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envisage a mechanism by which the zone of melting may move up along the
subduction zone whilst at the same time there is a continual influx of cold
oceanic crust into the system from above, maintaining the depression of the
isotherms.

The localisation of the zone of melting by a deep reaching lineament,
coupled with an easterly migrating subduction zone, may, in theory, produce
melting along the subduction zone at successively higher levels. However,
apart from the physical constraints on the inducement of melting at depths
of less than 80-100 km. outlined above, there is, in Peru, no evidence to
suggest that the Benioff zone did migrate eastwards in Cretaceous times.
Had this been the case, one would expect it to have been reflected by a
similar migration in the metallogenic belts of the Peruvian Andes (cf.
Sillitoe, 1974), as is, in fact, observed in northern Chile, where foci of
both mineralization and magmatism show an eastward migration in the Mesozoic
(Clark et al., 1976). No similar migration is known for the post-Palaeozoic
metallogeny of Peru. Furthermore, the mineralization associated with the
batholith would show a trend from those metals associated with deep Benioff
zones to those of shallow Benioff zones with time, whilst in reality the
batholith shows the reverse (Hudson, 1974). Thus, in Peru, the evidence
suggests that the Cretaceous Benioff zone did not, in fact, migrate east-
wards but remained in one place. The generation of the magmas of the
Coastal Batholith cannot, therefore, be explained by melting at successively
higher levels along an easterly migrating subduction zone.

Brown (1977) points out that the same basic to acid sequence of
intrusives in the Lima segment could also be produced from mantle magmas
_by the magmatic assimilation of crustal material from successively higher
levels. A gradual raising of crustal temperatures with time, brought about

by the heat transfer of successive batches of magma arriving from depth,
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would not only aid the ascent of magmas through the crust by raising the
geothermal gradient, but would also facillitate the assimilation of crustal
material (Brown, 1977). This model is in keeping with the observed trends
in Sr initial ratios for Peruvian igneous rocks (Brown, 1977). It must be
remembered, however, that the overall basic to acid sequence of the Arequipa
segment is interupted by the emplacement of the Linga super-unit and, hence,
the true picture is unlikely to be so simple.

The intermittent nature of sea floor spreading and, hence, subduction
of oceanic crust (Charrier, 1973) suggest that the arrival of undepleted
oceanic crust at depth and, thus, the generation of calk-alkaline magmas
in the vicinity of the Benioff zone, is likely to be episodic. The timing
of the melting of discrete magma batches (the super-units of the batholith)
is likely to be related to periods of rapid subduction, when the phase
changes responsible for the initiation of melting would presumably occur
over proportionately larger areas of subducted oceanic crust. Melts produced
at depths of 100-150 km. by the melting of quartz eclogite, react with
overlying mantle to produce calk-alkaline magmas and refractory mantle
residue (Ringwood, 1974). As a result, undepleted mantle suitable for the
production of calk-alkaline magma batches is found at successively greater
depths so that calk-alkaline magmas are likely to be produced at successiv-
ely deeper levels with time. Similarly, the production of a second phase
of tholeiitic magmatism is precluded by the presence, above the amphibolite-
quartz eclogite transition zone, of the refractory residue of the first
tholeiitic magmas. Fractionation of the younger calk-alkaline magmas during
ascent would, as a result .of their deeper origins, take place over a greater
‘vertical distance and, hence, for a greater period of time, producing the

highly fractionated acidic members of the batholith. In this way, the
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overall basic to acid sequence of the Lima segment may, in fact, reflect
melting at successively deeper rather tﬂan higher levels.

The problem of the origin of the Linga K-rich magma and its place
in the overall basic to acid sequence, however, remains to be solved. A
mantle origin for the magma is preferred (see Ch. V) on the grounds of
the magma's affinity to the calk-alkaline suite and relation to mineral-
ization. A detailed geochemical study of similar monzonitic rocks from
the cordilleran batholiths of southern and eastern California, suggests
that they were derived by the partial melting of eclogite, produced by

the subduction of oceanic crust (Miller, 1977). Eclogite may be produced

in subduction zones by the partial melting of quartz eclogite during the
geneéis of the calk-alkaline magmas (Ringwood, 1974), and so it may be
that the K-rich Linga magma was produced at still greater depths.
Ninkovich & Hays (1973) suggest that volatiles released from eclogite at
depths of 150-300 km. would scavenge potassium and sodium as well as other
cations from the overlying mantle wedge, which is likely to ascend
diapirically due to its reduced viscosity, before partial melting begins
at higher levels to produce a K-rich calk-alkaline magma. This model, like
that of Miller (1977), offers an exaplantion for the positive correlation
between the K-content of calk-alkaline magmas and depth to the underlying
Benioff zome (Hatherton & Dickenson, 1969). Furthermore, the timing of
the genesis of the K-rich magma in both models is independent of other
- magmas of the segment, as the Linga magma could conceivably be generated
at any time after the first calk-alkaline melt, (the Incahuasi) and may
precede the melting of subsequent calk-alkaline magmas (e.g. the Tiabaya).

It is possible to develop, therefore, a four stage model for the
generation of the magmas of the Arequipa segment of the Coastal Batholith

(Fig. 6.4). The first event was the melting and subsequent emplacement of
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the gabbros in the manner described by Ringwood (1974)(Fig. 6.4a). This
process probably occurred at a depth of 80-100 km. for the whole length |
of the Benioff zone, producing a fundamental lineamental control on the
location of the gabbros. The ascent of these gabbros, vertically through
the crust, would, by way of the heat carried to higher levels, réduce the
cooling rates of later batches of magma and hence create an elongate magma
"funnel” or lineamental control on the passage of magmas upwards through
the crust (Fig. 6.4).

The melting of the first calk-alkaline magma, the Incahuasi super-
unit, took place upon the arrival of quartz eclogite at depths of 100-150
km., and its.subsequent partial melting (Fig. 6.4b). The refractory mantle
resi&ue lying above the upper parts of the Benioff zone, preclude the
melting of new tholeiitic magmas..

The carrying of the ecolgite produced in stage two of the model
(above) to depths in excess of 150 km. where either partial melting or
dehydration and resultant scavenging of the mantle wedge produces the K-
rich Linga magma is the third stage of the model (Fig. 6.4c). New calk-
alkaline magmas cannot be produced until more quartz eclogite reaches
depths of 100-150 km., where, at greater depths than that of the melting
of the Incahuasi magma, the Tiabaya magma may be produced (Fig. 6.4d).

The same model might also explain the basic to acid sequence of
intrusives in the Lima segment, with the more acid magmas produced by
melting at greater depths. The lack of a high-K magma, such as that of
the Linga super-unit, in the northern segment, as well as the contrast
in magmas between the twoAsegments, may be explained by a variation in
the dip of the subduction zone such as exists today (Stauder, 1975;

Cobbing, Pitcher & Taylor, 1977). The shallow dip of the subduction zone
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Figure 6.4. 4-stage model for magma genesis in the
a Arequipa segment of the Coastal Batholith.
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of northern Peru would infer a thinner mantle wedge, if, indeed, one
existed at all (cf. Barazangi & Isacks, 1976) and would, therefore, have
had a profound effect on the nature of the magmas produced. Furthermore,

a shallow dipping Benioff zone is not likely to carry oceanic crust to
depths much in excess of 150 km. (Barazangi & Isacks, 1976), thus precluding
the generation of high-K magmas such as that of the Linga super-unit.

It should be noted, however, that the magmatic lineament produced by
melting along a steeply dipping Benioff zone, should be nearer to the trench
than that of a shallow dipping one. 1t is interesting to note that the
mean distance of the axis of the Arequipa segment of the batholith from the
axis of the present trench is only about 175 km. compared to 250 km. for
the Lima segment (Fig. 6.5), suggesting perhaps that this variation in dip
of the Benioff zone did, in fact, exist as far back as Cretaceous times.

With respect to the observed metallogenic belts, many disappear north
of the Pisco-Abancay deflexion zome (Sillitoe, 1974), particularly those
associated with melting at deeper levels along the subduction zone (see
also Sillitoe, 1972 and 1976a), once again reflecting the shallower dip
north of the deflexion zone. The reduction in the intemsity of metallogeny,
associated with relatively shallow melting (e.g. Fe and Cu, Sillitoe, 1972),
in the Lima segment of the batholith, can also be accounted for by a shallow
dip for the northern subduction zone.

The remarkable plutonic lineament along which the magmas of the
batholith were emplaced comsistently over a period of 70 m.y. (Pitcher,
1975, led Pitcher (1978) to propose the fundamental deep-reaching linea-
ment as a control of both magma generation and ascent. However, as noted
above, there is a basic depth control on the generation of the gabbroic
magmas (Ringwood, 1974) and this alone would produce an elongate gabbroic

batholith. The rise of the gabbros through the crust would prepare the way
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Figure 6.5. The segmented nature of the batholith as shown by

the distance of its axis from the trench.
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for later magmas by raising the geothermal gradient in the crust and thus
reducing the heat loss and crystallization rate of the younger magmas as .
they ascend. Thus, the plutonic lineament need not be the result of the
influence of a pre-existing structural lineament, but may simply be the
effect of magma generation in a narrow zone at depth, with the rise of

magmas up through the crust following the route prepared by the gabbros

(Fig. 6.6).
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PETROGRAPHIC MODAL ANALYSES OF THE LINGA SUPER-UNIT.
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THE HUMAY MONZOGABBRO (H1).

SPECIMEN No. L9346
PLAGIOCLASE. 60.4%
QUARTZ. 5.9%
K-FELDSPAR. 10.1%
HORNBLENDE . 18.9%
PYROXENE . trace

BIOTITE & CHLORITE. -
ORES . trace

ACCESSCORY MINERALS. 4.7%

49339
53.8%

5.5%
13.0%
23.8%

trace

trace

3.9%

hokol

. 62.8%

3.2%
6.0%
17.4%
6.5%

trace

h,1%

51850

59.8%
2.8%

8.5%
18.6%

5.6%

trace

l}oﬂ

k9393
63.1%
6.7%
6.7%
20.2%

trace.

THE HUMAY MONZODIORITE (H2) (Main body).

k9354
54 .8%

3.3%

5.0%
28.0%
trace
trace

trace

8.9%

49356
61.0%
7.0%
3.4%
13.6%
7.3%
6.2%

trace

1.7%

L9362
48 .4%

3.0%
26.0%
19.2%
trace
trace

trace

3.2%

51882
59.4%

trace
13.8%
23.4%

trace.

trace

2.7%
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THE HUMAY MONZODIORITE (H2) (Sill).

SPECIMEN No.
PLAGIOCLASE.
QUARTZ.

K~-FELDSPAR.
HORNBLENIE .
PYROXENE.

BIOTITE & CHLORITE.
ORES.

ACCESSORY MINERALS.

k9357
67.9%
trace

9.5%
16.0%

trace

trace

6.3%'

49366
56.5%
0.8%
3.9%
24 .0%
6.1%

trace

8.7%

49390
53.9%
5.9%
11.6%
22.1%
2.3%

trace

4.8%

51653
68.5%

1.2%
11.7%
13.8%

trace

trace

L.8%

51654
53.9%
trace

1.2%

33.0%

trace

11.4%

51656
51.4%

2.1%
15.2%
14.0%
11.1%

trace

6.3%

51878
57.9%

5.7%
18.9%
13.4%

trace

k.o%

51878
59.4%

6.3%
17.5%
12.2%

trace

L.5%
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THE BUMAY QUARTZ MONZODIORITE (H3).

SPECIHEN No.
PLAGIOCLASE .
QUARTZ.

K-FELDSPAR.
HORNBLENIE .
PYROXENE.

BIOTITE & CHLORITE.
ORES.

ACCESSORY MINERALS.

51881
61.5%
5.4%
9.2%
16.9%
2.2%

trace

h.?%

49360

. h8.2%

11.4%
17.8%
14,7%
trace
b.s5%
3.1%

trace

49370
59.2%
12.7%
11.7%
9.0%
trace
L.2%
2.9%

trace

49387
58.2%
12.8%
13.4%
11.5%

1.1%
trace

trace

3.0%

49388
61.2%
L.2%
6.9%
23.7%

trace
2.9%
1.1%

49389
63.4%
3.5%
6.3%
23.1%

trace

trace

3.7%

51880
Sk .2%
11.0%
13.7%
17.2%

L.2%

2.6%

trace,
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THE HUMAY MONZONITE (H4).

SPECIMEN No.

PLAGIOCLASE.

QUARTZ.

K-FELDSPAR
HORNBLENIE .
PYROXENE ,

BIOTITE & CHLORITE.
ORES.

ACCESSORY MINERALS.

51859
43.4%
11.3%

22.1%
19.0%

2.4%
1.7%

51849

48.9%
9.7%

| 18.5%

19.3%

trace

3.3%

trace

51851
47.0%

9.3%
18.6%

21.3%
1.2%

1.9%
0.7%

51858
45.9%
13.8%
20.2%
18.5%

trace
0.9%

trace

51870
39.6%
13.5%
30.7%
12.7%

trace

2.2%
1.3%

49338
47 .8%

12.1%

- 18.5%

17.3%
trace

trace

2.2%

2.1%

51844
Lb.7%
13.0%
22.9%
15.3%

trace
2.1%

2.1%
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THE HUMAY MONZONITE DYKES (HS).

SPECIMEN No.
PLAGIOCLASE
QUARTZ.

K-FELDSPAR.
HORNBLENIDE .
PYROXENE.

BIOTTTE & CHLORITE.
ORES.

ACCESSORY MINERALS.

51843
38.2%
14.9%
29.2%
14.1%

1.2%.

2.3%
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THE AUQUISH MONZONITE (Al).

SPECIMEN No.
PLAGIOCLASE.
QUARTZ.

K-FELDSPAR.
HORNBLENDE .
PYROXENE.

BIOIITE & CHLORITE.
ORES.

ACCESSORY MINERALS.

49391

53.4%

15.2%
15.0%
10.3%

3.4%
2.7%

trace

k9392
57.8%

9.3%
11.5%
13.1%

L.5%
2.6%
1.0%

holih3
51.8%
16.2%
16.9%
11.4%

trace
3.4%

trace

Lolhd
43.7%
12.3%
14.2%
23.h%

0.7%
3.3%
2.4%

Loks53
‘*7 . 6%

- 15.9%

18.0%
14.6%

1.5%
2.4%

trace

Lolish
51.6%
13.5%
14.7%
15.8%

trace

k.0%

trace

51812
43.3%
15.9%
16.7%
20.1%

2.3%
1.5%

trace
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SPECIMEN No.

~ PLAGIOCLASE.

QUARTZ.

K-FELDSPAR.
HORNBLENDE .
PYROXENE .

BIOTITE & CHLORITE.
ORES .

ACCESSORY MINERALS.

THE AUQUISH PORPHYRITIC

MONZONITE (A2).

51872
29.2%
26.4%
31.1%
9.4%
0.5%
1.9%
1.5%

THE AUQUISH MONZOGRANITE

hglihs
22.2%
29.0%
Lo 4%
0.7%
5.0%
1.9%
0.8%

(A3)

Lolss
18.8%
32.2%

- bh6.0%

trace

1.6%
1.4%

trace

51729
10.2%
35.3%
50.4%
trace

0.8%
2.0%
1.“

RINCONADA MONZOGRANITE.

51856
20.6%
33.7%
34.2%

L.o%

7.4%
trace

trace
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MICROTHERMOMETRIC ANALYSES OF FLUID INCLUSIONS OF THE

LINGA SUPER-UNIT.
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T - Fluid inclusion type.

D -~ No. of daughter minerals.

Ho - Homogenization temperature.

V - Temperature at which vapour disappears.
L - Temperature at which liquid disappears.
Ha - Halite dissolution temperature.

Sy - Sylvite dissolution temperature.

F - Freezing temperature.

dc -~ Decrepitation temperature.

ALL TEMPERATURES GIVEN ARE IN DEGREES CENTIGRADE.
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[ T

HOoH = H A

III
I1I
II1
III
II1
III

~ O O O O W\w O O O O 0o o v

[

Ho
535 +
535 +
535 +
535 +
535 +
530 +

277.1 dc
126.6
369.4
490.9
S549.6
210.6

221.0

182.2
126.6
369.4
490.9
549.6
192.1
180.6

935 +
535 +
535 +
535 +
535 +
535 +

210.6

221.0

Sy
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L]

-

II

II
III
II1
III
III
II1
111
II1

=]

© O O © 0O O O & &£F£ O © O ©O O ©°

Ho
550 +
550 +
550 +
250 +
560 +
560 +2
560 +
560 +
150.9
154.5
163.6
182.5
192.3
266.6
k57.9

560 +
150.9
154.5
163.6
182.5
192.3
166.6
457.9

550 +
550 +
550 +
550 +
560 +
560 +

Ha

560 +
560 +

Sy

560 +
195.5
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II

II

II

III
II1
II1
I11
II1
III
III

III

~ ¥ O O O O O O WwWw W W O o

Ho

L87.2
518.9
550 +
510 +
510.0
145.0
188.9
192.1
206.9
2k9.0
271.2
168.9
182.6

de

309.6
346.9
248.1
145.0
188.9
192.1
206.9
249.0
271.2
168.9
182.6

487.2
518.9

Ha

550 +
417.8

510 +

Sy

264
323.7
238‘3

-17 .0

-13.7



257

II

II1
III
III
III
I1I
III
III
III
111
III

=

SR

= O O O O O o O

Ho

506.7
550.0 de
101.2
108.4
147.4
149.7
151.5
179.4
217.3
343.1
550 +
440 de

317.5
101.2
108.4
1474

149.7 -

151.5
127.7
197.4
175.1
238.5
182.8

506.7

Ha

3l 4

179.4

217.3

343.1
550 +
Loo +

Sy F
2u8.4
=46.2
-27 -8

225.0
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II
II
I1
III
II1
II1
111
III

# O O Ww W & O O

[

Ho

565 +
565 +
550 +
550 +
550 +
158.9
163.1
165.1
171.3
203.7

284.9
215.5
209.4
158.9
163.1
162.4
137.2
194.5

565 +
565 +

Ha

550 +

250 +
550 +

165.1
171.3
203.7

Sy

2k2.5

258.9
240.0
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Lo B o B - B

II

II
III
111
I11
III
III
II1
III

 ~ » O O O O W B & O O o O

Ho

460.2
526.0
550 +
550 +
560 +
560 +
560 +
170.0
328.2
420.1
b46.2
2?2.5
307.4
312.8

333.7
511.3
283.7
170.0
328.2

420.1

L46.2
272.5
307.4
312.8

h60.2
526.0
550 +
550 +

Ha

560 +
560 +
560 +

137.6
185.9
k2.1

Sy

323.6
190.4
23h.1

=13.1
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II
III
II1
III1
III
II1
III
III
II1
111
III

II1

~ O © o o (o] o & O © o

Ho

533.3
560 +
560 +
471.1
193.2
201.1
209.6
345.0
370.3
428.8
221.4
230.8
232.4

'239.9

262.7

de

239.9
193.2
201.1
209.6
345.0
370.3
428.8
212.1
216.5
190.8
213.3
262.7

533.3
560 +
560 +

Ha

471 +

221.4
230.8
232 .4
239.9
192.9

Sy

257.8

-14.5
-12 .2

~-15.2
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II

II

II

II
III
III
III
III
III
III
I1I
III
III
III
III

III

o

o

©O O 0O © O o w u v =N

Ho

518 + dc
470 + de
535 +
550 +
140.5
150.2
172.0
182.8
189.1
3045
325.7
335.8
320.9
327 .4
329.2
550 +

277.2
327.0
352.3
k20,2
140.5

150.2

172.0

182.8
189.1
304.5
325.7
335.8
320.9
327 .4
329.2
481.8

Ha

518 +
470 +
534 .8
329.8

269.8
254.6
246.0
550 +

518.2
266.2
468.0

187.7
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