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Two-Billion-Year Granuliirs in tlie Late 
Metamorphic Basement Along the Sout/ieri oast 

Abstract. Uranium-lead data indicate that the higJi^p^^^itr^ granulitic and 
charnockitic nuclei within the medium-grade metamorphic complex of the Peruvian 
coastal area must he related to an erogenic event 2 x W yeats ago. As in western 
Africa and Brazil, this old granulitic basement is reworked by Late Precambrian 
orogeny. Its presence along the Peru-Chile Trench must be taken into account in 
interpreting the anomalously high strontium isotopic ratios of recent calc-alkaline 
volcanism. 

The Peruvian Andes between the Bra
zilian shield and the Peru-Chile Trench 
are a complex mountain system made up 
largely of rocks deformed by Pre
cambrian, Hercynian, and Andean orog
enies {/). Precambrian rocks exposed in 
the eastern Andean Cordillera and along 
the southern Peruvian coast (Fig. 1) (2) 
form part of a single Late Precambrian 
erogenic belt ( i -5) . They are character
ized by the same overall lithology and 
polyi "I'se deformation and by two meta-
morp events (6), the first of inter-
medi;: pressure and the second of low 
pressu e. From place to place, and espe
cially along the southern coast, these 
medij .1 to high-grade mobilized meta-
mor|rh;C rocks are associated with older 
^ t a i i i i l i ^ v : , u i i J cha:T.cc!::*es. 

The iiiedium- to high-grade metamor
phic Piecambrian terranes of the south
ern Peruvian coast are composed of a 
thick lower metasedimentary sequence, 
interbedded with basic gneisses, and an 
upper series of prasinitic schists. These 
rocks were strongly deformed during 
two periods of Precambrian isoclinal 
folding. 

The oldest and most important defor
mation is contemporaneous with the first 
prograde metamorphism. The second is 
associated with the general retrograde 
metamorphism, the regional cleavage, 
and the fold lineation transverse to the 
coast. Two later compressive events that 
produced chevron folds and kink bands 
end the Late Precambrian orogeny. The 
first prograde metamorphism seems to 
increase in grade toward the south. It 
is generally characterized by biotite-
staurolite, garnet-kyanite-sillimanite-
potassium feldspar relict associations of 
a medium-pressure type with cbrdierite 
in catazonal paragenesis. By comparison 
with ip ilar Precambrian rocks of the 
eastei ordillera (6), the metamorphic 
gradicf 1 s typically Barrovian. The sec

ond metamorphism, of a low-pressure 
type (chlorite-muscovite-epidote-cordi--
erite), corresponds to a general epizonal 
retrograde metamorphism. 

Important nuclei of various granulite-
facies rocks are exposed along the south-
em part of the Peruvian coast (Camana 
to Mollendo) within the younger Pre
cambrian rock sequence described 
above. Several rock types have been rec-

Fig. 1. Map showing the general location of 
Precambrian rocks in Peru; arrows indicate 
the source locations of samples from the 
southern coast that were studied. 

ognized: (i) a khondalite-kinzigitic se
quence (7, 8) (quartzites, khondalitcs, 
kinzigites, and AljSiOj-free granulites), 
(ii) various layered stromatic charnockit
ic paragneisses in which hypersthene 
and sillimanite coexist, (iii) enderbitic 
gneiss (9), (iv) two-pyroxene granulites 
and hornblende granulites, and (v) dolo-
mitic marbles. 

The mineral assemblages of these 
rocks show that the older granulite-
facies metamorphism belongs to the in
termediate high-pressure type of Green 
and Ringwood (10). Incipient retrograde 
postkinematic corona textures (associat
ed with the kyanite-sillimanite transition) 
suggest ( / / ) a slight uplift after the gran-
ulite metamorphism but before the Late 
Precambrian orogeny. This older cata
zonal complex was strongly afifected by 
the epizonal retrograde metamorpi n 
referred to above. 

One or two size fractions of zir > 
weighing from 0.3 to 5 mg each I ; 
been separated from specimens o( ; 
granulite-facies rocks. We analyzed : 
samples from 0.5 to 2 mg by digestic i 
a 2OO-/1I Teflon microbomb (/2) vyith 
followed by the isolation of uranium i 
lead by anion exchange in columns of 
AG1X8 resin ( / i ) . For the smaller (0.3 
mg) samples, we used a procedure simi
lar to the one reported (14) for grain-by-
grain zircon analysis; silica gel was add
ed for the lead analyses, and a portion of 
the spiked sample was deposited directly 
on a triple filament source for the urani
um analyses. 

The samples that we studied i iuvc 
quite low uranium and lead contents 
(Table I ) . The results of the analytical 
work are presented graphically (Figs. 2 
and 3) in concordia diagrams (^°*Pb/"'U 
versus ''°'PbP''U). The zircon data 
points define a colinear array, and the 
upper and lower intercepts with the con
cordia curve give, respectively, ages T , 
of 1910 ± 36 X 10" years and T , of 
720 ± 29 X 10" years. Decay constants 
used in the calculation were X^su 
= 0.15525 X 10-" year-' and Xjaŝ ^ = 
0.98485 X 10-" year-'(75). 

If a simple episodic lead loss model is 
used (16), the data agree with geologf ' 
field studies and petrological observa; 
if we relate the intermediate high-p 
sure granulite metamorphism to 7, 
orogenic event 2 x 10" years ago). 
Late Precambrian orogeny (the so-ca 
Pan-African or Brazilide event) wouli 
responsible for episodic lead loss. ^ 
ertheless, this interpretation is 
simple, especially since the lower inter
cept appears to indicate an age slightly 
too old. Other simple models of contin
uous lead loss (17, 18) have been used to 
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compute lead loss starting at 7"', (1.9 x 10" 
years « 7', « 2 x 10" years) and stopping 
at n (0.6 X 10" years ss 7^^0 .66 x lO" 
years). Good fits (Fig. 2) of the calcu
lated discordia curves with experimental 
points are obtained in these cases, but 
the best fits are obtained if multistage 
models are used (19) (Fig. 3) with the se
quence; (i) continuous lead loss from T\ 
to 7.2, (ii) episodic lead loss at T2, and (iii) 
a closed system from 7J to the present 
time. 

We thus prefer the latter inter
pretation, and we assign an age of about 
1.95 x 10" years to the granulite-facies 
metamorphism; from this time to about 
0.6 x 10" years the granulite-facies 
rocks remained in the deep zone of the 
continental crust and underwent a strong 
continuous lead loss. Uplift and retro-
metamorphism occurred during Late 
Precambrian orogenesis, producing a 
slight episodic lead loss. 

These results have three important im
plications: 

1) An orogenic event 1.9 x 10" to 
2.1 X 10" years ago that produced gran

ulite charnockite rocks, reworked as nu
clei in the Late Precambrian without evi
dence of an intermediate event 1 x 10" 
years ago, seems to be a widespread 
phenomenon in South America, as well 
as in west and central Africa. In west
ern Ahaggar (Algeria), for example, 
the granulite metamorphism of the 
In'Ouzzal formation, which is a base
ment unit occurring in the Pan-African 
orogenic belt, limited by large shear 
zones, has been dated at 2.05 x 10" 
years on the basis of old uranium decay 
constants (M, 20). Furthermore, data 
from zircons studied grain by grain and 
from whole-rock rubidium-strontium 
studies (21) have shown that these meta
sedimentary sequences derive from 
rocks that are 3.1 ± 0.1 x 10" years old. 
A similar sequence is known in Brazil , 
where, for example, the parameta-
morphic granulite of Parafba do Sul pro
duced 2 X10" years ago (22) was re
worked during the Late Precambrian 
orogeny (Serra dos Orgaos gneisses) 
(23). These granulite rocks from Brazil 
also seem to have been derived from ter

ranes 3.1 X 10" years old (Ma.it '^upjra. 
and Barbacena gneisses) (23). 

2) The uranium-lead results presented 
here also indicate a Late Precambrian 
event along the southern Peruvian coast; 
this conclusion is supported by geologi
cal relations in the area of Rio Majes 
(north of Mollendo), where weakly de
formed Devonian sediments uncon-
formably overlie the strongly folded Pre
cambrian metamorphic complex (24). 
Identical field relationships have been 
recognized at other places in the eastern 
Cordillera (3, 25). 

The Late Precambrian thermal event 
deduced from lead loss models (Figs. 2 
and 3) is also in agreement with the po
tassium-argon data of 642 ± 16 x 10" 
and 679 ± 12 x 10" years (5) obtained 
for the Arequipa granitoid and basic 
gneisses. Furthermore, a potassium-ar
gon age of 647 x 10" years has been re
ported (26) from orthogneiss xenoliths 
included in Tertiary volcanites from 
northwestern Bolivia; these ortho-
gneisses could possibly belong to a 
southeastern extension of the Arequipa 

Table 1. Uranium and lead contents of the granulitic and charnockitic nuclei. Common lead values used for blank correction: ̂ °"Pb/""Pb = 18,5; 
^»'Pb/^»^Pb = 15.5; 2""Pb/2«Pb = 38.0. Mean calculated errors: 0.9 percent for (^'"Pb/^'U); 1.1 percent for (^»'Pb/"»U). Samples: PB 159, ender-
bite; PB 167, charnockite; PB 174, charnockite paragneiss; PB 173, khondalite; ppm, parts per million. 

c Sample U Pb 206pi3/204p|, 207p(,/206pi, 206pi,/J38U 20Tpb/235U 
weight (g) (ppm) (ppm) (measured) (corrected) (corrected) (corrected) 

PB 159(200 mesh) 0.00207 449 140 3436 0.11213 0.2939 4.5413 
PB 167 (200 mesh) 0.00106 543 163 1478 0.11233 0.2925 4.5280 
PB 174 (200 mesh) 0.00213 232 159 4365 0.10466 0.2375 • 3.4187 
PB 174 (200 mesh) 0.00308 230 58 6768 0.10464 0.2386 3.4404 
PB 174 (100 mesh) 0.00100 257 64 1600 0.10372 0.2376 1 wa 
PB 173 (300m"^sh^ 273 55 I4U8 0.09401 0.1884 2.4463 

207pb/235u 

Fig. 2 (left). Concordia diagrams, "^PbP^'V versus ^^Pb/^^U. The line labeled 2 represents the best straight line obtained by a two-error 
egression treatment. The diffusion curve (labeled 1) is obtained by assuming a continuous lead loss (/7) from 1.95 x 10'to 0.6 x 10'years and a 

closed system from 0.6 x 10" years until now. Fig. 3 (right). Concordia diagram, 2i>«PbP«U versus ^"Pb/^'U. A multistage model is assumed 
ivith continuous lead loss between T', = 1.95 x 10" years and T'2 = 0.6 x 10" years, episodic lead loss at T'^, and a closed system between T'l 
and the present time. Variations in parameter/I (/9) permit determination of the relative importance of episodic and continuous lead losses. For 
0.001 « A « 0.01 (models 3 and 4) the episodic lead loss is negligible as compared to the continuous lead loss; the inverse is obtained for A = 1 
(model 6). For model 5, which shows a good fit to the data, / I = 0.1. 
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. c,.' 'X. Ri i ther to the south. nibicUuni-
stroiuium wholc-rock ages between 
600 ± 50 X 10" and 500 ± 35 x I(V' 
years have been reported (27) from the 
Pampean ranges of northwestern Argen
tina. They could also be related to the 
Late Pr r- mbrian orogeny, i f we consid
er that * ' ; numerous Hercynian gran
itoid ir iions in this area have pro
duced rmal effects that may have 
opened ; rubidium-strontium system 
of the 1 Precambrian rocks with quite 
h i g h ru um-strontium ratios (28). 

3) T l presence of the granulite-
charno*. .e complex 2 x 10'' years old 
along the Peru-Chile Trench must be tak
en into account in genetic models of An
dean volcanism. James et cil. (29) and 
Hamet et al. (30) have suggested crustal 
contamination as a possible explanation 
for the variation of *''Sr/''"Sr isotope ra
tios (0.7055 to 0.7080) in recent calc-al
kaline lavas (Arequipa and Barrosso 
units) erupted through the thick Peruvian 
continental crust; these data contrast 
with lower isotopic ratios (0.7030 to 
0.7042) generally found in similar rocks 
associated with subduction zones, where 
the crust is intermediate or oceanic. New 
strontium isotopic measurements have 
been carried out on rocks of the same 
units (31). Evaluation in terms of " m i x 
ing models" (31, 32) of all these stron
tium data support the assumption that 
the observed high strontium isotopic ra
tios are due to a crustal contamination. 

Note added in proof: While this report 
was in press, a paper by Cobbing et al. 
about similar Rb/Sr studies was published 
(33). 
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Cancer Mortality in U.S. Counties with Petroleum Industries 

Abstract. A survey of cancer mortality from 1950 to 1969 was conducted in U.S. 
counties where the petroleum industry is most heavily concentrated. Male residents 
of these counties experienced significantly higher rates for cancers of the lung, the 
nasal cavity and sinuses, and the skin (including malignant melanoma) compared to 
male residents of counties wilit similar dtrmugiuijliii. <.!iaic;cti.i U:lcs. Further study is 
needed to determine whether these patterns result from exposure to chemical carcin
ogens, including polycyclic hydrocarbons, involved in the manufacturing of petro
leum. 

Polycyclic aromatic hydrocarbons 
(PAH) are found in crude petroleum, in 
the high boiling residues of catalytically 
cracked oils, in other pyrolysis products, 
in sootg, and in air surrounding refining 
operations ( / ) . Although exposure to 
PAH in several occupational groups has 
induced cutaneous and pulmonary can
cers in man (/ , 2 ) , there has been no 
clear indication that petroleum refinery 
workers are exposed to excess risk (3). 
However, indirect evidence of a hazard 
was suggested recently by a national sur
vey of lung cancer mortality indicating 
that such mortality was higher among 
males in U.S. counties with petroleum 
manufacturing industries, and by a Los 
Angeles study correlating lung cancer 
rates in census tracts to airborne levels 
of PAH emitted, in part, from petroleum 
refineries (4). To evaluate this issue fur
ther, we compared the mortality rates 
from various cancers during 1950 to 1969 

in U.S. counties involved in petroleum 
manufacture wi th the rates in a group o f 
counties with similar demographic char
acteristics but no involvement in the in
dustry. 

A total of 604 U.S. counties had plants 
engaged in petroleum manufacture 
(standard industrial classification code 
29) according to the 1963 Census of Man
ufactures, although there were less than 
20 employees in over one-third of these 
counties (5). Selected for study were 39 
petroleum-industry counties (PIC) where 
at least 100 persons were employed and 
where the estimated number of workers 
divided by the county population ex
ceeded 0.01. The fraction employed 
reached 0.07 in one PIC but was usually 
under 0.02. It was 0.017 for the 39 PIC 
combined, involving about 50,000 petro
leum workers. The number employed by 
sex was not available per county, but na
tional statistics show a predominance of 
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