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Origin of Lead in Andean Calc-Alkaline Lavas, Southern Peru 

Abstract. Lead isotope data from Quaternary andesitic lavas of the Arequipa and 
Barroso groups of southern Peru andfrom regional Precambrian granulitic gneisses 
reveal a lead component in the lavas from the gneisses. The lava leads can be ac- 
counted for by two-component mixtures of lead from mantle and lower crustal 
sources, although the mixing process need not have occurred in the lower crust. 
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The origin of andesitic lavas is a prob- 
lem of fundamental importance in earth 
science because various models of the 
earth's continental crust (1) lead to bulk 
chemical compositions that approximate 
that of andesite. Thus the problem is 
probably closely related to the origin of 
the continents. The widespread occur- 
rence of andesitic rocks in belts along 
continental margins (for example, in the 
Andes and Cascade Mountains) is in ac- 
cord with this concept. 

Although numerous theories for ande- 
site petrogenesis can be found in the lit- 
erature, the theories are now based on 
some form of plate tectonic mechanisms 
in which partial melting occurs at depth 
as one plate is subducted beneath a sec- 
ond one. Both plates may be of oceanic 
affinity (for example, Mariana arc), or 
one may be of continental affinity (for ex- 
ample, the Andes). The main questions 
are the nature of the source material and 
the extent of possible contamination as 
the lavas rise to the surface. 

In principle, isotope tracer studies 
with Sr, Pb, and Nd, which are produced 
by the decay of Rb, U and Th, and Sm, 
respectively, may provide answers or 
place limitations on possible answers to 
these questions. Some of the more defin- 
itive studies have been done in oceanic 
settings where the possible complica- 
tions introduced by rocks of the thick 
continental crust are removed. In the 
Mariana (2, 3) and Tonga-Kermadec (4) 
island arcs, isotope tracer studies have 
shown that andesitic lavas are generated 
by partial melting of mantle or mantle- 
derived materials. One cannot, however, 
generalize the Tonga-Mariana studies to 
all oceanic rocks because there is strong 
evidence for subduction of sediments in 
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the Banda arc (5) and possibly in other 
localities such as parts of the Aleutian 
arc (6). 

Less definitive information is available 
for andesitic lavas from continental mar- 
gins, although several investigations in- 
dicate that it may be possible to sort out 
the complexities of the interaction of 
continental and oceanic lithospheric 
slabs in those environments. The most 
detailed data are available for the Andes 
Mountains, the topic of these discus- 

the Banda arc (5) and possibly in other 
localities such as parts of the Aleutian 
arc (6). 

Less definitive information is available 
for andesitic lavas from continental mar- 
gins, although several investigations in- 
dicate that it may be possible to sort out 
the complexities of the interaction of 
continental and oceanic lithospheric 
slabs in those environments. The most 
detailed data are available for the Andes 
Mountains, the topic of these discus- 

sions. One of the first and most com- 
prehensive geochemical studies of An- 
dean volcanic rocks was initiated by 
James et al. (7), who studied two groups 
of andesitic rocks in the vicinity of Are- 
quipa, Peru: the Arequipa and Barroso 
volcanics, of Quaternary age. On the 
basis of data for trace elements and Sr 
isotope relationships, James et al. (7) 
concluded that the late Cenozoic ande- 
sitic-dacitic lavas of southern Peru are 
derived from partial melting in the conti- 
nental lithosphere that underlies the 
crust. This model was favored even 
though the high 87Sr/86Sr ratios (0.706 to 
0.708) in the lavas are typical of conti- 
nental crust (as opposed to mantlerocks 
where the range is generally 0.7025 to 
0.7045) because in a Rb/Sr isochron dia- 
gram the Arequipa and Barroso volcanic 
data defined "pseudo-isochrons" corre- 
sponding to apparent ages of 400 x 106 
years. These regularities were consid- 
ered unlikely to result from con- 
tamination of mantle-derived lavas with 
various crustal materials. Instead, dis- 
equilibrium partial melting in mantle- 
rocks was favored (8). Later investiga- 
tions that added O isotopic data (5) 
showed that the Arequipa and Barroso 
volcanics require at least a small crustal 
component to account for their 180/160 

ratios. This component was attributed to 
subducted graywacke sediments, which 
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Table 1. Isotopic composition and concentration data for Andean igneous rocks; ppm, parts per 
million. 

Sample 206Pb/ 207Pb/ 208pb/ Pb U Th Th/U (by 
No. 204pb 204pb 204Pb (ppm) (ppm) (ppm) weight) 

Arequipa volcanics 
PE 24 17.794 15.623 38.784 12.47 0.87 5.27 6.06 
PE 26 18.019 15.626 38.737 12.20 
PE47 17.845 15.612 38.724 11.35 
PE 49 17.844 15.610 38.643 16.40 0.77 5.07 6.58 
PE 82 17.984 15.592 38.603 13.38 0.66 3.16 4.79 
PE 83 17.948 15.603 38.657 16.17 

Barroso volcanics 
PE 129 18.277 15.597 38.527 22.11 3.77 12.84 3.41 
PE 130 18.291 15.589 38.471 10.66 
PE 131 18.246 15.584 38.467 15.67 3.84 12.79 3.33 
PE 144 18.157 15.581 38.540 15.90 2.86 11.30 3.95 
PE 145 18.166 15.588 38.708 16.46 1.63 8.81 5.41 

Charcani gneiss 
PE 37 16.940 15.552 38.950 10.70 0.213 23.23 109.1 
PE 111 17.029 15.587 38.973 26.15 0.346 18.50 53.5 
BAR 37 16.997 15.561 38.951 7.53 0.281 3.60 12.8 
BAR 39 17.046 15.540 39.392 10.32 1.483 20.69 13.9 
BAR 40 16.950 15.552 39.333 18.28 
BAR 43 17.088 15.548 39.610 6.35 0.834 15.0 18.0 
BAR 44 16.792 15.556 37.987 17.97 0.164 8.4 51.0 
BAR 45 16.847 15.544 38.592 10.67 0.254 
BAR 46 16.929 15.586 38.689 

Mollendo granulites 
PE 18 16.110 15.463 40.455 12.26 0.164 5.62 34.3 
PE 19 16.008 15.435 40.196 11.31 0.132 17.42 132.0 
BAR 64 16.091 15.477 41.015 5.75 0.212 
BAR 68 16.496 15.531 38.789 16.20 0.281 1.49 5.3 
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could account for the O data without sig- 
nificantly affecting the 87Sr/86Sr ratios, 
which were still attributed mainly to der- 
ivation from the lithosphere (5). Other 
investigators, however, believe that the 
high 87Sr/86Sr ratios in andesitic lavas of 
southern Peru and northern Chile result 
from contamination of mantle-derived 
melts with Sr from crustal sources (8- 
10). 

The 143Nd/144Nd ratios from two lavas 
of El Misti Volcano, a member of the 
Arequipa volcanics, are too low to be ac- 
counted for by mantle sources or sedi- 
ments or volcanic rocks of subducted 
oceanic crust (3). A Nd component from 
the continental crust seems required. 

Here we address the contamination 
problem through Pb isotope relation- 
ships. The U, Th, and Pb data for the la- 
vas and some of the regional Pre- 
cambrian crustal rocks are given in Table 
1. All volcanic rocks are from the Are- 
quipa and Barroso suites of James et al. 
and have the same sample numbers (7). 
The Precambrian gneisses are partly 
from the collection of James et al. (PE) 
and partly from samples collected for 
this study (BAR). Ages of 2000 x 106 

years have been reported for the 
gneisses at Mollendo (11), along the Pa- 
cific Coast, 80 km southeast of Arequipa. 
The gneisses at Arequipa may be in part 
coeval, but James (12) has measured an 
age of 1000 x 106 years on one zircon 
sample from Charcani gneiss. No specif- 
ic age information is available for any of 
the gneisses in Table 1. 

The Pb isotope data, plotted in isotope 
correlation diagrams in Fig. 1, show that 
Pb in the volcanic lavas cannot be gener- 
ated simply by partial melting of volcanic 
rocks of the subducted oceanic slab 
(ORL), by subducted pelagic sediments 
(S), or by mixtures of the two. We be- 
lieve that production of the lavas is initi- 
ated in the mantle, and that the lavas 
therefore contain a Pb component that 
originated in the mantle. This seems re- 
quired because calc-alkaline andesitic 
rocks occur in oceanic settings where 
crustal materials have not participated in 
producing the Pb of the lavas (2-4). In 
the present case, the Pb in the mantle 
component might be given by the ores 
and rocks from the Disputada mine area 
in central Chile, east of Santiago (D in 
Fig. 1), where the 87Sr/86Sr ratios in the 
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Fig. 1. Lead isotope correlation diagram. Abbreviations: A, Arequipa volcanics; B, Barroso 
volcanics; M, granulites at Mollendo; CG, Charcani gneiss at Arequipa; D, Disputada mine 
district, central Chile (16); ORL, regression line for oceanic volcanic rocks; and S, pelagic 
sediments from the Pacific Ocean. 
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rocks are uniformly 0.704 (13), the value 
generally observed in oceanic settings. 
We will therefore assume that the Dis- 
putada Pb ratios adequately represent 
the mantle component. 

Figure 1 shows that the Pb isotope ra- 
tios for the gneisses of the basement 
complex at Mollendo and Arequipa ap- 
proximately define isotope correlation 
trends that include the young volcanic 
Pb, and that pass through the fields of the 
Disputada Pb. The gneisses could there- 
fore be the source of the crustal Pb com- 
ponent. There are two ways of obtaining 
the low 206Pb/204Pb ratios of the lavas: se- 
lective contamination from potassium 
feldspars of upper crustal rocks of the 
Precambrian basement complex or from 
lower crustal granulitic rocks. Potassium 
feldspars have high Pb contents and es- 
sentially no U or Th, causing 206Pb/204Pb 
and 208Pb/204Pb ratios to be "frozen in" 
at the time of crystallization. In this case 
the 208Pb/204Pb ratio as well as the 206Pb/ 
204Pb ratio should be lower than the com- 
parable ratio in the Disputada Pb, the in- 
dex of mantle Pb, which is contrary to 
observation. Granulites require high- 
pressure conditions of metamorphism 
and are generally considered to form in 
the lower crust. Direct measurements 
(14) as well as Pb isotope ratios in Pre- 
cambrian granulites (15) show that U is 
excluded more strongly than Pb from 
such rocks, but that Th does not tend to 
be depleted with respect to Pb. These 
observations are in accord with the iso- 
topic data from the lavas. Tilton inferred 
a granulite contamination mechanism in 
a report based solely on isotope data 
from the lavas (16). The high 87Sr/86Sr ra- 
tios can also be accounted for by either 
of the models cited above, since the 
gneisses in Table 1 have high 87Sr/86Sr 
values (7), although the 400 x 106 year 
"pseudo-isochron" is not explained in 
any obvious way. 

The U and Th concentration data in 
Table 1 provide further support for the 
granulite contamination model. Whereas 
Th/U ratios in igneous rocks are general- 
ly between 3.5 and 3.8, the distinctly 
higher ratios in the granulite at Mollendo 
and the Charcani gneiss at Arequipa 
(Table 1) are mirrored in the Arequipa 
and Barroso volcanics. The Th/U data 
also suggest that the Arequipa volcanics 
contain a larger granulite component 
than the Barroso volcanics, in agreement 
with the Pb and Sr isotope data. 

Since in southern Peru the crust is 
nearly twice as thick as in most continen- 
tal areas (17), the question arises of how 
much crustal thickness influences the 
geochemical data. Several investigators 
have noted that many Sr isotope data for 
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Quaternary Andean lavas are compatible 
with an increase in crustal Sr with in- 
creasing crustal thickness (8, 9). Andean 
Pb data are much less extensive, and 
adequate comparisons between the two 
decay systems are thus not possible. In 
principle, data for lavas from southern 
Peru of varying ages might resolve the 
problem. The Arequipa and Barroso la- 
vas have been extruded recently when 
the crust had attained its present thick- 
ness of 60 to 70 km in the Arequipa dis- 
trict (17). On the other hand, for calc-al- 
kaline lavas of the Toquepala Group, 
near the Toquepala mine, 300 km south- 
east of Arequipa, James reports a Rb-Sr 
age of 70 x 106 years and an initial 87Sr/ 
86Sr ratio of 0.7042 (18). This ratio is 
much lower than those for the Arequipa 
and Barroso lavas and is in general 
agreement with ratios for similar lavas 
from oceanic settings. Since thickening 
of the Andean crust has probably oc- 
curred during the Cenozoic era (17), the 
crust should have been much thinner, 
perhaps of normal thickness at the time 
the Toquepala lavas were extruded. Two 
Pb isotope analyses from the Toquepala 
ore (19) show a general similarity to the 
Disputada mine Pb rather than the Are- 
quipa and Barroso volcanic Pb. The min- 
eralization at the mine has not been 
dated directly, but porphyry intrusives 
associated with the ore have yielded K- 
Ar ages of 57 x 106 years (20). These 
data suggest that crustal thickness has 
exerted a strong control on the isotopic 
ratios; however, broader sampling is 
needed to ascertain whether the lack of 
an imprint of granulite or other crustal 
rocks is due to a local peculiarity of the 
Toquepala data rather than to crustal 
thickness. 

The petrogenetic arguments presented 
here are derived mainly from Pb isotopic 
data and in a narrow sense apply solely 
to that element. In fact, if one uses the 
concentration data in Table 1 and rea- 
sonable values of mantle-derived mag- 
mas to calculate lava compositions on 
the basis of simple bulk assimilation, it is 
difficult to account for the major element 
chemistry of the rocks. James (21) has 
reviewed this problem in detail for major 
and trace element data of the Barroso 
and Arequipa lavas. We believe that the 
granulite component in the lavas reflects 
selective contamination with Pb, Sr, and 
probably other trace elements as well. 
Carter et al. (22) reached a similar con- 
clusion from Sr and Nd isotopic studies 
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Scotland and the basement rocks of the 
associated Precambrian continental 
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Although our data give clear indication 
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of the presence of a granulitic Pb com- 
ponent in the young lavas, the observa- 
tions do not in themselves indicate the 
environment in which the mixing oc- 
curred. In view of the gross tectonic dis- 
section of the Andes in the study area, 
the mixing could have happened at high- 
er levels in the crust than are required to 
produce granulite. The Pb must, how- 
ever, have been derived from rocks that 
were once in the lower crust. 

GEORGE R. TILTON 

Department of Terrestrial Magnetism, 
Carnegie Institution of Washington, 
Washington, D.C. 20015, and 
Department of Geological Sciences, 
University of California, 
Santa Barbara 93106 

BARBARA A. BARREIRO 
Department of Geological Sciences, 
University of California, Santa Barbara 

References and Notes 

1. S. R. Taylor, Geochim. Cosmochim. Acta 28, 
1273 (1964); L. A. Haskin and F. A. Frey, Sci- 
ence 152, 299 (1966); A. Poldervaart, Geol. Soc. 
Am. Spec. Pap. 62 (1955), p. 119. 

2. A. Meijer, Geol. Soc. Am. Bull. 87, 1358 (1976). 
3. D. J. DePaolo and G. J. Wasserburg, Geophys. 

Res. Lett. 4, 465 (1977). 
4. A. K. Sinha and S. R. Hart, Carnegie Inst. 

Washington Yearb. 71, 309 )1972). 
5. M. Margaritz, D. J. Whitford, D. E. James, 

Earth Planet. Sci. Lett. 40, 220 (1978). 
6. R. W. Kay, S.-S. Sun, C. N. Lee-Hu, Geochim. 

Cosmochim. Acta 42, 263 (1978). 
7. D. E. James, C. Brooks, A. Cuyubamba, Geol. 

Soc. Am. Bull. 87, 592 (1976). 

of the presence of a granulitic Pb com- 
ponent in the young lavas, the observa- 
tions do not in themselves indicate the 
environment in which the mixing oc- 
curred. In view of the gross tectonic dis- 
section of the Andes in the study area, 
the mixing could have happened at high- 
er levels in the crust than are required to 
produce granulite. The Pb must, how- 
ever, have been derived from rocks that 
were once in the lower crust. 
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endorphin immunoreactivities. Whereas 
/3-endorphin is a known opioid with well- 
characterized receptors and numerous 
potent behavioral effects (I), a-MSH 
[N-acetyl-ACTH(1-13)-amide], which 
contains the behaviorally active se- 
quence ACTH(4-10) (2), is less well 
characterized as a peptide with a unique 
central nervous system function. 

The arcuate /-endorphin-containing 
neurons appear to synthesize active pep- 
tides from a common precursor, pro- 
opiocortin. This glycoprotein, character- 
ized primarily in the pituitary by Mains 
et al. (3) and Roberts and Herbert (4), 
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contains the full structure of /-lipotropin 
(/-LPH), /3-endorphin, and ACTTH(1- 
39), as well as a 16,000-dalton peptide 
of unknown function. The structure of 
pro-opiocortin in bovine pituitary has 
been obtained by complementary DNA 
(cDNA) sequencing (5). Within the 
brain, immunohistochemical studies 
with light microscopy (6) and electron 
microscopy (7) have demonstrated that 
all of the components of pro-opiocortin 
are found within the same neuron. The 
final products in the brain show a pre- 
ponderance of /3-endorphin over its pre- 
cursor, /-LPH, and of a-MSH over its 
precursor, ACTH (8). Furthermore, the 
immunohistochemical and biochemical 
studies show that these peptides are 
packaged in a fashion consistent with 
their ability to be released (6, 7, 9). Stud- 
ies in human subjects have demonstrated 
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Evidence for Homologous Actions of Pro-Opiocortin Products 

Abstract. ca-Melanocyte-stimulating hormone (a-MSH), a modified fragment of 
adrenocorticotropic hormone, derives from the same biosynthetic route as f3-endor- 
phin and is stored by the same arcuate neurons. Microinjection of a-melanocyte- 
stimulating hormone and several related peptides into the periaqueductal gray mat- 
ter significantly reduced responsiveness to pain and had a behavioral profile similar 
to that produced by f/-endorphin. 
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