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Abstract

A large number of ore deposits that formed in the Peruvian Andes during the Miocene (15–5 Ma) are related to the

subduction of the Nazca plate beneath the South American plate. Here we show that the spatial and temporal distribution of

these deposits correspond with the arrival of relatively buoyant topographic anomalies, namely the Nazca Ridge in central Peru

and the now-consumed Inca Plateau in northern Peru, at the subduction zone. Plate reconstruction shows a rapid metallogenic

response to the arrival of the topographic anomalies at the subduction trench. This is indicated by clusters of ore deposits

situated within the proximity of the laterally migrating zones of ridge subduction. It is accordingly suggested that tectonic

changes associated with impingement of the aseismic ridge into the subduction zone may trigger the formation of ore deposits in

metallogenically fertile suprasubduction environments.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Magmatic–hydrothermal ore deposits in suprasub-

duction environments (i.e. crust above a subduction
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zone) are one of the major sources for the world’s

copper and gold. These deposits are particularly

abundant in the Andes (Fig. 1), where they are

associated with subduction-related magmatic arcs.

Eastward subduction of oceanic lithosphere (the

Nazca plate) beneath the continental South American

plate has been progressively taking place for the last

~200 Ma. Nevertheless, the spatial and temporal

distribution of ore deposits throughout the Andes
etters 239 (2005) 18–32



Fig. 1. (a) Topographic image of the eastern Pacific Ocean and the South American Andes (after [53]). (b) Main tectonic features (modified after

[9,24]), with topographic anomalies (grey areas) and the postulated location of the consumed Inca Plateau (dotted area). Black triangles indicate

subduction zone, blue stars indicate locations of the largest young (b18 Ma) Cu and Au deposits in the Andes (see Tables 2 and 3), and red

triangles indicate active volcanoes. Present-day plate velocities are indicated by arrows (after [54]). Also shown are flat slab segments within the

subduction zone (thick grey lines). AG, Agua Rica; An, Antamina; BA, Bajo de La Alumbrera; BD, Bajo El Durazno; CC, Cero Casale; EI, El

Indio; ET, El Teniente; LG, La Granja; LM, Lobo Marte; LP, Los Pelambres (+El Pachon); Ne, Navada; Pi, Pierina; Po, Portovelo; RB, Rio

Blanco; To, Toromocho; Ya, Yanacocha.
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does not seem to correspond with progressive sub-

duction processes. Rather, ore deposits are concen-

trated at distinct regions that experienced pulses of

intense metallogenic activity [1–3]. An example is

the Miocene metallogenic belt in the central Andes

that was formed during a relatively short period

between 15 and 5 Ma [4], and is characterised by

clusters of mineral deposits in northern Peru and in

central Chile (Fig. 2).

In this paper we propose that a key factor for the

occurrence of metallogenic episodes during progres-

sive subduction is related to bathymetric heterogene-

ities within the subducting oceanic plate. Such

heterogeneities are manifested by the subduction of
topographic anomalies (e.g. seamounts, aseismic

ridges, hotspot chains and oceanic plateaux), which

is likely to result in a number of tectonic responses

(e.g. [5–8]). For example, areas that involved the sub-

duction of topographic anomalies are commonly char-

acterised by flat subduction angles [9,10] and coincide

with a gap in the spatial distribution of arc volcanism

[11,12] and with high rates of tectonic erosion of the

overriding plate [13–16]. This indicates that the whole

dynamics of the subduction system is influenced by

the subduction of topographic anomalies and it is

therefore possible that metallogenic processes are

also spatially and temporally linked with these areas

of disturbed subduction (see also [17–20]).



Fig. 2. The distribution of dated ore deposits in the Peruvian Andes. Symbols indicate zinc (open circles), copper (open triangles), silver (open

squares), gold (open diamonds), molybdenum (filled squares), mercury (open inverted triangles), tin (filled triangles), tungsten (filled circles)

and lead (filled inverted triangles). The bathymetric height of the Nazca Ridge (�4000 m contour) is also shown. The list of all deposits

indicates the major metal in each deposit, the size of the deposit (L, large, M, medium, S, small), and the mineralisation age in Ma (for

references see Online Supplementary Material Table S1).
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Topographic anomalies within the subducting east-

ern margin of the Pacific Ocean (Fig. 1) include the

Cocos Ridge [14], the Carnegie Ridge [21], the Nazca

Ridge [15,16,22,23], the Iquique Ridge [24], and the

Juan Fernandez Ridge [25]. The existence of an addi-

tional now-consumed topographic anomaly beneath

northern Peru, the Inca Plateau, has been postulated

by Gutscher et al. [24] based on seismic evidence and

tectonic reconstructions (Fig. 1). Here we focus on the

linear positive bathymetric anomaly of the Nazca

Ridge, and to some extent, on the Inca Plateau

(Figs. 1 and 2). Both topographic anomalies have

started to subduct beneath the Peruvian Andes in the

middle Miocene (15–11 Ma) [11,15,16,22–24,26]. An

indirect link between the present-day distribution of

ore deposits in Peru and subducting anomalies can be

postulated based on the coincidence between the lar-

gest deposits and the volcanic gaps (Fig. 1). Here we
show that the link becomes obvious when the spatio-

temporal distribution of ore deposits is integrated in a

plate reconstruction model. These results suggest that

ridge subduction has possibly played a role in trigger-

ing the Miocene episode of magmatic–hydrothermal

metallogenic activity in the Peruvian Andes.
2. Ore deposits in the Peruvian Andes

Research on ore deposits in the Peruvian Andes

has been mainly focused on the nature and controls of

individual deposits (e.g. [4,27]), whereas relatively

little attention has been given to the spatial and tem-

poral distribution of these deposits within the regional

plate tectonic context. In order to investigate spatio-

temporal relationships between metallogenic events

and aseismic ridge subduction, we use available data
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from 63 post-Oligocene sites of ore deposits in the

Peruvian Andes (Fig. 2 and Online Supplementary

Material Table S1). These deposits have been selected

from a dataset comprising of 382 localities, using only

those deposits that are reliably dated. Deposits older

than 35 Ma have not been considered because they

clearly cannot be related to the post-Miocene subduc-

tion of the Nazca Ridge or the Inca Plateau. Ages of
Fig. 3. Histograms showing the temporal distribution of ore deposits

in Peru as indicated by the tonnage of contained metals (see Online

Supplementary Material Table S1).
all the selected localities are considered to represent

mineralisation ages. We have classified the deposits

according to the major metal that is found at each

locality and according to the relative size of each

deposit (large, medium or small). The size is quanti-

fied based on the contained metal according to the

following scheme (in tonnage): Cu and Zn deposits:

largeN1,000,000, mediumN10,000, smallb10,000;

Ag deposits: largeN100,000, mediumN1,000,

smallb1000; Au deposits: largeN130, mediumN30,

smallb30.

Several types of ore deposits of Miocene age are

identified in Peru: (1) porphyry Cu–AuFMo deposits

(e.g. La Granja, Antamina, Michiquillay, Tantahuatay);

(2) high sulphidation epithermal Au–Ag deposits (e.g.

Pierina, Sinchao, Quicay); (3) low sulphidation Au–Ag

deposits (e.g. Arcata); and (4) Zn–Pb–Ag skarn, manto

and chimney deposits (e.g. Cerro de Pasco, Huanzala,

San Gregorio, Atacocha). Minor occurrences of Hg, W

and Sn deposits are also found. Almost all of these

deposits are associated with the intrusion of magmatic

bodies. The overall temporal distribution of contained

metals is summarised in Fig. 3 and shows an abrupt

increase of metallogenic activity at ~15 Ma and a

significantly intense metallogenic activity during the

following ~8 Myr.
3. Kinematic reconstruction

The plate tectonic reconstruction (Fig. 4) takes into

account the projected shapes of the subducted parts of

the Nazca Ridge and the Inca Plateau, using similar

methodology as previously described by Gutscher et

al. [24] and Hampel [23]. Accordingly, the original

geometries prior to subduction of the Nazca Ridge

and the Inca Plateau are deduced from the shape of

their conjugate features on the Pacific plate (the

Tuamotu Plateau and the Marquesas Plateau, respec-

tively). This is based on the assumption that each of

the two pairs of topographic anomalies (the Nazca

Ridge/Tuamotu Plateau and the Inca Plateau/Marque-

sas Plateau) formed simultaneously during symmetric

sea-floor spreading at the East Pacific Rise

[23,24,28]. Thus, for example, the shape and the

length of the original Nazca Ridge in the reconstruc-

tion (Fig. 4) is the mirror image of the present-day

Tuamotu Plateau.
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Table 1

Rotational parameters used in the kinematic reconstruction

Age

(Ma)

Latitude Longitude Rotation

Nazca/Pacific [29]

4.7 58.86 �89.43 �6.60
10.6 60.13 �89.76 �15.18
25.8 65.41 �92.00 �39.35

Pacific/hotspots [30]

5.0 �56.50 104.90 4.70

10.83 �65.98 108.75 9.24

21.16 �70.45 111.79 17.43

25.0 �71.20 112.44 20.49

Nazca/hotspots (this study)

4.7 �57.49 61.12 2.31

10.6 �48.28 76.39 6.44

25.8 �55.24 77.09 19.10

South America/hotspots [31]

10.4 59.4 �45.8 1.80

20.5 65.8 �19.8 3.21

35.5 72.1 4.0 6.37

Latitudes and longitudes are in degrees (North and East positive)

Rotation angles are in degrees (clockwise positive).
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The determination of the relative convergence

motion of the Nazca plate with respect to South Amer-

ica requires a plate circuit calculation. Our model is

based on rotational parameters for the motions of the

Nazca plate relative to the Pacific plate [29], the Pacific

plate relative to Pacific Ocean hotspots [30], and South

America relative to Atlantic and Indian Ocean hotspots

[31]. This model assumes a fixed hotspot frame of

reference. Therefore, some errors are introduced by

the effect of relative motions between Indo-Atlantic

and Pacific hotspot tracks (e.g. [32,33]). For example,

according to the model of DiVenerea and Kent [32],

during the Cenozoic, the Hawaiian hotspot moved in

an average rate of 2–2.5 cm/yr relative to the Atlantic–

Indian hotspots. Recent works by Tarduno et al. [34]

and Steinberger et al. [35] suggest that since the

Eocene, the rate of Hawaiian hotspot motion was con-

siderably slower (ca. 1 cm/yr of southward motion), in

contrast with very fast rates (4–5 cm/yr) that occurred

prior to ~43 Ma. Relatively slow eastward to south-

westward motions (V1 cm/yr) have also been esti-

mated for Indo-Atlantic hotspots [35]. Therefore, the

assumption of fixed hotspots in our model may lead to

maximum errors of 100–200 km during the period of

15–0 Ma. Considerable errors, however, could possi-

bly exist in the earlier model of Somoza [36], in which

the motion of the Nazca plate with respect to South

America was calculated using a relatively cumbersome

plate circuit (Nazca–Pacific–Antarctica–Africa–South

America for the period of 40–16 Ma, and Nazca–

Antarctica–Africa–South America for the period of

16–0 Ma).

The resulting rotational parameters are summarised

in Table 1 and are used to develop the plate reconstruc-

tion shown in Fig. 4. In this reconstruction, the arrival

of the Nazca Ridge at the subduction zone took place

during oblique convergence at rates of 7–7.5 cm/yr.

The kinematic reconstruction in Fig. 4 shows that

the arrival of the Nazca Ridge and the Inca Plateau at

the subduction zone is temporally and spatially related
Fig. 4. Reconstruction of the subduction history of the Nazca Ridge and the Inca Plateau using recalculated plate motions (Table 1) and the

lengths of the original Nazca Ridge and Inca Plateau (light grey) as deduced from the mirror shapes of the Tuamotu Plateau and the Marquesas

Plateau on the Pacific plate [23,24]. Each reconstruction corresponds to the average age of the annotated time interval, and shows locations o

ore deposits and volcanic centres that were active during that interval. The location of the non-subducted part of the Nazca Ridge is indicated by

dark grey. The striped area indicates the mirror image of the northwestern tip of the Tuamotu Plateau for which the existence of a counterpart on

the Nazca plate is controversial (see text). Subduction of the Nazca plate beneath South America is indicated by black triangles. Arc volcanism

is indicated by stars. Boxes are shown to highlight areas of possible relationships between ore formation and ridge subduction.
.

with a sudden burst in metallogenic activity at 15–13

Ma. According to this reconstruction, the tip of the

Nazca Ridge began to interact with the subduction

zone at ~15 Ma (Fig. 4g), somewhat earlier than

previously suggested (11.2 Ma according to Hampel

[23] or 13.5 Ma if we use Somoza’s [36] rotational

parameter in our reconstruction). The discrepancy is

therefore derived from the slightly different rotational

parameters used in our reconstruction, but also

because of the ambiguous shape of the consumed

part of the Nazca Ridge. According to Hampel [23],

the northwesternmost tip of the Tuamotu Plateau did

not have a counterpart mirror image on the Nazca

plate because it was supposedly associated with

younger (45–40 Ma) hotspot-related volcanism [37]

that occurred ~600 km off the spreading ridge [38]. In
f
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this case, impingement of the Nazca Ridge took place

only at 14–13 Ma (Fig. 4h). Based on geophysical

data, however, it seems that the northwestern part of

the Tuamotu Plateau represents a ca. 70-Ma crust that

formed at the axis of the spreading ridge [39]. This

view is supported by results of a recent seismic refrac-

tion profile [40], which indicate that the crust beneath

the Tuamotu Plateau formed at or near the ridge axis.

Therefore, in our reconstruction the mirror image of

the tip of the Tuamotu Plateau (striped area in Fig. 4)

was not omitted. We note, however, that this issue

requires further geophysical and geochronological

investigations.

The apparent increase in metallogenic activity at

15–13 Ma (Fig. 4g–h) is somewhat surprising. It

suggests that impingement of the Nazca Ridge had

an immediate metallogenic response. This is reflected

by ore deposits that are located approximately 200 km

from the subduction trench along a ~400-km long

trench-parallel belt. The possibility that impingement

of topographic anomalies at the subduction zone can

trigger an immediate response at the overriding plate

is further discussed in Section 5.2.

The reconstruction also shows that metallogenic

activity roughly follows the Nazca ridge as it sweeps

southwards along the coast of South America (Fig. 4i-

l). This apparent link is valid for Cu, Au and Zn

deposits, with a particularly large number of ore

deposits concentrated on the overriding plate above

the Nazca Ridge at 8–6 Ma (Fig. 4k). In contrast, Ag

and Pb deposits are not spatially and temporally

related to ridge subduction (e.g. Fig. 4j). Throughout

the whole area, ore deposits younger than 4 Ma are

not found, possibly because they have yet not been

exposed by erosion.

A possible link is also recognised between ore

deposits in northern Peru and the arrival of the Inca

Plateau at the subduction system at ~13 Ma (Fig.

4h). This mineralisation included the large 12.4 Ma

Au deposits in the Yanacocha district (Tantahuatay

and Sinchao deposits). These deposits formed

shortly after the arrival of the Inca Plateau at the

subduction zone, indicating that metallogenic activ-

ity was triggered by the initial impingement of the

topographic anomaly. In this region, there is no

evidence for ore deposits younger than 10 Ma

(Fig. 4j-n). This may be explained by the fact that

at ca. 10 Ma the whole length of the Inca Plateau
(150–250 km) had already been consumed at the

subduction zone.
4. Arc volcanism

The relations between ridge subduction and vol-

canism have been discussed by a number of authors

(e.g. [11,12,41,42]). In these works, it has been recog-

nised that flat subducting slabs, which are related to

subduction of topographic anomalies, are commonly

associated with occurrences of adakitic volcanism and

a subsequent cessation of volcanism. Gutscher et al.

[41] have explained the origin of adakitic magmas by

partial melting of the subducting overthickened ocea-

nic crust under hydrous conditions at depths of ca. 80

km. According to these authors, heating of the sub-

ducting slab is generated by a residual asthenospheric

wedge, which is likely to cool after a few million

years of ridge subduction, leading to the cessation of

arc volcanism in a given area.

In the Peruvian Andes, a gap in the spatial distri-

bution of present-day arc volcanism is well defined

(Fig. 1). Here we have attempted to reconstruct the

location of the active volcanic arc since 28 Ma (Fig.

4), using a dataset consisting of more than 400 dated

samples of arc volcanism in Peru (see Supplementary

Material Table S2). In the last 4 Myr, volcanism has

been bounded by the subducting ridge and has been

active only south of it. Interestingly, however, the

current area of volcanic gap was subjected to rela-

tively little volcanic activity also prior to ridge sub-

duction (Fig. 4a-f).

The existence of volcanic gaps prior to 4 Ma is less

defined. In general, volcanism tends to be more active

to the south of the subducting ridge, but there are

some active centres immediately above and to the

north of the ridge. For example, a number of volcanic

centres were active in central Peru at 6–4 Ma at the

region above the subduction of the Nazca Ridge (Fig.

4l). Likewise, there was no clear volcanic gap during

the subduction of the Inca Plateau (Fig. 4h-j).

As mentioned earlier, the development of ore

deposits was intimately linked with magmatic pro-

cesses. Nevertheless, the pattern of arc volcanism

and ore deposits as shown in Fig. 4 suggests that

volcanic activity did not play a major role during

the formation of ore deposits. Rather, most of these



Table 2

The 10 largest young (b18 Ma) Cu porphyry deposits in South America

Name Location Age

(Ma)

Cu

(Mt)

Reference Associated topographic

anomaly

1 El Teniente Central Chile 7.1–4.6 108.97 [45] Juan Fernandez

2 Rio Blanco Central Chile 5.4 50.00 [45] Juan Fernandez

3 Los Palembres and

El Pachon

Central Chile 10 26.22 [45] Juan Fernandez

4 La Granja Northern Peru 14.2–13.4 13.57 See Supplementary

Material Table S1

Nazca and/or Inca

5 Antamina Peru 10.8–8.8 12.87 See Supplementary

Material Table S1

Nazca

6 Agua Rica Argentina 6.3–4.9 7.37 [45] Juan Fernandez

7 Yanacocha

(Tantahuatay+Sinchao)

Northern Peru 12.8–12.0 6.23 See Supplementary

Material Table S1

Inca

8 Bajo de la Alumbrera Argentina 8–7 4.06 [45] Juan Fernandez

9 Cerro Casale Central Chile 13.5 3.45 [45] Juan Fernandez

10 Toromocho Peru 8–7.4 2.68 See Supplementary

Material Table S1

Nazca
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deposits were probably associated with plutonic

processes.
5. Discussion

5.1. Coincidence of ridge subduction and ore

formation

An apparent link between ridge subduction and

metallogenic activity is suggested based on the high

values of metal flux following the arrival of the Nazca

ridge and the Inca Plateau at the subduction system

(Fig. 3) and the apparent migration of the metallo-
Table 3

The 10 largest young (b18 Ma) Au deposits in South America

Deposit name Location Age

(Ma)

1 Cerro Casale Central Chile 13.5

2 Bajo de la Alumbrera Argentina 8–7

3 Nevada Central Chile ~11

4 El Indio–Tambo Central Chile 11–9

5 Agua Rica Argentina 6.3–4.9

6 Yanacocha

(Tantahuatay+Sinchao)

Northern Peru 12.8–12.0

7 Portovelo Ecuador ~15

8 Bajo de Durzano Argentina 8.0

9 Pierina Peru 14.9–14.1

10 Lobo-Marte Central Chile 13.0
genic activity in tandem with the lateral movement of

ridge subduction (Fig. 4). We now wish to demon-

strate that a similar link may possibly exist at the scale

of the whole Andean belt, where the distribution of

the largest young (b18 Ma) ore deposits follows the

pattern of subduction of topographic anomalies. In the

scope of this discussion, we are unable to explain the

distribution of older (N18 Ma) deposits, because there

are no data on topographic anomalies that may have

entered the subduction system prior to that time.

In the Central Andes, Mio–Pliocene ore deposits

(b18 Ma) are scattered in a belt 2000 km long.

However, the largest known Cu–Au and Au deposits

of this age (Tables 2 and 3) define two clusters: one
Au

(t)

Reference Associated topographic

anomaly

852 [45] Juan Fernandez

523 [45] Juan Fernandez

434 [45] Juan Fernandez

413 [45] Juan Fernandez

291 [45] Juan Fernandez

289 See Supplementary

Material Table S1

Inca

242 [56] Inca

225 [45] Juan Fernandez

225 See Supplementary

Material Table S1

Nazca

222 [45] Juan Fernandez
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in central-northern Peru and the other in central

Chile (Fig. 1). As noted before, the spatial distribu-

tion of these giant deposits coincides with gaps in

the spatial distribution of active volcanism and with

the location of two major segments of flat subduc-

tion (the Peru flat slab and the Central Chile flat

slab [9]).
Fig. 5. Reconstruction of the Juan Fernandez hotspot chain based on the r

Juan Fernandez hotspot chain (after [43]). Locations of the largest Cu and

3). The metallogenic belt is divided here into four domains that coincide

hotspot chain meets the subduction zone. Note that at all stages excluding

activity. Ore deposits are: I, Lobo Marte; II, Cerro Casale; III, Nevada; IV,

Teniente; VIII, Bajo de la Alumbrera; IX, Bajo el Durazno; X, Agua R

hotspot is indicated by a triangle (HS).
In Fig. 5, we have used the reconstruction of the

Juan Fernandez hotspot chain [43] to predict the lateral

migration of the locus of aseismic ridge subduction in

central Chile. The whole region has been subjected to

relatively flat subduction in the last 18 Ma, which was

accompanied by the cessation of arc and back-arc

volcanism [44]. The largest ore deposits in this region
otational parameters shown in Table 1 and the predicted path of the

Cu–Au ore deposits in Chile are indicated by stars (see Tables 2 and

with the area of flat subduction. Boxes highlight areas where the

9 Ma, these areas roughly coincide with the locus of metallogenic

El Indio; V, Los Pelambres and El Pachon, VI, Rio Blanco; VII, El

ica. Numbers indicate ages of predicted hotspot volcanism. Active



Fig. 6. Reconstruction of the shape and length of the Iquique Ridge

showing that the arrival of this topographic anomaly at the subduc

tion system has occurred very recently. The reconstruction is based

on the geometry of the anomaly’s counterpart west of the East Pacific

Rise (the Austral Plateau) [24] and the kinematics of the Nazca plate

with respect to South America (Table 1). The present-day locations

of the Iquique Ridge and the Nazca Ridge are indicated by dark grey

whereas the predicted shape of the Iquique Ridge as inferred from

the mirror shape of the Austral Plateau is indicated by light grey. The

predicted location of the Iquique Ridge at 5 Ma (including the smal

consumed part of the anomaly) is shown in the dotted area. Also

shown are locations of giant ore deposits in northern Chile. All these

deposits are of Eocene–Oligocene age and are thus not related to the

subduction of the Iquique Ridge.
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(Tables 2 and 3) can be divided into four metallogenic

domains (Fig. 5f). Across the northern, central and

southern domains, there is an overall southward

younging of metallogenic activity. This trend roughly

follows the migration of aseismic ridge subduction

(Fig. 5a-e). The 8–5-Ma ore deposits in the eastern

domain are located in an anomalous position relative to

the rest of the deposits, but seems to coincide with the

location at depth of the aseismic ridge approximately

400 km from the subduction zone (Fig. 5d).

None of the large ore deposits listed in Tables 2

and 3 (i.e. ore deposits younger than 18 Ma) are

located in the area where subduction of the Iquique

Ridge takes place in northern Chile (Fig. 1). The lack

of young metallogenic fields associated with the sub-

duction of the Iquique Ridge is particularly interesting

because this province in northern Chile was remark-

ably fertile during the Eocene–Oligocene (41–31 Ma),

hosting some of the largest ore deposits in the Andes

(e.g. Chuquicamata, La Escondida, Rosario and El

Salvador) [45]. We do not know what triggered this

older mineralisation. However, if we reconstruct the

shape and length of the Iquique Ridge using the

kinematic parameters in Table 1 (Fig. 6), we are

able to explain why younger deposits related to the

subduction of the Iquique ridge are missing. Such

reconstruction, which is based on the mirror shape

of the Austral Plateau [24], shows that the ridge has

started to be subducted very recently (b2 Ma). There-

fore, any deposits that might have been produced are

unlikely to be exposed at the surface. Fig. 1 indicates

that a narrow volcanic gap related to the Iquique

Ridge has already been developed. Another possibi-

lity is that ore deposits related to the Iquique Ridge

have not formed due to the depletion of metal sources

following the first mineralisation event.

There are, of course, several ore deposits in the

Central Andes that cannot be linked with ridge sub-

duction, as for example, the ~14-Ma Kori Kollo gold

deposit in Bolivia (ca. 160 tonnes gold [45]), which is

located about 1000 km southeast of the Nazca Ridge.

It is therefore stressed that ridge subduction is not a

necessary factor for the formation of large subduction-

related ore deposits. It may, however, trigger favoured

geodynamic conditions for giant magmatic–hydro-

thermal ore formation.

The apparent link between the impingement of

topographic anomalies at the subduction zone and
,

-

,

l

anomalous metal flux in the overriding plate may

provide an important insight into the geodynamic

environment that exists during the formation of large

subduction-related ore deposits. It has been already

suggested that the occurrence of giant porphyry-

related ore deposits are related to abrupt tectonic

changes in the subduction zone, such as the reversal

of arc polarity [46] or the flattening of the subducting

slab [20,47]. In the Central Andes, it has also been

noted that magmatic activity associated with the for-

mation of porphyry-related ore deposits was usually

the last intrusive event in a given area, thus represent-

ing the termination of a magmatic cycle [48]. Such

changes can possibly be associated with the formation

of volcanic gaps following ridge subduction. We

further discuss these ideas in the following section.

5.2. Geodynamic implications

A schematic illustration of magmatic–hydrother-

mal processes that occur in a suprasubduction envir-
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onment is shown in Fig. 7a [48]. According to this

model, fertile calc-alkaline magmas are generated in

the MASH zone—a zone of melting, assimilation,

storage and homogenisation [49]. This zone is a rela-

tively narrow band in the lowermost crust or mantle–

crust transition, where mixing between mantle-derived

melts and assimilated crustal rocks takes place. Mag-

matic processes in the MASH zone are likely to occur

during periods of stable subduction, in which the slab

dips beneath the arc at a constant angle and constant

velocity [48]. This process may increase the potential

for metallogenic fertility, but in order to give rise to ore

deposits, it is required that exsolution of the metalli-

ferous and sulphur-rich hydrothermal fluids from

the calc-alkaline magma takes place. Ore minerals

will eventually be deposited in response to cooling

of the wall-rocks, fluid phase separation or mixing

with external fluids [48]. In the next paragraphs we

speculate that this final stage of ore body forma-

tion is possibly triggered by the tectonic changes

associated with ridge subduction.

As mentioned before, a large number of ore

deposits in northern Peru developed immediately

upon impingement of the edge of the aseismic

ridge into the subduction zone (Fig. 4g). We note

that this surprising observation could possibly be

associated with errors in our reconstruction model

(e.g. imprecise rotational parameters and geochrono-

logical ages, inaccurate reconstruction of the shape

of the topographic anomalies, or eastward movement

of the subduction zone due to shortening of the

overriding plate in the Andes). However, if our

model is correct, then we must assume that an

important factor for ore deposit formation is the

change in the state of stress in the crust, which is

triggered by the initial impingement of topographic

anomalies into the subduction zone. It has already

been discussed (e.g. [6]) that impingement of aseis-

mic ridges would give rise to increased coupling

between the two plates that would lead to enhanced

seismicity and crustal deformation. Faults associated

with this deformation could then mobilize fertile

magmas in the MASH zone to travel towards shal-

lower depths. The exsolution of fluids at shallow

levels can ultimately lead to final metal concentra-

tion. Crustal deformation is also likely to increase

permeability and to facilitate fluid pathways at shal-

low crust and melt pathways from depth [50], thus
promoting the deposition of ore minerals in fracture-

related structures (e.g. manto and veins). Metal ferti-

lity, according to this model, was already latent in

the crust, as predicted also from the MASH model

[48] (Fig. 7a).

Analogue modelling [51] has shown that impinge-

ment of a topographic anomaly into the overriding

plate is likely to produce a deformational pattern

associated with folding and thrusting immediately in

front of the ridge and fanning pattern of strike–slip

faulting on either side of the ridge. Thus, the ore

deposits in Fig. 4g that occur immediately in front

of the ridge could be related to shortening deforma-

tion, whilst ore deposits at the northwest and south-

east extremities, and also the ore deposits in Fig. 4h,

could possibly be related to the fanning of strike–slip

deformation. This suggested deformational pattern

can be examined in northern Peru by further structural

investigations.

An additional explanation for ore deposit forma-

tion can be attributed to the flattening of the subduct-

ing slab following ridge subduction [20]. This

explanation, however, cannot account for those depos-

its that formed immediately upon the initial impinge-

ment because flat subduction is likely to develop only

after considerable subduction of the relatively buoyant

anomaly (e.g. [10]). The cluster of deposits in central

Peru at 8–6 Ma (Fig. 4k) could possibly be associated

with flattening of the subducting slab. As shown in

Fig. 7b, a change in the dip of the slab is likely to

interfere with the evolution of the magmatic arc,

leading to cooling of the asthenospheric wedge and

the termination of a given magmatic cycle. Arc vol-

canism is therefore likely to shut down or to be shifted

to a different locus. There are several possibilities as

to the reason why ore deposits will form at this stage:

(1) It is possible that volcanic eruptions act as a

negative factor in ore body formation because of the

potential metal loss that occurs when sulphur-rich

volatiles are released to the atmosphere [52]. Thus,

the cessation of arc volcanism may actually help to

preserve metals in the magmatic reservoir, promoting

rock/magma interactions and the deposition of ore

deposits. (2) The tectonic change associated with

slab flattening is likely to lead to the termination of

a magmatic cycle, thus promoting the deposition of

ore minerals in porphyry-type rocks. (3) It is possible

that metalliferous fluids are derived from melting of



Fig. 7. Cartoons showing magmatic–hydrothermal processes in suprasubduction setting and the tectonic changes that occur after the subduction

of a relatively buoyant aseismic ridge (partly modified after [9,41,48,55]). (a) Subduction of normal oceanic lithosphere beneath potentially

fertile continental crust. (b) Shallow subduction following the arrival of an aseismic ridge at the subduction zone and associated tectonic features

(cessation of volcanism in the magmatic arc, intense seismicity, possible production of adakitic magmas from slab melting, and cooling of

porphyry-type magmas during late crystallisation stages of upper crustal batholiths).
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the subducting slab, as indicated by the formation of

adakitic magmas (e.g. in Ecuador and Chile [41,42]).

Our results, however, suggest that the development of

flat subduction was not the primary mechanism that

controlled ore deposit formation (c.f. [20]), as attested,

for example, by the lack of young (b10 Ma) ore

deposits related to the Inca Plateau regardless of the

pronounced flat subduction in this region.
6. Conclusions

This study shows a spatial and temporal link

between ridge subduction and ore body formation in

the Peruvian Andes, with high metal fluxes concen-

trated in zones of ridge subduction during the subduc-

tion of the Nazca Ridge and the Inca Plateau.

Furthermore, the subduction of the Juan Fernandez

Ridge in Central Chile possibly accounts for the

intense metallogenic activity in this region since the

middle Miocene and to the lateral changes in the

spatio-temporal distribution of the metallogenic

domains in the area. Our reconstruction approach

has the potential to be applied to other areas of

ridge subduction, in which there is mature datasets

on ore deposits, and may be expanded to include

palaeo-subduction systems. Thus, the recognition of

tectonic features that are related to subduction of

topographic anomalies can possibly provide insights

into predictive mineral discovery by enhancing our

ability to predict the position of large mineral deposits

in other modern and ancient orogens.
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