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ABSTRACT 

Pb- and Sr-isotopic data for subduction-related Late Cretaceous and Cenozoic 
granitoids of the coastal region and lowermost Pacific slope of the Western Cordillera of 
central Peru suggest that these granitoids are derived from an undepleted mantle source 
(OIB-type or enriched sub-continental). A depleted MORB-type mantle did not have a 
major role in the genesis of the magmas. 

The mantle source appears to have changed slightly with time. The data suggest 
that the asthenospheric wedge was isotopically heterogeneous during the early stages of 
Coastal batholith emplacement. During this time, the subduction slab geometry changed 
from steeply to moderately dipping, and the stress regime in the overriding plate 
changed from extensional to compressional. Subduction-related mantle convection 
caused a progressive homogenization of the asthenospheric wedge between 100 and 80 
Ma. Since then, the isotopic composition of the mantle component has not varied 
significantly. Those parts of the metasomatized asthenosphere that did not melt (or 
where trapped magmas did not escape upward) did not participate significantly in the 
convective cells and were dragged along the slab to greater depth. 

Evidence for participation of a radiogenic crustal component in the evolution of 
these Peruvian granitoids is always present. Significant crustal contamination or assimi- 
lation cannot be ruled out, since the isotopic contrast between lower- and upper-crustal 
rocks and mantle-derived magmas is generally low, but contamination by highly radio- 
genic, in situ, upper-crustal rocks appears to be sporadic in time and space. The radio- 
genic crustal component is shown to be mainly a component recycled by subduction. We 
assume that it corresponds to fluids derived from the subducting slab and associated 
subducted sediments. This crustal component appears to have changed with time. The 
variations of Pb- and Sr-isotopic compositions are consistent with a two-stage model: 

(1) During the early stages of Coastal batholith emplacement (100 to 90 Ma) the 
crustal component was mainly derived from tectonic erosion of the Lower Cretaceous 
accretionary prism. The sediments in the accretionary prism were derived from the 
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Brazilian Shield and had highly radiogenic Pb- and Sr-isotopic compositions similar to 
modern sediments of the Barbados ridge. 

(2) After 84 Ma. the crustal component was Pacific oceanic sediments (and a slab 
component) with Pb- and Sr-isotopic compositions like those of modern Pacific 
sediments. 

These results suggest that participation of recycled oceanic sediments in the genesis 
of Andean calc-alkaline magmas is the rule, although in many cases the evidence is 
obscured by interaction of mantle-derived magmas with the continental crust. 

INTRODUCTION 

The problem of crust/mantle recycling and magma genesis 
and evolution at a convergence zone is generally addressed 
through geochemical and isotopic studies of relatively young 
magmatic rocks (e.g., Harmon and others, 1984: Hickey and 
others, 1986; Hildreth and Moorbath, 1988; for the Andes). Little 
attention has been paid to geochemical evolution and isotopic 
patterns of subduction-related magmatic rocks over a long period 
in a single well-known locality. This latter approach can provide 
important constraints on genetic models of subduction-related 
magmas, as it allows use of time-dependent dynamics as an ex- 
planatory factor (e.g., Kay and others, 1987). For continental- 
margin magmatism (e.g.. the Andes), such an approach may 
permit discrimination between recycled crustal components 
(oceanic sediments or tectonically eroded continental rocks) and 
in situ continental crust (assimilation and/or contamination en 
route to the surface). 

The coastal region and the lower Pacific slope of the West- 
ern Cordillera of central Peru are ideal locations to examine 
evolution of plutonic rocks over time. In this area (Fig. 1). 
mantle-derived, I-type, medium- to high-K calc-alkaline grani- 
toids, ranging from Albian to latest Oligocene in age, are exposed 
(Cobbing and others, I98 1 ; Pitcher and others, 1985; Soler and 
Bonhomme. this volume). These granitoids can be grouped into a 
volumetrically dominant Coastal batholith (102 to 59 Ma) and 
subordinate post-batholithic plutonic events (54 to 30 Ma) (see 
Soler and Bonhomme, 1988. and this volume). 

The most important host rocks of these granitoids are the 
Albian-age Casma volcanic group (Myers, 1974, 1980 Webb, 
1976; Guevara. 1980). These Casma volcanics have tholeiitic and 
calc-alkaline arc and hack-arc affinities (Atherton and others. 
1985) and were extruded in an aborted marginal basin with a 
drastically thinned crust (Atherton and others. 1983; Aguirre and 
Offler, 1985). Less important host rocks are Lower Cretaceous 
siliciclastic sediments, derived from the Brazilian Shield and up- 
permost Jurassh’lowest Cretaceous back-arc volcanic and 
volcano-sedimentary rocks (e.g.. Mégard, 1978). The Precam- 
brian and lower Paleozoic basement of the Paracas geoanticline 
(Cobhing and others, 1981) does not crop out in this area but 
could be present at depth. 

The Nazca oceanic plate (previously Farallon) has been 
subducting continuously beneath South America at least since 
Late Jurassic time. Coastal batholith emplacement began imme- 
diately after closure of the Casma basin during the upper Albian 
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Figuro 1. Geological sketch of the study area based on map of Pitcher 
and others ( 1985). I .  Cama volcanism f Early Cretaceous volcanic. 
volcano-clastic. and dico-clastic rocks of the coastal area; 2. Patap 
super-unit (mainly gabbros and meladiorites); 3. granitoid4 (Lima seg- 
ment of the Coastal batholith +eastern stocks emplaced within a Casma 
envelope). The arrow indicates the location of the Pacchn Tingo and 
Churin West tonalitic stocks; 4. other rocks. 

compressive “Mochica” tectonic event. marking the onset of the 
Andean orogeny in Peru (Mégard. 1984: Pitcher and others, 
1985). This change from a dominantly extensional to a domi- 
nantly compressive regime appears to correlate with P change 
from a steep to moderately dipping slab (Soler and Bonhomme, 
this volume). 



Time-dependent evolution of Pb- and Sr-isotopic compositions 

TABLE 1. Sr- AND Pb-ISOTOPIC DATA FOR THE PACCHO TINGO AND WEST CHURIN STOCKS (31 MA) 
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206pb 207pb 208pb 
number 8% 86Sr (31 Ma) 204pb 204pb 204pb 

Th - Sample Rb Sr - -  87Rb 87Sr Sri Pb U 

Paccho Tingo 
HU01 81.5 457 0.52 0.70468 0.70440 18.6 3.3 9.3 18.77 15.62 38.60 
HU38 98.6 451 0.43 0.70460 0.70439 11.1 3.2 7.6 18.76 15.65 38.68 
HU42 102.8 348 0.86 0.70462 0.70420 11.1 3.2 7.6 18.71 15.60 38.47 
HU44 255 119 1.35 0.70502 0,70443 15.2 11.5 34.9 18.44 15.34 38.12 

West Churin 
HU65 89.2 400 0.65 0.70474 0,70446 7.5 4.5 11.1 18.65 15.64 38.60 
HU69 62.4 460 0.39 0.70470 0.70453 9.7 2.9 9.5 18.71 15.60 38.48 
HU70 63.5 432 0.47 0.70465 0.70446 8.7 3.2 7. O 18.71 15.60 38.53 
HU71 136 107 3.65 0.70574 0.70414 3.8 7.8 34.6 18.80 15.61 38.50 

Pb- and Sr-isotope analyses were performed on finely crushed whole rocks following the Saclay laboratory techniques described by Turpin 

Standard values: 
and others (1988) on a single collector, double focusing V.G. Micromass 54-38 spectrometer. 

NBS 987: 87Sr/86Sr = 0.710245 (current value) using the normalizing ratio 86Sr/88Sr = 0.1194. 
NBS981:206Pb/204Pb = 16.902ct:0.014 and 206Pb/207Pb = 15.433+0.017 (on 10 runs). 

External reproductibility on standards are 5 
whole-rock processing. 
Uncertainties regarding Pb-isotopic ratios are quoted in Figure 2. 

for 87Sr/86Sr on NBS 987.0.5 percent uncertainty is assumed on Rb/Sr from duplicate 

Between the Late Cretaceous and the Oligocene, no drastic 
changes occurred in the geometry of the subduction zone. Main 
changes concern the direction and the rate of convergence; a 
progressive change of slab dip from f45' (Coastal batholith) to 
+30° (post-batholith plutonism) is supposed to have occurred 
during the Eocene (see Soler and Bonhomme, this volume). The 
most important change during this period was the progressive 
thickening of the continental crust due to tectonic shortening and 
magmatic addition. 

In this chapter, Sr-isotopic data on most of the Coastal 
batholith units from Beckinsale and others (1985), Pb-isotopic 
data on the Coastal batholith and some post-batholithic grani- 
toids from Mukasa (1984, 1986a), and new Sr- and Pb- isotopic 
data on Oligocene granitoids from the Rio Huaura valley (Table 
1; Fig. 1) will be discussed in relation to changes in the subduc- 
tion regime and oceanic and continental crustal components in 
the magmas. Those new data and Nd-isotopic data will be dis- 
cussed in more detail in a forthcoming paper. The data set has 
some limitations as the Pb- and Sr-isotopic data are not always on 
the same samples. 

Pb-ISOTOPIC COMPOSITIONS 

The Pb-isotopic data (notation: Pb6 = 206Pb/204Pb; Pb7 = 
207Pb/204Pb; Pb8 = 208Pb/204Pb) are plotted in Figure 2 with 
the granitoids divided into seven age ranges. Sample RR5 (Santa 
Eulalia granodiorite) from Mukasa has been omitted because of 
its surprisingly radiogenic Pb values (Pb6 = 20.803; Pb7 = 
15.709; Pb8 = 41.177) compared to samples from the Atocongo 

granite (RR13 and RR12). This sample is more radiogenic than 
any other Andean, Cretaceous to Quaternary, magmatic rocks for 
which Pb-isotopic data have been published and is quite extreme 
compared to the most radiogenic upper-crustal rocks. This unique 
data is not used in the discussion, and its validity needs to be 
confirmed. 

The data set shown in Figure 2 is extremely heterogeneous 

Samples from intrusions of the same age and even within the 
same intrusion show a large range of values. In the Pb7-Pb6 and 
Pb8-Pb7 diagrams, the data define several more or less linear 
trends that do not have any age significance. Instead, these trends 
appear to be coarse mixing lines between a moderately radiogenic 
mantle end-member and an end-member with a more radiogenic 
Pb7 composition than mantle-derived OIB (considering its Pb6 
composition; Fig. 3). This second end-member is either in situ 
continental crust, or a subduction-recycled crustal component, or 
a mixing of both. 

The Pb content of the mantle is very low (in the range 400 
to 50 ppb; Zartman and Doe, 1981). The Pb content of oceanic 
sediments is extremely variable, depending on the mix of sedi- 
ments involved (Church, 1973). A realistic mean may be 20 to 25 
ppm (Chow and Patterson, 1962; Church, 1973; Zartman and 
Doe, 1981; White and Dupré, 1986) for subducted sediments 
and continental crust. The Pb content of MORB is in the range 
0.5 to 1 ppm (Tatsumoto, 1978) and may be lowered by sea- 
water alteration. Because Pb content in sea water is very low 
(+0,002 ppb), sea-water alteration does not modify the Pb- 
isotopic compositions of MORB and oceanic sediments. Since 

(18.42 <Pb6 19.58-15.55 < Pb7 <15.69-38.40 <Pb8 <39.23). 
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Pb(crust)/Pb (mantle) is very high, any magma that includes 
even a small proportion of crustal material will have a Pb- 
isotopic composition strongly displaced toward crustal values. 

Crustal componeni 

As a first approximation. the Pb-isotopic composition of the 
crustal end-member of a given age range is close to that of the 
most radiogenic sample. However, considering the analytical un- 
certainties and the roughness of the mixing trends, only a pre- 
ferred compositional field for the crustal end-member for each 
age range can really be defined (Fig. 2) .  Notwithstanding such an 
ample definition of the Pb-isotopic composition of the successive 
crustal end-members, it appears that the Pb-isotopic composition 
of the crustal component has changed in a very sensitive manner 
through time (components C ,  sc, and S in Figs. 2 and 3). The 
crustal end-memher is very radiogenic (C: Pb6 ;.19.6; 15.68 
.Ph7 '. 15.72: PB8 ~39.15) for the oldest plutons (ahout 100 

Figure 2. 207ph/ 2(14pb_~OOhpb/ 204pb and ?osph/ ?04p&'"7Ph/"J4ph di- 
agrams for some of the granitoids of the coastal region and the lower 
Pacific slope of the Western Cordillera of central Peru. Pb-isotopic data 
from Mukasa ( I  986a) except for Paccho Tingo and Churin West (Table 
I ) ,  U-Pb ages from Mukasa (1986a). Age ranges as follows: 1 .  Ato- 
congo (101 Ma) and Linga-Ica (97 Ma): 2. Lachay (90.0 Ma), Pampa- 
huasi 1 (93.3 to 94.1 Ma) and Santa Rosa-Huaricanga (91.0 Ma); 
3. Santa Rosa-Coralillo (81.7 to 84.4 Ma) and Tiahaya-Ica (78.3 Ma): 
4. Humaya (73.1 Ma). La Mina (71.1 Ma). and Santa Rosa (70.6 to 71.0 
Ma); 5. Lumbre (69.6 Ma), Andahuasi (69.7 Ma), San Jeronimo (67.6 
to 68.7 Ma), Puscao (66.2 to 66.6 Ma) and Sayan (68.0 to 68.5 Ma). 
Field relations indicate that the Sayan granite postdates the Puscao unit. 
The K-Ar (Cohhing and others. 1981 )and Rb-Sr (Beckinsale and others, 
1985) ages at 62 rt 2 Ma are probably better: 6. Paccho super-unit (63 
to 59 Ma): 7. Pativilca (37 Ma), Paccho Tingo (31 Ma) and West 
Churin (31 Ma). K-Ar ages from Cobhing and others (1981 ). See Soler 
( 1987) for a discussion of these ages. 

Ma), then becomes less radiogenic for intrusions emplaced at 90 
to 94 Ma (sc:Pb6 = 19. I ;  Ph7 -?5 15.68; PB8 = 38.90), and is least 
radiogenic for those emplaced between 84 Ma and the Oligocene 
6 1 8 . 6  <Ph6 *<18.9; Pb7 ,1565; 38.65 <PB8 d8 .95) .  This 
variation is not linked with differences in the nature and chemis- 
try of the host rocks of the various plutons as they all intrude 
either the Casma volcanics or uppermost Jurassic and Lower 
Cretaceous detrital and volcaniclastic rocks. Moreover, the evolu- 
tion of the crustal end-member is not consistent with any lead 
growth curve (e.g., Cumming and Richards, 1975). Therefore. 
this crustal end-member has changed between the first episode of 
emplacement of the Coastal batholith and the following episodes. 

If the crustal components (C, sc. and S) are only in situ 
continental crust, the evolution C-sc-C with time must he the 
result of mixing between the original upper continental crust (Cl 
and mantle-derived magmas. Since most of the granitoids have 
lower Pb7 than the C component, additions of mantle-derived 
magma should significantly lower the mean Pb7 of the upper 
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continental crust. The nearly constant Pb7 composition of C,  sc, 
and S is not consistent with this hypothesis. 

Therefore, at least one of the crustal end-members must be 
oceanic sediments that have been recycled through subduction. 
As the compositional field for S (84 to 31 Ma) largely overlaps 
that of present-day Pacific sediments (Reynolds and Dasch, 1971; 
Sinha and Hart, 1971; Church, 1976; Meijer, 1976; Unruh and 
Tatsumoto, 1976; Sun, 1980; Dasch, 1981; Barreiro, 1983; see 
Fig. 3), our preferred hypothesis is that S represents oceanic 
sediments carried down by the slab. The estimated Pb-isotopic 
composition of S is particularly close to that of present-day Pa- 
cific sediments as given by Sinha and Hart (1971). 

Although the only discernible crustal component for grani- 
toids emplaced between 84 and 31 Ma is recycled oceanic sedi- 
ments, this does not imply that there has not been any interaction 
between mantle-derived magmas and preexisting crustal rocks. In 
the study area, the lower crust appears principally to be high- 
density mantle-derived material (Couch and others, 198 1; Jones, 
198 1) that is probably ultramafic and mafic cumulates from the 
Casma and Patap magmatism, and the upper crust is composed of 
volcanic and volcani-clastic rocks with lesser amounts of detrital 
rocks derived from the continental shield. As the isotopic contrast 
between these crustal rocks and the mantle-derived magmas is 
very low, this type of mixing is difficult to detect. 

Marine geological and geophysical studies (Couch and oth- 
ers, 1981; Kulm and others, 1981; Jones, 1981) suggest that 
modern accretion of oceanic sediments is not significant along the 
Andean margin and that most oceanic sediments in this region 
are actually subducted (Scholl and others, 1977; Kulm and oth- 
ers, 1981; Hilde, 1983). l0Be studies of recent volcanic rocks 
from southern Peru and northern Chile (Tera and others, 1986; 
Morris and others, 1987) have shown that subducted sediments 
are involved in the genesis of calc-alkaline arc magmas in these 
regions. As a subduction geometry similar to the present-day 
geometry in southern Peru has prevailed in central Peru from the 
Upper Cretaceous to the Oligocene (see above), subduction of 
oceanic sediments may be inferred throughout this period. These 
conclusions are concordant with the interpretation of the Pb- 
isotopic data from the central Peruvian plutons and suggest that 
mixing of recycled oceanic sediments in Andean calc-alkaline 
magmas is the rule. In many cases, detection of this mixing is 
difficult because of further interaction between mantle-derived 
magmas and the continental crust. 

In the central Peruvian granitoids, the C crustal end-member 
could be a mixture of recycled continental and oceanic sediments, 
and the S crustal end-member oceanic sediments. The sc crustal 
member would then be a mixture of C and S. In accordance with 
this, crustal component C is more radiogenic than present-day 
Pacific sediments, but is very close to present-day detrital sedi- 
ments on the Barbados ridge, carried from the Guyana Shield to 
the Caribbean Sea by the Orinoco River (White and others, 
1985; White and Dupré, 1986). 

The highly radiogenic C end-member could then result, at 
least in part, from erosion of an accretionary prism that contained 
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Figure 3. 207Pb/204Pb-206Pb/20Pb, 208Pb/204Pb206Pb/204Pb dia- 
grams indicating the possible mantle and crustal end-members for the 
plutons of the coastal region and the lower Pacific slope of the Western 
Cordillera of central Peru. Fields for MORB and Pacific oceanic sedi- 
ments as discussed in the text. Field for OIB from Sun (1980). 

a large component of shieldderived detritus. Voluminous clastic 
sedimentation, the absence of a volcanic arc barrier, and an ex- 
tensional regime with loose coupling between the slab and the 
overriding plate all favor the presence of such an accretionary 
prism in the Lower Cretaceous. The first stages of Coastal batho- 
lith emplacement are thought to correspond with a change from 
an extensional to a compressive tectonic regime and from a 
steeply dipping to a moderately dipping, more tightly coupled 
slab. This change in tectonic style and slab dip would favor 
erosion of the preexisting accretionary prism at the trench at the 
time that the C component is dominant in the isotopic signature. 
Subsequently, the supply of shield-derived debris to the trench 
appears to have been low from the Aptian to the Oligocene (e.g., 
Ménard, 1978), leading to a transition from a C- to an S-type 
sedimentary component. Once the accretionary prism had been 
eroded, the subducted sediments would be essentially Pacific 
oceanic sediments (i.e., S component). 

The C component can also, at least partially, represent the 
preexisting continental crust, as its Pb-isotopic composition is 
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consistent with that of local Upper Jurassic to Lower Cretaceous 
shield-derived sediments. as inferred from their similarity to the 
modern Barbados ridge samples. The effect of such an in situ 
crustal component upon Pb-isotopic compositions through con- 
tamination and/or assimilation could be sporadic in both time 
and space. Such crustal effects are possible in age range 5 (68 to 
63 Ma) for a sample of the Sayan monzogranite and the sample 
of the Cañas monzogranite, which have higher Pb6 and Pb7 than 
other Rio Huaura ring complex granitoids. In age range 2 (94 to 
90 Ma), at least 2 samples of the Lachay granite that define the sc 
end-member have relatively high Pb6. Data for age range 1 (101 
to 97 Ms) arc insufficient to say whether this trend represents a 
mixing line or is the result of sporadic crustal contamination. 
However, since these age range 1 granitoids have the highest Pb6 
and Pb7 and were emplaced in the thinnest continental crust, 
systematic crustal contamination seems unlikely, as younger units 
that were intruded in thicker crust show only sporadic and lim- 
ited crustal contamination. 

Since shield-derived detrital sediments are inferred to have 
formed the accretionary prism and also composed the Upper 
Jurassic to Lower Cretaceous sediments underlying the Casma 
volcanics, a dual origin for crustal component C seems to be a 
reasonable hypothesis. Additional Pb-isotopic data are necessary, 
but Sr-isotopic data presented below favor the dual hypothesis. 

Mantle componeni 

The Pb-isotopic composition of the mantle end-member is 
difficult to define precisely because small amounts of crustal con- 
tamination displace the Pb-isotopic values to highly radiogenic 
values and the composition of the crustal component varies. 
However, a composition field for a mantle end-member that is 
compatible with data in age ranges 3 to 7 can be defined (1 8.5 
<Pb6 c18.85, Pb7 <15.60 and 38.2 .;PbS <38.6; field M in 
Figs. 2 and 3) .  More data are needed to clearly define the mantle 
component for age range 1 (101 to 97 Ma). The large amount of 
scatter in the data makes identification of a single mantle end- 
member for age range 2 (94 to 90 Ma) very difficult. 

The Pb-isotopic data are not clear enough to show whether 
the mantle end-member was a depleted MORB-type source or 
an undepleted OIB-type or subcontinental mantle source. How- 
ever. as stated by Mukasa ( 1986a), the trends defined by the data 
never reach the Pacific MORB field (see Fig. 3; data from Church 
and Tatsumoto, 1975; Unruh and Tatsumoto, 1976; Tatsumoto, 
1978; Sun, 1980; Dupré and others, 1981; Cohen and ONions, 
19x2; Hamelin and others. 1984; White and others. 1987). and 
the least radiogenic samples have Pb7 well above the Pacific 
MORB field or the depleted mantle modeled by Zartman and 
Doe (1981 1. These Pb-isotopic data. along with trace-element 
(Atherton and others, 198Sb; Soler, in preparation) and Nd-Sr- 
isotopic (Soler and Rotach-Toulhoat. unpublished data) data are 
more consistent with multistage evolution of an old. long-term, 
enriched mantle reservoir. The data are consistent with the sub- 
ducted oceanic crust participating in magma genesis through me- 

tamorphism and dehydration (the “IRS fluids” of Gill. 198 l ). but 
not as a major magma source. 

When considered in more detail, the data for age ranges 3 to 
7 suggest that the Pb-isotopic composition of the mantle end- 
member changed with time. Pb6 increases from age range 3 to 5, 
then decreases to intermediate values for age ranges 6 to 7. 
Trends are less clear for Pb8. More data are necessary to define 
this evolution, but this progressive change cannot be explained by 
normal time-dependent Pb evolution of the mantle source or by 
progressive mixing of mantle and oceanic sediments 6). This is 
particularly clear in the Pb7-Pb6 diagram (Fig. 2a), where Pb7 is 
nearly constant for successive mantle end-memhers when the 
crustal components have high Pb7. The causes of this progressive 
change are unclear, but the hypothesis of a homogeneous suhcon- 
tinental mantle reservoir for the Chilean (Tilton and Barreiro, 
1980; Barreiro, 1984) and Peruvian (Mukasa, 1984, I986a) 
Andes needs to be reconsidered. 

The probable geometry of the convection cells above the 
subducting slab (e.g., Hsui and ToksBz, 1979; Tatsumi and others, 
1 983) suggests that long-term convection will insure progressive 
homogenization of the mantle wedge. The melting region is in- 
ferred to be the asthenospheric wedge modified by metasomatic 
fluids derived from a slah-sediment component. Arculus and 
Powell ( 1986) have suggested that part of the produced magmas 
do not ascend and are trapped in the wedge. If this is the case, the 
fact that Pb-isotopic compositions of the mantle component do 
not become more radiogenic with time (in Pb7) implies that most 
of this modified asthenosphere is dragged to greater depths by the 
descending slab. 

Sr-ISOTOPIC COMPOSITIONS 

Initial 87Sr/*6Sr ratios (Sri) of upper Albian to latest Oligo- 
cene granitoids in the study area vary from 0.7035 1 to 0.705 16 
(Figs. 4 and 5). These values are consistent with an OIB-like or 
enriched subcontinental mantle source that has been partially 
modified by a crustal component. as inferred above from Pb- 
isotopic data and from petrological and geochemical studies 
(Atherton and others, 1985b; Soler, in preparation). 

Sr-isoiopic heierogeneify of individual inirusions or units 

The narrow range of 87Sr/8hSr ratios make Rb-Sr isochrons 
impossible to define for most of the intrusions considered here 
(Table 2; Beckinsale and others, 1985). Thus, the initial 
87Sr/X6Sr ratios have to be calculated using age data obtained by 
other methods (U-Ph and K-Ar). In most cases, the Sr, calculated 
for the different samples from a single intrusion or unit fall in a 
relatively wide range. Even when the number of samples and the 
variation in the 87Sr/86Sr ratios are sufficient to make an iso- 
chron. those isochrons are of poor quality. For example. the 
Atocongo granite, which has been dated at 101 f 1 Ma (zircon) 
by the U-Pb method (Mukasa, 1984,1986b) and at 104 = 2 Ma 
(biotite) by the K-Ar method (Cobbing and others, 1981 1 gives a 
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Rb-Sr isochron age of 81 rt 25 Ma (MSWD = 3.40) (Beckinsale 
and others, 1985). 

If the pluton is comagmatic and the ages of the samples are 
identical, there are two reasons, not mutually exclusive, for a poor 
isochron. The first is that isotopic heterogeneity was acquired by 
mixing with another magma from a different source, by selective 
contamination, or by hydrothermal alteration. The second is that 
isotopic heterogeneity is a characteristic of the source region and 
different magma batches have different isotope compositions. 

The problem of whether the samples from a pluton have 
identical ages needs to be addressed first. The Pampa Ihuanco 
pluton, which belongs to the "Santa Rosa-Coralillo super-unit" 
of the Coastal batholith (Pitcher, 1978, 1985), will be used as an 
example. Mukasa (1984,1986b) found concordant U-Pb ages on 
zircon at 84.4 Ma for the dioritic border and at 82.5 Ma for the 
granodioritic central part. Following Mukasa, the precision in 
these ages is better than 1 percent; thus, the age difference is 
significant. For larger, more differentiated intrusions, somewhat 
greater age differences between the least and most evolved sam- 
ples might be expected. 

In the range of ages that we consider here (< 100 Ma), the 
difference between calculated Sri using an age T or an age T-AT 
will be: 

-0,7045 

PATlVlLCA 

8 

TIABAYA- Mala 

I 

10,704 

I 
I I 

l 
lOO/Sr 03 1 

Figure 4. Initial 87Sr/86Sr ratio (Sq) versus 1/Sr for some granitoids of 
the coastal region and the lower Pacific slope of the Western Cordillera 
of central Peru. 

ASri = Sri (T) - Sri (T - AT) = -A AT (87Rb/86Sr),, 

A variation of only 3 m.y. for the assumed age will bring a 
ASri of 0.00042 for (87Rb/86Sr)meas = 10. 

For a number of intrusions or units (Linga-Ica, Santa Rosa- 
Coralillo, Santa Rosa-Nepeiía, Paccho Tingo, West Churin), 
using a single intrusion age results in a decrease in the calculated 
Sri with the degree of differentiation. An in situ contamination 
process would produce an increase in Sri with differentiation 
(e.g., Briqueu and Lancelot, 1979; Taylor, 1980; De Paolo, 
19Sl), whereas other mechanisms such as magma mixing and 
source region heterogeneity might not produce a systematic trend. 
Thus, it is possible that the low calculated Sri of the more evolved 
parts of these intrusions or units is only an artifact of the calcula- 
tion, due to the different ages of the magma batches. 

Differences in Sri in the least evolved parts within an intru- 
sion are difficult to explain by age alone, as age differences of 
magma batches with only slightly different degrees of differentia- 
tion and small differences in Rb/Sr ratios have to be low. Heter- 
ogeneity in this case must be acquired during evolution of the 
magma by mixing, contamination, or weak hydrothermal altera- 
tion or be a characteristic of the source. In the Sri versus 1/Sr 
diagram (e.g., Briqueu and Lancelot, 1979) in Figure 4, Sri does 



168 P. Soler and A? Rotuch-Toulhoat 

M2 
20 

30 

40 

50 

60 

70 

80 

90 

100 

110 

0,i 

La Mina.. 
Santa Rosa-Huarmey - Humaya - - - - - - - - 

Tiabaya-Mala 1-a Tiabaya-Ica I ’  I 
OD Incahuas i  - -  

Santa Rosa-Coralillo 

I Pampahuasi I I  

O Linga-Ica 

87Sr/ 86Sr 
I I I 

I 0,704 0,705 0,706 

Figure 5. Initial 87Sr/XhSr ratio (Sri) versus time for the granitoids of the 
coastal region and the lower Pacific slope of the Western Cordillera of 
central Peru. Calculated Sr, and references are given in Table 2. 

not increase with differentiation, and the range in Sri for the least 
evolved samples covers the whole range observed in the pluton. 
Thus. assimilation and/or contamination processes cannot ex- 
plain the Sr-isotopic heterogeneity of these granitoids. The 
Sri-1 /Sr diagrams for the Linga (Pisco and Ica) and Tiabaya (Ica 
and Mala) units (Fig. 4) suggest that the Sr-isotopic heterogenei- 
ties may be produced by magma mixing in some cases (see Beck- 
insale and others, 1985). However, a slight heterogeneity of the 
source area is still needed to explain the observed data. This 
heterogeneity could be a consequence of vein-like metasomatic 
transformation of the mantle wedge by fluids (or melts) extracted 
from the slab and sediments (Gill, 1981) and of the trapping of 
part of these magmas in the wedge (e.g., Arculus and Powell. 
1986). 

Sri variations with time 

All of the available data are plotted in a Sri versus time 
diagram in Figure 5. The diagrams show that the Sri varies from 
0.7035 1 to 0.705 16, that the pattern of variation is quite com- 
plex, and that no systematic increase in Sri occurs with time. The 
most extreme and greatest range of values occur within units 
intruded during the early stages of the Coastal batholith (period I 
in Fig. 5; 101 to 94 Ma). During this time the minimum Sri (for a 
given age) increases from 0.70351 at 101 Ma to 0.70442 at 
94 Ma. 

Between 82 and 24 Ma, the global variation of Sri is much 
smaller (0.70385 to 0.70450). This period can be divided into 5 
episodes (II to VI in Fig. 5).  The transition between period I to II 
is marked by a decrease of Sri (from 0.70442 to 0.70516 for the 
Pampahuasi unit to 0.70395 to 0.70427 for the Santa 
Rosa-Coralillo and Incahuasi units). The boundary between 
periods II and III is marked by a less abrupt drop of Sr, (from 
0.70418 to 0.70445 for the Humaya unit to 0.70391 to 0.70414 
for the La Mina and Santa Rosa-Huarmey units). Periods 111 to 
VI are defined rather by episodes of magmatic quiescence, which 
limit them (Soler and Bonhomme, this volume), than by the 
evolution of the Sri. A limited increase of Sri occurs between the 
beginning of period III and the end of period V. 

Compared with the wide range of Sri of modem, central 
Andean, volcanic rocks (0.7055 to higher than 0.710; James and 
others, 1974; James, 1976, 1983; Francis and others, 1977, 1980; 
Thorpe and others, 1979; Hawkesworth and others, 1979, 1982: 
Briqueu and Lancelot, 1979; Harmon and others, 1984), the 110 
to 24 Ma central Peruvian magmatic rocks show a narrow range 
of relatively low Sri. The high and variable Sri of these modern 
volcanic rocks have been interpreted as a consequence of contam- 
ination and/or assimilation processes in a thick continental crust 
(e.g.. Harmon and others, 1984). The generally lower values of 
the central Peruvian granitoids show that they were not as 
strongly modified during their ascent through the continental 
crust. As discussed for the Pb-isotopic data, this does not imply 
that there has been no interaction between the mantle-derived 
magmas and continental crust, as the isotopic contrast may be 
low in the study area. 

Plutons of period I have been emplaced in a comparatively 
thin crust. Their Sr-isotopic heterogeneity and high Sri are con- 
sistent with their highly radiogenic Pb-isotopic compositions. The 
Sr-isotopic data are more numerous and more representative than 
Pb-isotopic data. These Sr-isotopic compositions are not regarded 
as consequences of crustal contamination or assimilation. but are 
thought to he due to participation of highly radiogenic recycled 
sediments in the subduction zone. As suggested by the Pb-isotopic 
data, these sediments were mainly derived from a Lower Cre- 
taceous accretionary prism. Norman and Landis ( 1983) give Sr, 
as high as 0.7165 for Upper Jurassic-Lower Cretaceous rhield- 
derived deltaic sediments in the Western Cordillera of central 
Peru. As with the Pb-isotopic data. these Sr, are close to those 
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TABLE 2. RANGE OF INITIAL Sr-ISOTOPIC RATIOS FOR THE GRANlTOlDS 
OF THE COASTAL BATHOLITH (LIMA SEGMENT) AND FOR SOME EASTERN STOCKS 

Intrusion 
or unit 

Assumed Sri’ Number of 
age (Ma)t Min. Max. samples 

Patap (gabbros) 105-102 
Atocongo 1 o1 
Quilmana 101 
Purmacana 1 O0 
Linga-lca 97 
Linga-Pisco 101 
Pampahuasi 94 
Incahuasi-Cañete 82 
Incahuasi-Ica 82 
Santa Rosa-CoralilIo 82 
Tiabaya-Ica 80.5 
Tiabaya-San Juan 80.5 
Tiabaya-Mala 80.5 

La Mina 71 
Santa Rosa-Huarmey 71 
Puscao 66 
Sayan 63 
Santa Eulalia (Paccho) 59 
Santa Rosa-Nepeña 50 
Pativilca 37 
Paccho Tingo 31 
Churin West 31 
Catahuasi 24 

Humaya 73 

0.70307 
0.70420 
0.70442 
0.70404 
0.70414 
0.70351 
0.70442 
0.70415 
0.70396 
0.70395 
0.70421 
0.70418 
0.70386 
0.70418 
0.70388 
0.70391 
0.70380 
0.70396 
0.70401 
0.70402 
0.70411 
0.70420 
0.70414 
0.70422 

0.70438 
0.70462 
0.70479 
0.70405 
0.70432 
0.70418 
0.70516 
0.70426 
0.70436 
0.7041 9 
0.70442 
0.70441 
0.70438 
0.70445 
0.70403 
0.70414 
0.70423 
0.70428 
0.7041 2 
0.70424 
0,70423 
0.70443 
0.70453 
0.70448 

5 
6 
7 
2 
10 
12 
7 
8 
6 
5 

11 
6 
15 
11 
6 
7 
14 
11 
6 

11 
11 
4 
4 
7 

~~~~ 

‘All Sri calculated with the data of Beckinsale and others (1985) except for West Churin and Paccho 

tFollowing 1 - Mukasa (1984, 1986b); 2 - Beckinsale and others (1985); 3 - Moore (1984); 4 - 
Tingo (Table 1). 

Cobbing and others (1981): 5 -Soler (1987). 
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obtained for the modern Barbados ridge (White and others, 
1985). 

In periods II to VI, the Sr ratio of the recycled crustal 
component is more difficult to assess, as it corresponds to fluids 
derived from the slab and Pacific oceanic sediments. Sr-isotopic 
ratios of unaltered slab are in the range 0.7023 to 0.7029 (O”- 
ions and others, 1977; De Paolo and Wasserburg, 1979; Jahn 
and others, 1980; Cohen and O’Nions, 1982; White and others, 
1987), but sea-water alteration results in an increase in Sri 
(Spooner, 1976; O’Nions and others, 1978; De Paolo and Was- 
serburg, 1979). Pacific oceanic sediments are a mixture (Dy- 
mond, 1981) of detrital sediments (Sri = 0.712 to 0.715; Dasch, 
1969; Stem and Ito, 1983), metalliferous sediments (Sri = 0.708 
to 0.710; O’Nions and others, 1978, Goldstein and O’Nions, 
198l), and carbonates (Sri = sea water). Thus, 0.708 to 0.710 
may be regarded as a realistic mean Sri for recycled crustal com- 
ponents in periods II to VI. This value is significantly lower than 
during period I and could explain the lower Sri in younger 
granitoids. 

The volume of recycled material was probably greater in 
period I, when oceanic sediments and accretionary prism sedi- 

ments were both subducted, than during the following periods, 
when only oceanic sediments were subducted. The greater heter- 
ogeneity of period I plutons is thus linked both to higher Sri and 
greater sediment participation. During period I, minimum Sri 
increases with time as the convective renewal of the mantle 
wedge was not rapid enough to erase the evidence of fluids ex- 
tracted from the subducting slab and sediments. Conversely, only 
slight changes in minimum Sri occur during periods II to VI. As 
suggested by the Pb-isotopic studies, the asthenospheric wedge 
was homogenized in and after period II. Convective renewal in 
the wedge at this time must have been sufficient to homogenize 
the geochemical signature of the fluids. Minimum Sri (for a given 
age) increases slightly between period III and VI. Three non- 
mutually exclusive interpretations are possible: (1) The astheno- 
spheric wedge is not completely homogenized, and metasoma- 
tized asthenosphere participates in the convective cells. The 
Pb-isotopic study shows this effect can be only minor. (2) A slight 
increase in crustal contamination and/or assimilation with time, 
corresponding to the progressive thickening of the continental 
crust. (3) An increase of Sr-isotopic ratio of the IRS fluids reflects 
the increase of the Sr-isotopic ratio of sea water (seen in altered 
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MORB and oceanic sediments) through this period (Peterman 
and others, 1970: Burke and others, 1982; Hess and others. 1986; 
Palmer and Elderfield. 1985). 

CONCLUSIONS 

Pb- and Sr-isotopic data for subduction-related Late Cre- 
taceous and Cenozoic granitoids of the coastal region and lower- 
most Pacific slope of the Western Cordillera of central Peru 
suggest that these granitoids are derived from an undepleted man- 
tle source (OIB-type or enriched sub-continental ). A depleted 
MORR-type mantle did not have a major role in the genesis of 
the magmas. 

The mantle source appears to have changed slightly with 
time. The data suggest that the asthenospheric wedge was isotopi- 
cally heterogeneou5 during the early stages of Colwtal batholith 
emplacement. During this time. the subduction slab geometry 
changed from steeply to moderately dipping, and the stress re- 
gime in the overriding plate changed from extensional to com- 
pressional. Subduction-related mantle convection caused a 
progressive homogenization of the asthenospheric wedge between 
100 and 80 Ma. Since then, the isotopic composition of the 
mantle component has not varied sibmificantly. Those parts of the 
metasomatized asthenosphere that did not melt (or where trapped 
magmas did not escape upward) did not participate significantly 
in the convective cells and were dragged along the slab to greater 
depth. 

Evidence for participation of a radiogenic crustal compo- 
nent in the evolution of these Peruvian granitoids is always pres- 
ent. Significant crustal contamination or assimilation cannot be 
ruled out. since the isotopic contrast between lower and upper 
crustal rocks and mantle-derived magmas is generally low, hut 
contamination by highly radiogenic. in situ, upper-crustal rocks 
appears to be sporadic in time and $pace. The radiogenic crustal 
component is shown to be mainly a component recycled by 
subduction. We assume that it corresponds to fluids derived from 
the subducting slab and associated subducted sediments. This 
crustal component appears to have changed with time. The varia- 
tions of Pb- and Sr-isotopic compositions are consistent with a 
two-stage model: 

( I  1 During the early stages of Coastal batholith emplace- 
ment (100 to 90 Ma), the crustal component was mainly derived 
from tectonic erosion of the Lower Cretaceous accretionary 
prism. The sediments in the accretionary prism were derived from 
the Brazilian Shield and had highly radiogenic Ph- and Sr- 
isotopic compositions similar to modern sediments of the Rarba- 
dos ridge. 

(2) After 84 Ma the crustal component was Pacific oceanic 
sediments (and a slab component) with Ph- and Sr-isotopic com- 
positions like those of modern Pacific sediments. 

These results suggest that participation of recycled oceanic 
sediments in Andean calc-alkaline magma genesis is the rule, 
although in many cases the evidence is obscured by interaction of 
mantle-derived magmas M ith continental crust. 
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