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Abstract
Foliated meta-rhyolites of the Late Jurassic Tobífera Formation, form two thrust slices in the Patagonian Andes fold and thrust 

belt. They display a penetrative mylonitic foliation which has been developed at a regional scale. Except for quartz porphyroclasts, 
most of the mineral assemblage present in the rocks is of metamorphic origin. The synkinematic minerals in the strain shadows are 
similar in composition to those in the matrix. The metamorphic mineralogy indicates a metamorphic evolution ranging between  3 
kbar (ca. 250°C) and close to 7 kbar  (ca.350°C), and the synkinematic growth of the minerals  suggests that they formed during the 
Early to middle  Cretaceous compressional phase in the area, which possibly involved west directed subduction of the quasi oceanic 
fl oor  that underlies the Tobífera Formation. 
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Resumen
Meta-riolitas foliadas de la Formación Tobífera (Jurásico Superior) forman dos escamas tectónicas en el cinturón de pliegues y 

mantos de los Andes Patagónicos. Exhiben una foliación milonítica penetrativa desarrollada a escala regional. Exceptuando a porfi -
roclastos de cuarzo, la mayor parte de la asociación mineral es de origen metamórfi co. Los minerales sincinemáticos, en las sombras 
de presión, son similares en composición a aquellos de la matriz. La mineralogía metamórfi ca sugiere una evolución entre unos 3 
kbar (aprox. 250 ºC) y unos 7 kbar (aprox. 350 ºC). La naturaleza sincinemática de los minerales permite correlacionarlos con una 
fase compresional del Cretácico Inferior  a medio en la región, que probablemente involucró una subducción dirigida hacia el oeste 
del sustrato cuasi-oceánico sobre el que se depositó la Formación Tobífera.
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lites, tuffs, and ignimbrites, with minor intercalated ba-
salts and clastic sedimentary rocks. The igneous rocks 
are interpreted to be the product of crustal anatexis (Pan-
khurst and Rapela, 1995) which took place during wide-
spread extensional events preceding the dismembering of 

1. Introduction

The Tobífera Formation is a Late Jurassic unit of the 
Magallanes basin in southern South America. It is mainly 
composed of siliceous volcanic rocks, including rhyo-
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and the kinematic indicators (strain fringes, quarter mats, 
S-C relations) indicate eastward thrusting with a dextral 
component.  The foliation in the rhyolites is parallel to 
the one developed in the early Cretaceous pelites of the 
Erezcano formation  in the SE corner of the map in Figure 
1, as well as to the thrust plane separating the units. The 
foliated metarhyolites of the Tobífera Formation are cut 
by a basic dyke swarm which trends normal to the main 
foliation and is not affected by the deformation. Lampro-
phyre dykes which are part of this swarm are bracketed in 
time between 126 and 104 Ma (Calderón, 2006).

Given these observations, and although no direct deter-
mination of its age is available,  the development of the 
mylonitic foliation and the metamorphism of the rhyolites  
probably took place during the thrusting of the Sarmiento 
ophiolite and the Tobífera Formation to the east during 
a late Neocomian compressional  event  (Dalziel, 1986; 
Fildani et al., 2005).

3. Petrography

The metarhyolites at Fiordo Peel display a strong pen-
etrative mylonitic foliation at the outcrop scale, which 
is not homogeneously developed throughout the whole 
unit. The presence of abundant quartz porphyroclasts up 
to 1 cm in diameter is conspicuous as well as the frequent 
occurrence of quartz veins, some of which are parallel to 
the foliation. Well developed strain shadows and quar-
ter mats are observed around the porphyroclasts indicat-
ing top to the east displacement. The matrix is very fi ne 
grained. In some outcrops breccia and fi amme structures 
are preserved pointing to the presence of pyroclastic 
rocks in the succession.

Two samples of metarhyolitic rocks from the Fiordo 
Peel area were studied in detail. Sample FO0016 is com-
posed of mm-sized subautomorphic quartz porphyro-
clasts, sericitized plagioclase, and spindle shaped bodies 
of fi ne grained aggregates of phyllosilicates, representing 
either former glass fragments or feldspar pseudomorphs, 
embedded in a fi ne grained matrix. These rock features 
can be attributed to an ignimbrite structure. The rock is 
penetratively foliated with the foliation mainly defi ned 
by oriented white mica and elongated trails of epidote. 
The strain shadows around the quartz porphyroclasts are 
composed of calcite, K-feldspar, white mica and quartz 
in fi bers up to 0.1 by 0.01 mm elongated parallel to the 
foliation (Fig. 2). The minerals of the matrix are less than 
30 microns in size and consist of a rather isotropic inter-
growth of K-feldspar, albite, quartz, white mica, chlorite, 
epidote, allanite, calcite, with accessory stilpnomelane, 
biotite, pyrrhotite/pyrite, sphalerite, apatite, zircon, and 

the Pangea supercontinent and, thus, the opening of the 
Atlantic Ocean. The Tobífera Formation also crops out 
in the thrust and fold belt of the Patagonian Andes which 
limits the Magallanes basin to the west. Here it is mainly 
composed of foliated metarhyolites and metatuffs, which 
exhibit one main foliation parallel to the orographic trend 
of the mountain belt.  

The only previous studies about the metamorphic con-
ditions attained by the metarhyolites in the area has been 
done by Galaz (2005) and Galaz et al. (2005) who stud-
ied these rocks at Cordillera Riesco, in the southeastern 
corner of the geological map shown in Figure 1.  In this 
paper we report the mineral associations developed dur-
ing the metamorphic and deformational event which foli-
ated and almost completely reequilibrated the mineralogy 
of the Tobífera rocks at the northern part of Fiordo Peel 
(Fig. 1). From there we deduce the P-T conditions of their 
metamorphism. Subsequently, we evaluate the geologi-
cal implications of these results in the evolution of the 
Patagonian Andes.

2. Field Geology

As shown in fi gure 1, metarhyolitic rocks of the To-
bífera Formation form two elongated bodies which cor-
respond to thrust sheets of the inner Patagonian fold and 
thrust belt. They are thrust over Early Cretaceous sedi-
ments to the east, and are in turn thrust over by granitic 
and Paleozoic rocks from the west. In outcrop, this unit is 
spatially related to the Sarmiento ophiolite which devel-
oped penecontemporaneously to the Tobífera Formation 
and seems to form a thrust slice between them.

The foliated metarhyolites have been studied in the 
Cordillera Riesco area, in the southeastern corner (Galaz, 
2005) and Fiordo Peel in the northern part of the area 
covered by Figure 1. SHRIMP U-Pb dating of zircons in 
the metarhyolites have yielded an age of ca 152 Ma (un-
publ. data) in the northern part of Fiordo Peel, and ages 
of ca.148 Ma in areas further south in both thrust slices 
(Calderón et al., in press). 

These rocks are intruded by granitic plutons at Fiordo 
Peel. A leucocratic foliated granite with miarolitic cavi-
ties 15 km south in  Fiordo Peel showed a ca 150 Ma U-
Pb zircon age (unpubl. data). Contrarily, other granites in 
the surroundings  have U-Pb zircon ages of 18.8 Ma (see 
Fig. 1), and of ca. 20 Ma (Fanning et al., 2001).  

The strong foliation in the metarhyolites is roughly 
NS with dips of 45 to 85° W except in the northernmost 
outcrops where the NS foliation dips 66oE, with a line-
ation 50oSE. At Cordillera Riesco, the rocks of the To-
bífera Formation bear evidence of a mylonitic foliation, 
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Fig. 1.- Geological sketch map of the area of occurrence of the foliated silicic metavolcanic Tobífera Formation . Area A is the one where the 
samples anlaysed in this paper come from. Area B is the area studied by Galaz (2005). Boxes indicate age in Ma obtained by SHRIMP U-Pb 
method in zircons interpreted as crystallization ages.

Fig.1.- Mapa geológico esquemático del área de afl oramientos de la Formación Tobífera, compuesta principalmente por volcanitas silíceas 
foliadas. Área A es aquella de donde provienen las muestras analizadas en este studio. Área B es aquella estudiada por Galaz (2005). Los 
cuadros indican edades U-Pb en circones obtenidas utilizando el SHRIMP, y que son interpretadas como edades de cristalización.
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ilmenite decomposed to titanite and rutile. Except allan-
ite, ilmenite and pyrrhotite which are probably of igneous 
origin, this mineral assemblage seems to have reequili-
brated during the metamorphic episode.

Sample FO0015 also from Fiordo Peel, is probably of 
subvolcanic origin. The foliation is mainly defi ned by 
white mica, and by K-feldspar, calcite and quartz fi bers 
in the strain shadows of the quartz and feldspar porphy-
roclasts. In addition to white mica, the matrix consists of 
K-feldspar, albite, and quartz with less opaque minerals 
than in FO0016. A grain of chlorite has been proven by 
electron microprobe as inclusion in K-feldspar.

4. Mineral Chemistry

4.1 Methods

The above samples were studied carefully fi rst un-
der the polarizing microscope and subsequently with a 
CAMECA SX100 electron microprobe (EMP) with 5 
wavelength-dispersive spectrometers. The energy-dis-
persive system (EDS) of the EMP served as means of 
identifi cation of phases during the selection of spots for 
full analyses. Moreover, we intensively used back-scat-
tered electron (BSE) images for spot selection. We de-
termined the concentrations of F, Na, Mg, Al, Si, K, Ca, 
Ti, Mn, Fe, Ba. Counting times were 20 s at the peak and 

on the background positions. To verify mineral composi-
tions critical for the geothermobarometric evaluation, ad-
ditional analyses were undertaken but without F and Ba. 
We used synthetic components (MgO for Mg) and natural 
minerals (orthoclase for Si and K, albite for Na, hematite 
for Fe, diopside for Ca and Mg, fl uorite for F, rhodonite 
for Mn), as standards. The applied acceleration voltage 
and electric current were 15 kV and 15 nA, respectively. 
Beam diameter was about 5 µm but also 2 µm in case of 
small minerals. The PaP correction procedure provided 
by CAMECA was applied. Concentration maps for major 
elements (number of simultaneously prepared maps ac-
cording to the number of WDS) were prepared by step-
wise moving of the thin section under the electron beam 
of the probe and subsequent computer aided evaluation. 
Counting times per step were 100 or 200 ms.

4.2 Analytical results

Chemical analyses of the minerals in the studied sam-
ples are presented in Table 1. The minerals in the strain 
shadows, which are unequivocally syntectonic to the de-
formation/metamorphic episode, are similar in compo-
sition to the minerals in the matrix, indicating that the 
whole mineral assemblage was equilibrated during meta-
morphism. Nevertheless, a signifi cant compositional var-
iation was noted for several minerals in sample FO0016.

Potassic white mica: White mica analyses in sample 
FO0015 after calculation of the structural formula (dou-
ble formula unit = d.f.u.) scatter around 6.47 Si/d.f.u. 
(Fig. 3). Only one analysis gave a signifi cantly lower 
Si (6.27/d.f.u.) and Fe content. Na and Ti contents are 
generally low as typical for low-temperature metamor-
phic white micas. In sample FO0016 white micas show a 
stronger compositional variation (Fig. 4). In addition to a 
cluster again around 6.47 Si/d.f.u., potassic white micas 
appear which are clearly richer (~6.9/d.f.u.) and poorer in 
Si (6.2/d.f.u.). Referring to the mica group around 6.47 
Si/d.f.u. its Mg and total Fe contents are about 0.6 and 
0.7/d.f.u., respectively, in sample FO0016 but only 0.3 
Mg and 0.5 Fetot/d.f.u. in sample FO0015. This discrepan-
cy is explained by signifi cant Fe3+ contents (ferrimusco-
vite component: KAl2Fe3+Si3O10(OH)2) in white mica of 
sample FO0016. In order to estimate these contents, the 
octahedral occupancy of potassic white mica was fi xed to 
4.10/d.f.u. following a suggestion by Massonne (1995a). 
Values around 0.5 Fe3+/d.f.u. (~ 25% ferrimuscovite com-
ponent, see Table 1) result. However, a trend of decreas-
ing Fe3+ contents with rising Si/d.f.u. is clearly discern-
able. Moreover, slightly decreasing Mg and increasing 
Na contents are related to increasing Si contents. For the 
low-Si white micas, negative Fe2+ contents result from 

Figure 2. Hervé et al.

Fig. 2.- Foliated metarhyolite  FO0016, showing quartz and albite por-
phyroclasts in a foliated fi ne grained matrix. Fibers in strain fringes 
between quartz are composed of carbonate  and quarter mats associ-
ated to albite are composed of phengite. Optical microscope  image, 
crossed polars. Width of fi gure is 2 mm.

Fig. 2.- Metariolita foliada FO0016, mostrando porfi roclastos de al-
bita en una matriz foliada de grano fi no. Las fi bras en las sombras de 
presión entre cristales de cuarzo están compuestas de carbonato, y 
los “quarter mats” asociado a la albita están compuestos de fengita.  
Imagen al microscopio óptico, luz polarizada y analizada. El ancho 
de la fi gura es de 2 mm.
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the calculation with an octahedral occupancy of 4.10/
d.f.u. This might indicate that the octahedral occupancy 
is actually higher at least for the low-Si white micas. This 
is confi rmed by the experimental work of Massonne and 
Schreyer (1986) who reported increasing octahedral oc-
cupancies with decreasing Si contents as low as 6.2/d.f.u. 
at fi xed P-T conditions. In order to better detect the dis-
tribution of the variable mica compositions, we scanned 
areas with abundant micas to produce element concen-
tration maps. However, we could only detect moderate 
zonation in discrete mica grains. Thus, it could not be 
disproved that the wide chemical variability of potassic 
white mica in sample FO0016 is due to local variations 
(thin section range) in rock composition.

Chlorite: In sample FO0015, chlorite appears exclu-
sively as rare inclusion in K-feldspar. The corresponding 
chlorite composition is given in Table 1 (Si ~ 5.8/d.f.u., 
XMg ~ 0.45). In contrast, chlorite is a common mineral 
in FO0016, where it shows a slight compositional vari-
ability (Fig. 5). Si contents and XMg vary between 5.4 to 
5.8/d.f.u. and 0.41 to 0.44, respectively. A slight decrease 
of Fe with rising Si is discernable. In contrast to FO0015, 
we observed signifi cant Mn contents (~0.12/d.f.u.) in 
chlorite of FO0016. The occurrence of chlorite associ-
ated to white mica is shown in Figure 6a.

Feldspars: Plagioclase in both samples is almost pure 
albite as typical for low-temperature metamorphic rocks. 
However, plagioclase with almost 8 mol% anorthite com-
ponent determined by a spot analysis on FO0016 could 
be either due to a relic composition of magmatic plagi-
oclase or, more likely as the K2O content is very low, 
an indication of elevated metamorphic temperatures. 
K-feldspar compositions in FO0016 contain less than 6 
mol% of components other than KAlSi3O8. In FO0015 
these components can amount to almost 8 mol% but, in 
contrast to FO0016, the Ba end-member BaAl2Si2O6 can 
reach almost 4 mol%.

Stilpnomelane and biotite: K-bearing phases other 
than white mica and K-feldspar were only observed in 
FO0016. Stilpnomelane typically forms intergrown ag-
gregates (see fi gure 6 b). The chemical composition of 
stilpnomelane is somewhat variable especially in regard 
of alkalies (Fig. 7). As the sum of K + Na  (+ very mi-
nor Ca+Ba) can reach 9/f.u. and thus values signifi cantly 
above that of the maximum interlayer site (= 5/f.u.), it 
is assumed that alkalies are also introduced in the H2O 
bearing layer between the tetrahedral layers of the stilp-
nomelane structure. XMg of stilpnomelane is around 0.23. 
Biotite is signifi cantly richer in Mg (XMg ~ 0.45) as typi-
cal for biotite + stilpnomelane-bearing assemblages (e.g., 
Brown, 1975).
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Fig. 3.- Chemical composition of white mica in sample FO0015. Ca-
tion contents per double formula unit (d.f.u)

Fig. 3.- Composición química de mica blanca en la muestra FO0015. 
El contenido de cationes se expresa en número por doble fórmula 
unidad (d.f.u)

Fig. 4.- Chemical composition of white mica in  sample FO0016. Note 
increase in Na and decrease in Mg with higher Si content per double 
formula unit (d.f.u.).

Fig.4.- Composición química de mica blanca en la muestra FO0016. 
Destaca el aumento de Na y la disminución de Mg con mayor con-
tenido de Si por doble fórmula unidad (d.f.u)

JIG33_1.indb   9 24/03/2007   11:27:47



10 Hervé et al. / Journal of Iberian Geology 33 (1) 2007: 5-16

Ta
bl

e 
1.

  R
ep

re
se

nt
at

iv
e 

an
al

ys
es

 o
f m

in
er

al
s f

ro
m

 m
et

ar
hy

ol
ite

s o
f t

he
 T

ob
ife

ra
 F

or
m

at
io

n 
Ta

bl
a 

1.
- A

ná
lis

is
 q

uí
m

ic
os

 re
pr

es
en

ta
tiv

os
 d

e 
lo

s m
in

er
al

es
 d

e 
la

s m
et

ar
io

lit
as

 d
e 

la
 F

or
m

ac
ió

n 
To

bí
fe

ra
.

M
in

er
al

M
us

co
vi

te
-P

he
ng

ite
C

hl
or

ite
  S

til
pn

om
el

an
e

B
io

tit
e 

Fe
ld

sp
ar

s 
T

ita
ni

te
 

(O
 =

 2
4)

(O
 =

 3
6)

  (
O

 =
 1

92
)

(O
 =

 1
2)

(O
 =

 8
)

(S
i =

 1
)

Sa
m

pl
e 

N
o.

FO
-0

01
6

FO
-0

01
5

FO
-0

01
6

FO
-0

01
5

  F
O

-0
01

6
FO

-0
01

6
FO

-0
01

6
FO

-0
01

5
FO

-0
01

6
A

na
l. 

N
o.

24
.1

5
30

.4
4

18
.2

1
18

.2
0

24
.1

24
.1

9
24

.2
1

30
.3

9
18

.2
3

18
.2

6
1.

15
   

30
.4

9
30

.4
2

25
.3

18
.1

8
30

.1
5

18
.1

6
1.

10
24

.1
4

1.
5

18
.1

4
18

.1
0

Si
O

2 
(w

t.%
)

46
.1

3
46

.9
4

48
.5

4
50

.8
3

48
.2

2
47

.4
7

46
.3

8
25

.0
2

26
.6

1
25

.8
7

26
.8

3
46

.0
0

46
.4

6
36

.3
1

64
.0

8
65

.9
3

66
.7

5
62

.8
6

63
.6

6
68

.7
4

31
.1

1
30

.2
2

Ti
O

2
0.

13
0.

05
0.

07
0.

05
0.

27
0.

19
0.

16
0.

04
0.

01
0.

03
0.

03
0.

02
0.

02
0.

90
0.

01
0.

03
0.

03
0.

03
0.

02
0.

01
28

.8
6

36
.3

6
A

l2
O

3
27

.7
2

26
.7

8
26

.0
0

25
.2

3
29

.0
8

30
.5

0
32

.2
1

19
.3

0
18

.5
2

18
.3

2
17

.6
9

6.
35

6.
29

17
.3

1
18

.3
8

20
.7

7
19

.7
8

18
.5

6
18

.5
8

20
.0

2
7.

53
1.

75
Fe

O
7.

16
6.

01
5.

57
5.

18
4.

57
4.

23
3.

62
30

.0
5

29
.8

0
29

.8
4

29
.4

5
31

.0
9

29
.8

5
20

.3
6

0.
11

0.
05

0.
14

0.
00

0.
01

0.
01

0.
84

1.
21

M
nO

0.
17

0.
05

0.
06

0.
07

0.
01

0.
01

0.
00

0.
83

0.
58

0.
62

0.
16

1.
07

1.
58

0.
32

0.
00

0.
04

0.
00

0.
02

0.
00

0.
02

0.
00

0.
04

M
gO

3.
41

2.
90

2.
67

2.
51

1.
37

1.
41

1.
37

12
.2

0
12

.8
5

12
.8

7
13

.6
2

5.
42

5.
37

9.
12

0.
01

0.
00

0.
02

0.
00

0.
00

0.
01

0.
20

0.
04

C
aO

0.
01

0.
01

0.
07

0.
05

0.
00

0.
02

0.
00

0.
00

0.
03

0.
02

0.
00

1.
53

0.
31

0.
00

0.
00

0.
24

28
.5

4
28

.7
9

N
a2

O
0.

10
0.

19
1.

00
0.

57
0.

11
0.

05
0.

13
0.

66
1.

43
0.

20
0.

52
10

.3
8

11
.5

7
0.

41
0.

38
11

.7
6

0.
09

0.
00

K
2O

10
.7

2
10

.8
8

9.
82

9.
86

10
.7

6
10

.5
9

10
.9

8
1.

89
1.

84
9.

47
15

.7
2

0.
10

0.
20

15
.4

9
15

.5
6

0.
36

0.
21

0.
03

B
aO

0.
28

0.
20

0.
25

0.
23

0.
31

0.
47

0.
29

0.
06

0.
06

n.
d.

0.
82

0.
02

0.
04

2.
13

0.
46

0.
10

To
ta

l
95

.8
3

94
.0

1
94

.0
4

94
.5

8
94

.6
9

94
.9

5
95

.1
3

87
.4

5
88

.3
7

87
.5

4
87

.7
8

92
.5

6
92

.9
3

93
.9

9
99

.6
4

98
.8

4
98

.8
2

99
.5

0
98

.6
8

10
1.

27
97

.3
8

98
.4

3
F

0.
00

0.
00

0.
08

0.
07

0.
00

0.
00

0.
00

0.
06

0.
17

n.
d.

0.
19

n.
d.

2.
20

0.
81

Si
6.

22
5

6.
45

9
6.

68
0

6.
91

1
6.

57
0

6.
44

0
6.

28
4

5.
46

2
5.

70
8

5.
62

3
5.

77
6

63
.0

4
63

.2
7

2.
81

9
2.

98
6

2.
92

2
2.

96
0

2.
96

3
2.

98
4

2.
97

5
1.

00
0

1.
00

0
A

lt
1.

77
5

1.
54

1
1.

32
0

1.
08

9
1.

43
0

1.
56

0
1.

71
6

2.
53

8
2.

29
2

2.
37

7
2.

22
4

8.
96

8.
73

1.
18

1
1.

01
0

1.
08

5
1.

03
4

1.
03

1
1.

02
6

1.
02

1
su

m
8.

00
0

8.
00

0
8.

00
0

8.
00

0
8.

00
0

8.
00

0
8.

00
0

8.
00

0
8.

00
0

8.
00

0
8.

00
0

72
.0

0
72

.0
0

4.
00

0
A

lo
2.

63
4

2.
80

2
2.

89
7

2.
95

2
3.

24
0

3.
31

6
3.

42
6

2.
42

9
2.

38
9

2.
31

4
2.

26
6

1.
29

1.
36

0.
05

2
0.

28
5

0.
06

8
Ti

0.
01

3
0.

00
5

0.
00

7
0.

00
5

0.
02

8
0.

01
9

0.
01

6
0.

00
7

0.
00

2
0.

00
5

0.
00

4
0.

02
0.

02
0.

40
2

0.
00

0
0.

00
1

0.
00

1
0.

00
1

0.
00

1
0.

00
0

0.
69

8
0.

90
5

Fe
2

0.
03

0
0.

17
6

0.
45

6
0.

58
9

0.
52

0
0.

48
0

0.
41

0
5.

48
6

5.
34

5
5.

42
4

5.
30

2
35

.6
4

34
.0

0
1.

32
2

Fe
3

0.
77

9
0.

51
6

0.
18

5
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
4

0.
00

2
0.

00
5

0.
00

0
0.

00
1

0.
00

0
0.

02
3

0.
03

3
M

n
0.

02
0

0.
00

6
0.

00
7

0.
00

7
0.

00
2

0.
00

1
0.

00
0

0.
15

4
0.

10
5

0.
11

4
0.

03
0

1.
24

1.
83

0.
02

1
0.

00
0

0.
00

1
0.

00
0

0.
00

1
0.

00
0

0.
00

1
0.

00
0

0.
00

1
M

g
0.

68
5

0.
59

4
0.

54
7

0.
50

9
0.

27
7

0.
28

6
0.

27
6

3.
97

1
4.

10
9

4.
16

8
4.

37
3

11
.0

8
10

.9
1

1.
05

5
0.

00
0

0.
00

0
0.

00
1

0.
00

0
0.

00
0

0.
00

1
su

m
4.

16
0

4.
10

0
4.

10
0

4.
06

3
4.

06
7

4.
10

3
4.

12
8

12
.0

47
11

.9
50

12
.0

26
11

.9
75

49
.2

6
48

.1
2

2.
85

2
4.

00
1

4.
01

1
4.

00
1

3.
99

6
4.

01
1

3.
99

8
1.

00
6

1.
00

7
C

a
0.

00
2

0.
00

1
0.

01
0

0.
00

7
0.

00
0

0.
00

3
0.

00
1

0.
00

0.
04

0.
00

1
0.

00
0

0.
07

3
0.

01
4

0.
00

0
0.

00
0

0.
01

1
0.

98
3

1.
02

1
B

a
0.

01
5

0.
01

1
0.

01
3

0.
01

2
0.

01
7

0.
02

5
0.

01
6

0.
03

0.
03

0.
01

5
0.

00
0

0.
00

1
0.

03
9

0.
00

8
0.

00
2

N
a

0.
02

5
0.

05
0

0.
26

7
0.

15
1

0.
02

9
0.

01
4

0.
03

4
1.

74
3.

77
0.

03
0

0.
04

7
0.

89
2

0.
99

5
0.

03
7

0.
03

4
0.

98
7

0.
00

6
0.

00
0

K
1.

84
6

1.
91

0
1.

72
5

1.
71

1
1.

87
0

1.
83

3
1.

89
7

3.
31

3.
19

0.
93

8
0.

93
4

0.
00

6
0.

01
1

0.
93

2
0.

93
0

0.
02

0
su

m
1.

88
8

1.
97

2
2.

01
4

1.
88

1
1.

91
6

1.
87

5
1.

94
7

5.
08

7.
03

0.
96

9
0.

99
7

0.
97

1
1.

02
1

1.
00

8
0.

97
3

1.
01

9
0.

98
9

1.
02

1
F

0.
00

0.
00

0.
03

0.
03

0.
00

0.
00

0.
00

0.
04

0.
12

0.
22

0.
09

H
4.

00
4.

00
3.

96
3.

97
4.

00
4.

00
4.

00
16

.0
0

15
.9

6
15

.8
8

16
.0

0
2.

00

X
m

s
0.

57
54

0.
55

13
0.

40
47

0.
40

97
0.

63
48

0.
68

22
0.

75
17

xS
i

0.
68

28
0.

71
35

0.
70

28
0.

72
20

X
an

+c
s

0.
01

52
0.

07
52

0.
01

48
0.

03
90

0.
00

87
0.

01
27

X
(tr

io
ct

ah
. c

om
p.

)
0.

08
00

0.
05

00
0.

05
00

0.
03

16
0.

03
35

0.
05

14
0.

06
42

xM
g

0.
41

31
0.

42
98

0.
42

94
0.

45
06

X
ab

0.
04

73
0.

91
88

0.
97

42
0.

03
70

0.
03

54
0.

96
78

X
M

g-
A

l-C
el

0.
11

62
0.

18
18

0.
19

17
0.

21
57

0.
10

22
0.

08
76

0.
06

05
xF

e
0.

57
08

0.
55

91
0.

55
88

0.
54

63
X

kf
0.

93
75

0.
00

59
0.

01
10

0.
92

40
0.

95
59

0.
01

95
X

Fe
-A

l-C
el

0.
00

50
0.

05
39

0.
16

00
0.

24
97

0.
19

17
0.

14
70

0.
08

99
X

pa
ra

g
0.

01
33

0.
02

52
0.

13
23

0.
08

04
0.

01
49

0.
00

76
0.

01
73

ac
li

0.
00

82
6

0.
01

20
1

0.
01

12
6

0.
01

59
5

X
(o

th
er

 c
om

p.
)

0.
21

00
0.

13
79

0.
06

13
0.

01
28

0.
02

28
0.

02
43

0.
01

65

JIG33_1.indb   10 24/03/2007   11:27:47



11Hervé et al. / Journal of Iberian Geology 33 (1) 2007: 5-16

Titanite and other Ti-phases: Titanite, ilmenite, and 
rutile form large aggregates (leucoxene) demonstrating 
that these aggregates are alteration products of former 
magmatic minerals probably ilmenite. BSE images (Fig. 
6 c,d) and observations under refl ected light show that ti-
tanite has fi nally replaced rutile and ilmenite in these ag-
gregates. According to our EDS analysis rutile and ilmen-
ite (only minor Mn) are virtually pure phases. Therefore, 
our analytical work concentrated on titanite. For sample 
FO0016, we obtained very different chemical composi-
tions that show variations in Ti between 0.6 and 0.9 Ti/
f.u. Al and Fe, assumed to be trivalent, amount to 0.07 to 
almost 0.4/f.u. and 0.02 to 0.04/f.u., respectively. These 
trivalent cations are widely balanced by F (+OH) accord-
ing to the substitution Me3+ + F (+OH) = Ti + O.

Other minerals: According to EDS analyses apatite, 
pyrrhotine, and pyrite are virtually pure phases. Epidote 
is frequent in the foliated matrix and occasionally formed 
around allanite that is probably of igneous origin.

5. Conditions of Metamorphism

Qualitatively, we can estimate a P-T range from the ob-
served mineral assemblage. K-feldspar + chlorite is only 
stable at low metamorphic temperatures. For instance, 
Massonne (1995a) estimated maximum T around 330°C 
(P ~ 2 to 6 kbar) for the stability of this assemblage. This 
is widely confi rmed by thermodynamic calculations of 
phase relations, for instance, in the system K2O-FeO-
Al2O3-SiO2-H2O by Massonne and Szpurka (1997). How-
ever the corresponding P-T curve (2 kbar, 350°C; 4 kbar, 
310°C) of the reaction chlorite + K-feldspar = muscovite/
phengite + biotite + quartz + H2O is signifi cantly curved 
(Fig.8). As small biotite crystals had already formed 
in sample FO0016, metamorphic temperatures around 
330°C or somewhat higher might have been reached. 
Referring to this temperature, metamorphic pressures 
could have been elevated due to the assemblage phengite 
+ stilpnomelane. Calculation results by Massonne and 
Szpurka (1997) point to minimum pressures of 4 kbar at 
T > 300°C (Fig. 8). However, as no jadeite was observed, 
maximum pressures of 10 kbar (~ 300°C) should be taken 
into account (Popp and Gilbert, 1972).

Furthermore, a trend of rising P and T conditions can 
be estimated from the observed compositional variation. 
Referring to potassic white mica and a constant, here rel-
evant mineral assemblage, rising Si contents, which we 
prefer over decreasing Si contents, would point to in-
creasing pressure. Rising Na contents indicate rising tem-
peratures according to the known muscovite-paragonite 
solvus (e.g., Chatterjee and Flux, 1986) especially since 
higher Na contents were observed in Si richer micas. At 
constant P-T conditions, decreasing Na contents are gen-
erally observed with rising Si contents in natural musco-
vite/phengite + paragonite assemblages. Maximum pres-
sures could already lie in the high-pressure metamorphic 
range as the Si contents in phengite (~6.9/d.f.u.) and the 
Al(+Fe3+) contents in titanite (>0.4/f.u.) are high. In order 
to quantitatively defi ne the relevant P-T conditions, we 
applied the subsequent geothermobarometers based on 
thermodynamic calculation methods.

5.1 Geothermobarometric methods

We applied two thermodynamic data sets (Mas-
sonne, 1992; Vidal et al., 2001) which both are based 
on the data set by Berman (1988). Vidal et al. (2001) 
augmented Berman`s data by data for components of 
chlorite (amesite = Mg4Al2[Al2Si2O10](OH)8, daph-
nite = Fe5Al[AlSi3O10](OH)8) and potassic white 
mica (pyrophyllite = Al2[Si4O10](OH)2, Mg-Al-cela-
donite = KAlMg[Si4O10](OH)2, Fe-Al-celadonite = 

Fe

Mn

Mg

5.3 5.4 5.5 5.6 5.7 5.8
Si/d.f.u.

Figure 5. Hervé et al.
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Fig. 5.- Chemical composition of chlorite in the analysed metarhyo-
litic rocks.

Fig. 5.- Composición química de clorita en las rocas metariolíticas 
analizadas.
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KAlFe[Si4O10](OH)2) and corresponding activity models 
for both phases. Thus, various equilibria (e.g., E1 and E2 
given in Table 2) could be calculated for T values be-
tween 250ºC and 400ºC considering the above compo-
nents, the clinochlore (= Mg5Al[AlSi3O10](OH)8) com-
ponent in chlorite, the muscovite (KAl2[AlSi3O10](OH)2) 
component in potassic white mica as well as K-feldspar, 
quartz and H2O.  Further equilibria considering the Fe-
Al-celadonite component were ignored because of the 
poorly defi ned content of this component according to 
the Fe2+/Fe3+ estimation method applied to potassic white 
mica. This method has an almost negligible infl uence on 
the content of Mg-Al-celadonite. The data set by Mas-
sonne (1992) was applied because of thermodynamic 
data for Mg-Al-celadonite and the mixing properties of 
the potassic white mica solid solution series that was add-
ed to Berman`s data. With these data the P-T positions 
of equilibrium E3 (see Table 2) and, under consideration 
of biotite, invariant point IP1 (Table 2) were calculated. 
The computer programs PTAX (Brown et al., 1988) and 

Figure 6. Hervé et al.

(a) (b)

(c) (d)

1.0 1.2 1.4 1.6 1.8 2.0

Figure 7. Hervé et al.

Mn/d.f.u.
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0
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Fig. 6.- Characteristic mineralogy and texture of the analysed samples. a) Oriented phyllosilicates (white mica and chlorite) embedded in 
feldspar matrix with isolated epidote grains. b) Stilpnomelane crystals associated with chlorite, K-feldspar and quartz. An isolated calcite 
crystal is also shown. c) Textural relationships among Ti- rich phases ilmenite, titanite and rutile. An isolated apatite automorph is also 
present. d) a large ilmenite crystal with titanite corona. 

Fig.6.- Mineralogía y textura características de las muestras analizadas. a) Filosilicatos (mica blanca y clorita) orientados, en matriz de 
feldespatos con granos aislados de epidota. B) Cristales de estilpnomelano asociados con clorita, feldespato potásico y cuarzo. Se observa 
también un cristal aislado de calcita. C) Relaciones texturales entre las fases ricas en titanio ilmenita, titanita y rutilo. Un cristal automorfo 
de apatita tambien está presente. d) Un cristal mayor de ilmenita con una corona de titanita.

Fig. 7.- Chemical composition of stilpnomelane in sample FO0016. 
Numbers express cations per double formula unit (d.f.u.).

Fig. 7.- Composición química del estilpnomelano en la muestra FO0016. 
Los números expresan cationes por doble formula unidad (d.f.u).
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PTGIBBS (Brandelik and Massonne, 2004) were applied 
for the thermodynamic computation. Simple activity re-
lations were used for the clinochlore component in chlo-
rite (Massonne, 1995a) and the phlogopite component in 
biotite (Massonne, 1995b) by applying Massonne´s data 
set. The activity of K-feldspar was set to 0.95 using both 
thermodynamic data sets. This choice is justifi ed by K-
feldspar compositions close to the end member (see Table 
1).

5.2 P-T data

The calculated P-T positions of equilibria using the 
thermodynamic dataset by Vidal et al. (2001) showed a 
strong scatter when those with pyrophyllite component 
in potassic white mica and amesite component in chlorite 
(see equilibria 1 and 2) were considered. We think that 
this observation is due to thermodynamic data for these 
components which are not well defi ned. For this reason 
we abandoned the corresponding equilibria. However, 
thermobarometry with phengite (see, e.g., Massonne, 

1995a) related to E3 gave consistent results. We observed 
an increase of P from almost 4 kbar to 7 kbar with rising 
Si content of the mica at 300°C (see Table 2). If we would 
additionally consider that Si-rich phengites formed at the 
highest T (close to 350°C), as argued above, and that the 
Si poorest micas were stable at the lowest T (presumably 
between 200 to 250°C = earliest stage) of the formation 
of the metarhyolites, the detectable P-T path would start 
at about 3 kbar (200-250°C) and end close to 7 kbar and 
350°C. This pressure was confi rmed by the considera-
tion of the phlogopite component in biotite and, thus, the 
possibility to calculate IP1. For the phlogopite activity 
calculated according to Massonne (1995b) a P-T date of 
6.9 kbar and 301°C resulted. However, assuming a high-
er activity coeffi cient γ instead of 1.3 (resulting in aphler activity coeffi cient γ instead of 1.3 (resulting in aphler activity coeffi cient γ instead of 1.3 (resulting in a  = 
0.0566 for the biotite analysis in Table 1), as it is likely 
for the low temperature conditions, a somewhat higher 
P-T date results (7.4 kbar, 330°C for γ = 2.0 and, thus, aphl
= 0.087). Among the reaction curves intersecting in IP1 
there is one which is independent of water activity. The 
other reactions curves such as E1 to E4 are dependent on 

Sample Equilibrium White Mica Chlorite P T
Anal. No. Si/d.f.u. Anal. No. Si/d.f.u. kbar °C

FO0016 E3 24.15 6.23 30.39 5.46 3.2 250
4.3 350

E3 30.44 6.46 30.39 5.46 4.1 250
5.4 350

E3 18.21 6.68 18.26 5.62 5.5 250
7.1 350

E3 18.20 6.91 18.23 5.71 6.1 250
7.7 350

IP1 (aphlIP1 (aphlIP1 (a  = 0.0870) 7.38 330
IP1 (aphlIP1 (aphlIP1 (a  = 0.0566) 6.90 301
E4 8.0 350

9.5 400

FO0015 E3 24.21 6.28 1.15 5.78 2.1 250
3.0 350

E3 24.19 6.44 1.15 5.78 3.5 250
4.6 350

E3 24.1 6.57 1.15 5.78 4.2 250
5.5 350

Equilibria

E1 6 Mg-Al-celadonite + 1 amesite = 2 clinochlore + 6 K-feldspar + 2 quartz + 2 H2O
E2 4 Mg-Al-celadonite + 2 muscovite = 6 K-feldspar + 1 amesite + 2 quartz + 2 H2O
E3 5 Mg-Al-celadonite + 1 muscovite = 1 clinochlore + 6 K-feldspar + 2 quartz + 2 H2O
E4 3 Mg-Al-celadonite = 1 phlogopite + 2 K-feldspar + 3 quartz + 2 H2O
IP1 intersection of 6 equilibria with the subsequent participating mineral components: 

Mg-Al-celadonite, muscovite, phlogopite, clinochlore, K-feldspar, quartz, H2O

Table 2.- Examples of results of metamorphic pressures calculated using thermodynamic data.
Tabla 2.- Ejemplos de resultados de presiones metamórfi cas obtenidas mediante el uso de datos termodinámicos
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Figure 8. Hervé et al.

this parameter, which was set to unity for the above cal-
culations. A reduced water activity would result in (some-
what) higher pressures.  

Considering these discussed P-T uncertainties, we be-
lieve that the P-T conditions for the metamorphic peak 
are 7.4 kbar and 330°C with an estimated 2 sigma ac-
curacy of ± 1 kbar and  ± 30 °C. The magnitude of these 
errors result from the aforementioned P-T restrictions 
and also our experience with the derivation of P-T paths 
for similar rocks investigated along the Coastal Cordill-
era of Chile (Massonne et al., 1996; Willner et al., 2000, 
2004).

6. Discussion and conclusions

The uncertainties of the P-T data are related to the vari-
ability of mineral compositions within the studied rocks 
and to the lack of control of thermodynamic parameters, 
such as water activity, effective during the metamorphic 
processes. However, a general trend toward rather high 
metamorphic pressures at low temperatures of metamor-

phism is clearly shown by the observed mineral associa-
tions. The P-T path derived by phengite thermobarometry 
(Fig. 8) using thermodynamic calculation methods is at 
least compatible with the mineral assemblages found. 
Thus, we take it here as the most probable metamorphic 
conditions in which the metamorphism of the metarhyo-
lites evolved.

These results are also comparable to the values as-
signed to peak metamorphic conditions obtained by Galaz 
(2005)and Galaz et al. (2005) ( 399 +- 64 oC and 6.37 +- 
1.1 kb) for mylonitic rocks of the Tobífera Formation at 
Cordillera Riesco using the Currie and Van Staal (1999) 
geothermobarometer. These values suggest that the To-
bífera formation was regionally affected by this rather 
high pressure and low temperature metamorphism. Mas-
sonne et al (2004) indicate that muscovite-garnet-bearing et al (2004) indicate that muscovite-garnet-bearing et al
granites, probably also 150 Ma in age, were emplaced at a 
depth corresponding to 5.5 kbar, the same range indicated 
by the metamorphic minerals in the studied rhyolites, an 
indication of the magnitude of the regional exhumation 
of these rock bodies.

Although as yet there is no dating of the phases formed 
during the metamorphic event registered in the meta-
rhyolites, the syntectonic nature of the minerals strongly 
suggests that the metamorphism took place during the 
initial thrusting of the rocks during an early compres-
sional phase which took place during the Early to middle 
Cretaceous. This implies that the rhyolites, were buried 
to 10 km and then to somewhat more than 20 km depth 
sometimes between 150 and 100 Ma, contemporaneously 
to the construction of a large portion of the South Patago-
nian Batholith and of the Sarmiento ophiolite. This sce-
nario is shown in Figure 9, together with a cross section 
of the present relationships between the involved units. 
Kraemer (2003) had already pointed out that restoration 
of the observed maximum shortening of the Patagonian 
Andes south of the area referred to in this paper needs that 
the back arc oceanic lithosphere represented in the study 
area by the Sarmiento ophiolite was partially consumed 
during a short episode of reverse subduction during the 
mid-Cretaceous compressive event.  The metamorphism 
revealed in this study might have been developed during 
this episode of subduction.

The emplacement of the early Miocene plutons appears 
to be unrelated to the observed metamorphism.
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