the inheritance of TLF structures and accompanying fertile lithospheric domains in controlling the genesis and spatial and temporal distribution of gold-rich mineral systems.
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