
1 3

Int J Earth Sci (Geol Rundsch)
DOI 10.1007/s00531-015-1287-7

ORIGINAL PAPER

Tithonian age of dinosaur fossils in central Patagonian, Chile:  
U–Pb SHRIMP geochronology

Manuel Suárez1 · Rita De La Cruz2 · Mark Fanning3 · Fernando Novas4 · 
Leonardo Salgado5 

Received: 30 August 2014 / Accepted: 7 December 2015 
© Springer-Verlag Berlin Heidelberg 2015

rocks of exceptional dinosaur fossil bones found by the 
authors in Chilean Patagonia in 2004 and exposed approxi-
mately at 1400 masl in the mountains south of the village 
of Mallín Grande, south of Lago General Carrera (Fig. 1; 
ca. 46°30′S; De la Cruz and Suárez 2006; Salgado et  al. 
2008; Novas et al. 2014). Well-known dinosaur fossils from 
Patagonia have so far been mainly restricted to Argentina 
and to the Cretaceous, with the exception of those found in 
the Jurassic Cañadón Asfalto basin, in northern Patagonia.

The Aysén fossil assemblage reported in this article 
includes theropod dinosaurs (Salgado et  al. 2008; Novas 
et al. 2014, 2015), remains of sauropod dinosaurs and croc-
odiles (Novas et  al. 2014; Lio et  al. 2011). Late Jurassic 
theropods are very scarce in the southern hemisphere, with 
only a few known from Africa, and this discovery repre-
sents one of the first finds of Late Jurassic tetanuran thero-
pods from the southern hemisphere (Salgado et al. 2008). 
Also these fossils are the first important collection of dino-
saurs from Chile, one of the few findings with clearly Late 
Jurassic dinosaur fossil bones in South America (see Sal-
gado et al. 2008) and the first Jurassic dinosaurs from Chile 
(Casamiquela et al. 1969; Salinas et al. 1991; Iriarte et al. 
1999; Rubilar 2003). However, its main importance is due 
to the identification of Chilesaurus diegosuarezi gen. et sp. 
nov., a new taxon of theropod, that does not correspond to 
any previously documented taxon from the Mesozoic units 
of Patagonia or from the rest of the world, which represents 
a new lineage of theropod dinosaurs (Novas et  al. 2015). 
The paleontological results are published elsewhere (Novas 
et al. 2015). “The new dinosaur… possesses an ankle and 
foot resembling those of basal sauropodomorphs, a fore-
limb with basal tetanuran features, and a pelvis similar to 
ornithischians and derived theropods. This combination of 
features departs from those recognized in any major dino-
saur clade and represents an extreme example of mosaic 
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convergent evolution. Chilesaurus is the most abundant 
reptile in the fossil assemblage in which it occurs, showing 
that this theropod was a main herbivorous consumer in this 
Late Jurassic southwestern Gondwanan tetrapod commu-
nity” (Novas et al. 2015).

The fossil bones are incorporated in a succession of 
sandstones and conglomerates chronostratigraphically 
correlated with the Toqui Formation, which north of the 
study area represents the Tithonian–Berriasian diachronous 
transgression of the Aysén Basin or Río Mayo Embayment 
(Aguirre-Urreta and Ramos 1981; Bell and Suárez 1997) 
that forms the northern part of the Austral Basin, an oil-
producing back-arc basin developed in southernmost South 
America (Fig. 1) in central western Patagonia (Suárez et al. 
2009). The presence of tuffs interbedded in the clastic suc-
cession with dinosaur fossils gave an excellent and rare 
opportunity for zircon U–Pb dating of the beds contain-
ing these fossils. In this article we present U–Pb SHRIMP 
dates of three of the silicic tuffs interbedded with the 

dinosaur-bearing beds that give a Tithonian age. These 
dates were previously reported in a geological map of the 
area (De La Cruz and Suárez 2006), but the analytical data 
have not been published before. This work complements 
the paleontological studies that the authors have published 
elsewhere (Salgado et al. 2008; Novas et al. 2014, 2015).

The geological setting

The Mesozoic geological record of central Patagon-
ian cordillera in the Aysén region of Chile (44–47°S) 
includes three main volcanic episodes starting in the Late 
Jurassic and the development of an intra- and back-arc 
marine basin during Tithonian to Aptian times known as 
Aysén basin (Figs.  1, 2, 3). The first volcanic episode is 
represented by the Ibáñez Formation, a mainly subaerial 
silicic volcanic unit of ?Oxfordian to Valanginian age 
(see Suárez et  al. 2009), unconformably accumulated 

Fig. 1   Location map and geographic distribution of Austral Basin (from Bell and Suárez 1997)
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over Upper Paleozoic metamorphic rocks of the Eastern 
Andean Metamorphic Complex. The second volcanic 
episode is represented by the Aptian-early Cenomanian 
Divisadero Group, formed mainly by subaerial interme-
diate volcanic rocks (see De La Cruz et al. 2003; Suárez 
et al. 2014), and the third volcanic episode is represented 
by a Santonian–Danian group of volcanic rocks includ-
ing andesites, rhyolitic domes and basalts (Casa de Piedra 
Volcanic Complex, El Toro Formation and Morro Negro 
Basalts); the andesitic and dacitic lava flows of the El 
Toro Formation unconformably overly ignimbrites of the 
Divisadero group (De La Cruz et al. 2003; Demant et al. 
2007). The Aptian to Upper Cretaceous volcanic rocks 
are not represented in the area of this study, where tuffs 
conformably overlying the dinosaur-bearing succession 
are unconformably overlain by fluvial deposits of the Late 
Paleocene–Early Eocene Ligorio Márquez Formation (De 
La Cruz and Suárez 2006).

The Mesozoic marine sedimentary succession is repre-
sented by the Toqui, Katterfeld and Apeleg formations of 
the Coyhaique Group and deposited in the Aysén Basin. 
The Toqui Formation north of the studied area is composed 
of shallow marine sandstones, oyster beds and volcaniclas-
tic rocks, and represents the Tithonian to early Hauteriv-
ian diachronous transgression of the basin. It overlies and 
interfingers with volcanic rocks of the Late Jurassic–Early 
Cretaceous Ibáñez Formation (De La Cruz et al. 2003; De 
La Cruz and Suárez 2006, 2008; Suárez et al. 2009). The 
Toqui Formation, north of lago General Carrera, is over-
lain by marine black shales of the Katterfeld Formation 
that underlie marine sandstones, mainly of tidal facies, of 
the Apeleg Formation (Bell and Suárez 1997). The latter 
underlies Aptian to Cenomanian subaerial volcanic rocks, 
mainly pyroclastic, of the Divisadero Group and locally 
Aptian surtseyan tuffs of the Baño Nuevo Volcanic Com-
plex (Suárez et al. 2007, 2010; Demant et al. 2010).

Fig. 2   Geologic scheme 
(modified from De La Cruz and 
Suárez 2006)
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The dinosaur beds

The dinosaur beds crop out along the eastern side of a 
major NS Cenozoic syncline and are bounded to the east 
by west-vergent NNW thrusts (De la Cruz and Suárez 
2006). To the west they form the hanging wall of a NS 
west-verging thrust over Upper Paleocene-Lower Eocene 
fluvial beds of the Ligorio Márquez Formation that in turn 
unconformably overlie the Ibáñez Formation (De La Cruz 
and Suárez 2006). Along a segment of one of the western 
thrusts, Upper Paleozoic rocks and Mesozoic rocks of the 
Ibáñez Formation are thrust over Miocene strata of the 
Santa Cruz Formation with a left-lateral strike-slip com-
ponent (the Santa Elcira Thrust of De la Cruz and Suárez 
2006), indicative of a post-16  Ma age for that particular 
fault. Farther to the east of the fossiliferous beds, west-
vergent thrusts occur, where Upper Paleozoic metamorphic 
rocks are thrust over the Jurassic-Lower Cretaceous Ibáñez 
Formation uplifting the cordilleran segment to the east after 
or during the latest stages of deposition of the Santa Cruz 
Formation.

The dinosaur beds are weakly folded and faulted. Sev-
eral faults putting in contact beds of the same facies associ-
ation can be identified, mainly interpreted as thrusts based 

on few fault striae and the folding of the beds (see De La 
Cruz and Suárez 2006); however, normal faults have also 
been identified.

Lithology

The fossiliferous sedimentary unit is a sandstone, peb-
bly sandstone, conglomerate succession, with intercalated 
tuffs and tuffites composed of reworked pyroclastic debris, 
that can be divided into two main facies associations: (1) a 
lower facies association of gray beds directly overlying ign-
imbrites of the Ibáñez Formation, and (2) an upper facies 
association, of green color, with reddish tones, and with 
intercalated tuffs and tuffites (Figs. 4, 5), underlying a thick 
succession of red-colored ignimbrites of over 50 m thick. 
Most of the fossil collections and geological observations 
were made from parts of the upper green facies, although 
fossil bones were also observed at least in the uppermost 
beds of the lower facies association. Clasts are mainly vol-
canic, with metamorphic fragments more abundant in the 
lower facies. No plutonic fragments were identified.

The lower facies association, of approximately 60  m 
thick, includes matrix-supported conglomerates, inter-
preted as debris flow deposits, clast-supported fine-grained 
normally graded conglomerates, interpreted as deposits 
from a turbulent flow, tuffaceous sandstones, laminated fine 
and very fine-grained sandstones and siltstones interpreted 
as subaqueous, laminated and finely stratified beds with 
concentrations of pumices probably representing water-lain 
air-fall deposits. Soft sediment deformation occurs occa-
sionally (flames and sandstone dikes), indicative of rapid 
accumulation of sediments. Some beds are mainly com-
posed of rhyolite and metamorphic clasts, while in others 
the clasts are predominantly of schists and metamorphic 
quartz, with subordinate volcanic fragments. They are 
interpreted as alluvial fan and lacustrine facies. A zircon 
U–Pb SHRIMP date was obtained from a vitric tuff from 
the uppermost levels (sample CH-8199).

The upper facies association: of approximately 70  m 
thick of medium to thin bedded strata, was more thoroughly 
explored for fossils (Salgado et al. 2008; Novas et al. 2014, 
2015). Two zircon U–Pb SHRIMP dates from interca-
lated tuffs were obtained from this association (samples 
CH-6281 and CH-8177). The upper green-reddish succes-
sion is formed of alternating green pebbly sandstones and 
sandy sedimentary conglomerates and breccias, with inter-
calated red or brown tuffs and tuffaceous rocks (Fig.  4). 
The contacts between beds are frequently erosional and 
paleochannels and cut and fill structures are common.

The intercalated tuffs include a distinctive red vitric tuff 
more than 15 m thick with fiamme up to 2 cm in length and 
interpreted as an ignimbrite (sample CH-6281 was taken 
from it), brown tuffs and tuffites, less than 2 m in thickness 

Fig. 3   Schematic Mesozoic stratigraphy
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Fig. 4   Stratigraphic column of 
dinosaur-bearing beds, Toqui 
Formation
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and usually with eroded tops. Laminated and finely strati-
fied tuffs with green fragments of pumice less than 1 cm in 
diameter and with horizontal and vertical trace fossils are 
interpreted as water-lain air-fall tuffs.

The sandstones are coarse-grained and poorly sorted, 
frequently grading to pebbly sandstones and granule con-
glomerates. They are mainly formed by fragments of 
andesites, rhyolites, dacites, basalts, quartzites, micaceous 
schists, plagioclase and rare quartz. Green volcanic frag-
ments give the color to the sandstones and conglomerates.

The conglomerates and breccias, both matrix and clast 
supported, are very poorly sorted with clasts from mil-
limeters to over 60 cm in diameter and exhibit crude clast 
subparallel alignment. Most clasts are volcanic in origin, 
including tuffs, volcanic breccias, dacites and andesites, 
and occasional metamorphic quartz.

The sedimentary structures observed in the sandstones 
include upper flat beds, locally with current lineation, pla-
nar and trough cross bedding and in the conglomerates rare 
localized imbrication of clasts. Some granule conglomerates 
and pebbly sandstones, 10–20 cm in thickness, are massive, 
structureless or with normal grading; usually they include 
outsize clasts of up to 60 cm in diameter. The breccias and 
conglomerates represent debris flow and stream flow depos-
its. The matrix-supported conglomerates may represent 
reworking of previously rounded fragments by fluvial pro-
cesses. Monomictic debrites with rounded rhyolite clasts up 
to 15 cm in diameter can be interpreted as the product of the 
reworking of block and ash deposits by debris flows.

A distinctive facies within this association is that of 
four-meter-thick laminated fine-grained quartz-feldspar 
sandstones, of gray color, capped by a millimeter thick 

claystone laminae, and with Paleophycus or Planolites 
trace fossils (Eduardo Bellosi, photographic identifica-
tion, written comm. 2014) and abundant detrital biotite and 
scarce fossil bones.

Some of the green sedimentary beds are interpreted as 
marine due to the presence of glauconite (Poldie Oyarzún, 
Universidad Andres Bello X Ray Diffractometry Labora-
tory, written communication, 2014). Glauconite was previ-
ously reported from samples from other beds of the green 
upper facies association (Sernageomin X Ray Diffractom-
etry Laboratory, 2006, written communication in De La 
Cruz and Suárez 2006). However, analyses carried out in 
other green color sandstones do not show glauconite but 
chamosite and celadonite. The cement is calcite and locally 
chlorite and hematite/limonite.

The presence of tractive structures, debrites and water-
lain fall tuffs, probably shallow marine based on the pres-
ence of glauconite in some beds, suggests fan delta deposits 
in an active volcanic arc setting, reaching a shallow marine 
environment.

The fossils

The fossils discovered in the exposures assigned to the 
Toqui Formation south of Lago General Carrera in the Aysén 
Region of Chilean Patagonia include dinosaurs (Salgado 
et al. 2008; Novas et al. 2014), a new taxon named C. diego-
suarezi (Novas et al. 2015) and crocodiles (Lio et al. 2011), 
locally fossil tree trunks of Podocarpoxylon and trilete spores 
(fern) that indicate humid conditions (Salgado et al. 2008). 
Novas et al. (2014, 2015) indicated that “the dinosaur fossils 
consists of isolated bones of big sauropod dinosaurs, frag-
mentary remains of a large carnivore and mainly numerous 
specimens of a new theropod (C. diegosuarezi) represented 
by very complete skeletons, mostly articulated … This new 
theropod have teeth in the form of leaves, similar to those 
of the prosauropod dinosaurs and indicative of an herbivore 
diet. The cervical vertebrae … are similar to those present 
in basal theropods … The new taxon does not correspond to 
any previously documented taxon from the Mesozoic units 
of Patagonia or from the rest of the world, which favours the 
idea that it represents a new lineage of theropod dinosaurs.” 
The “combination of features of Chilesaurus departs from 
those recognized in any major dinosaur clade, and repre-
sents an extreme example of mosaic convergent evolution” 
(Novas et al. 2015). The presence of different dinosaur fos-
sils, and the discovery of a bizarre new species among them 
(C. diegosuarezi; Novas et al. 2015), and of crocodiles (Lio 
et al. 2011), make this a unique site for studying Late Juras-
sic dinosaurs and crocodiles.

Fig. 5   Green sandstones and breccias with intercalated reddish tuffs
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Geochronology

Sample location and analytical techniques

Three samples from the dinosaur-bearing succession 
assigned to the Toqui Formation exposed south of Lago 
General Carrera were collected for SHRIMP ion micro-
probe U–Th–Pb zircon dating at the Australian National 
University. Mineral separation was carried out at the 
Geochronology Laboratory of the Servicio Nacional de 
Geología y Minería, Chile (SERNAGEOMIN) using stand-
ard crushing, heavy liquid and paramagnetic procedures. 
Zircon grains were hand picked from the heavy mineral 
concentrates, mounted in epoxy together with chips of the 
Temora reference zircon, sectioned approximately in half 
and polished. Reflected and transmitted light photomi-
crographs were prepared for all zircons, as were cathodo-
luminescence (CL) and scanning electron microscope 
(SEM) images. The CL images were used to decipher the 
internal structures of the sectioned grains and to ensure 
that the ~20 μm SHRIMP spot was wholly within a sin-
gle age component. The U–Th–Pb analyses were made 
using SHRIMP II following procedures given in Williams 
(1998, and references therein). Each analysis consisted of 
six scans through the mass range, with the Duluth Garbo 
(FC1) or Temora reference grains analyzed for every three 
unknown analyses. The data have been reduced using the 
SQUID Excel Macro of Ludwig (2001). The 206Pb/238U 
ratios were normalized relative to a value of 0.0668 for the 
Temora reference zircon, equivalent to an age of 417  Ma 
(see Black et  al. 2003) and 0.1859 for the FC1 reference 
zircons, equivalent to an age of 1099  Ma (see Paces and 
Miller 1993). Uncertainties in the U–Pb calibrations are 
given in the data tabulations. Uncertainties given for indi-
vidual analyses (ratios and ages) are at the one sigma level. 
Tera and Wasserburg (1972) concordia plots, probability 
density plots with stacked histograms and weighted mean 
206Pb/238U age calculations were carried out using ISOP-
LOT/EX (Ludwig 2003). Weighted mean 206Pb/238U age 
uncertainties are reported at the 95 % confidence limits.

Results

Three new SHRIMP U–Pb zircon dates are presented 
below in Tables  1, 2, 3 and Fig.  6. In this study we will 
use the ICS International Chronostratigraphic Chart (Cohen 
et  al. 2013; updated). The samples are discussed below 
from oldest to youngest:

1.	 Sample CH-6281 (GPS location 698021/4805763) is 
of an ignimbrite 15 m thick underlying dinosaur-bear-
ing green conglomerates and sandstones. Nineteen zir-
con grains were analyzed (Fig. 6a; Table 1). A range of 

206Pb/238U ages is recorded with a dominant grouping 
at about 147 Ma. The analysis of grain 16, with a result 
of 764 Ma, is much older and may represent an inher-
ited zircon probably from a Neoproterozoic basement. 
A weighted mean for the remaining 18 analyses has no 
excess scatter giving 147 ± 1.0 Ma. This is interpreted 
to date igneous zircon crystallization in this felsic vol-
canic rock.

2.	 Sample CH-8177 is from an acid tuff, 2 m thick, inter-
calated in green sandstones with dinosaur fossils (GPS 
location ca. 698102/4805743). The tuff has been par-
tially eroded and its upper contact is an erosional sur-
face with a conglomeratic sandstone that represents a 
debris flow deposit. Eighteen zircon grains were ana-
lyzed (Fig. 6b; Table 2). They plot close to the Tera–
Wasserburg concordia curve at about 149  Ma and 
mostly form a simple bell-shaped age distribution. A 
weighted mean of the 206Pb/238U ages for the 18 analy-
ses has no excess scatter giving 148.7 ± 1.4 Ma.

3.	 Sample CH-8199 is of a gray ignimbrite from the 
upper levels of the lower facies association, exposed 
to the SW of the other two samples (GPS location 
698600/4804097). The dated tuff is a 2-m-thick non-
welded gray ignimbrite, with green pumices that 
includes fossil bones, and underlies, with an erosional 
contact, a gray colored conglomeratic succession with 
lenses of pebbly sandstones. A few meters below the 
dated ignimbrite there is a finely stratified succession, 
5  m thick, of tuffs and tuffites which represents sub-
aqueous deposits. Seventeen zircon grains have been 
analyzed (Fig.  6c; Table  3). They plot close to the 
Tera–Wasserburg concordia curve at about 148 Ma and 
mostly form a simple bell-shaped age distribution. A 
weighted mean of the 206Pb/238U ages for the 17 analy-
ses has no excess scatter giving 147.9 ± 1.5 Ma, and 
without grain 5, gives an age of 147.8 ± 1.3 Ma.

The three SHRIMP dates ranging from 150.1 to 146 Ma 
indicate zircon crystallization during the Tithonian.

Conclusions

Three U–Pb SHRIMP zircon dates of 148.7  ±  1.4, 
147.9 ±  1.5 and 147.0 ±  1.0  Ma from three tuffs inter-
calated in a sedimentary succession bearing dinosaur and 
crocodile fossil bones (Salgado et al. 2008, 2015; Novas 
et  al. 2014), including C. diegosuarezi, a new dinosaur 
taxon (Novas et al. 2015) and assigned to the Toqui For-
mation (De La Cruz and Suárez 2006), set a Tithonian 
age for them. The strata bearing the vertebrate fossils 
include stream flow, debris flow, hyperconcentrated flow 
deposits, ignimbrites, tuffites and water-lain fall tuffs 



	 Int J Earth Sci (Geol Rundsch)

1 3

Ta
bl

e 
1  

S
um

m
ar

y 
of

 S
H

R
IM

P 
U

–P
b 

re
su

lts
 f

or
 z

ir
co

n 
fr

om
 s

am
pl

e 
C

H
62

81
 (

co
or

di
na

te
s 

69
80

21
, 4

80
57

63
)

* 
R

ad
io

ge
ni

c 
20

6 
Pb

1.
 U

nc
er

ta
in

tie
s 

gi
ve

n 
at

 th
e 

on
e 
σ

 le
ve

l

2.
 E

rr
or

 in
 T

em
or

a 
re

fe
re

nc
e 

zi
rc

on
 c

al
ib

ra
tio

n 
w

as
 0

.2
5 

%
 f

or
 th

e 
an

al
yt

ic
al

 s
es

si
on

 (
no

t i
nc

lu
de

d 
in

 a
bo

ve
 e

rr
or

s 
bu

t r
eq

ui
re

d 
w

he
n 

co
m

pa
ri

ng
 d

at
a 

fr
om

 d
if

fe
re

nt
 m

ou
nt

s)

3.
 f

20
6 

%
 d

en
ot

es
 th

e 
pe

rc
en

ta
ge

 o
f 

20
6 Pb

 th
at

 is
 c

om
m

on
 P

b

4.
 C

or
re

ct
io

n 
fo

r 
co

m
m

on
 P

b 
m

ad
e 

us
in

g 
th

e 
m

ea
su

re
d 

23
8  U

/20
6 Pb

 a
nd

 20
7 Pb

/20
6 Pb

 r
at

io
s 

fo
llo

w
in

g 
Te

ra
 a

nd
 W

as
se

rb
ur

g 
(1

97
2)

 a
s 

ou
tli

ne
d 

in
 W

ill
ia

m
s 

(1
99

8)
A
g
e

±
n
o
st
d

±
in
cl
u
d
e
st
d

1
4
7
.0

1
.0

0
.6
9
1
.0

G
ra

in
 s

po
t

U
 (

pp
m

)
T

h 
(p

pm
)

T
h/

U
20

6 Pb
* 

(p
pm

)
20

4 Pb
/20

6 Pb
f 2

06
 (

%
)

To
ta

l
R

ad
io

ge
ni

c
A

ge
 (

M
a)

23
8 U

/20
6 Pb

±
20

7 Pb
/20

6 Pb
±

20
6 Pb

/23
8 U

±
20

6 Pb
/23

8 U
±

1.
1

52
2

30
8

0.
59

10
.7

0.
00

03
46

0.
45

42
.0

7
0.

51
0.

05
26

0.
00

08
0.

02
37

0.
00

03
15

0.
8

1.
8

2.
1

25
7

16
4

0.
64

5.
1

0.
00

11
11

0.
35

43
.4

6
0.

52
0.

05
18

0.
00

12
0.

02
29

0.
00

03
14

6.
1

1.
7

3.
1

19
8

11
5

0.
58

4.
0

0.
00

05
60

0.
59

42
.9

2
0.

53
0.

05
37

0.
00

14
0.

02
32

0.
00

03
14

7.
6

1.
8

4.
1

47
4

30
0

0.
63

9.
4

0.
00

03
60

0.
27

43
.1

5
0.

48
0.

05
11

0.
00

09
0.

02
31

0.
00

03
14

7.
3

1.
6

5.
1

98
0

45
4

0.
46

19
.6

0.
00

00
75

0.
13

42
.9

1
0.

45
0.

05
01

0.
00

06
0.

02
33

0.
00

02
14

8.
3

1.
6

6.
1

27
8

24
1

0.
87

5.
6

0.
00

05
34

0.
57

42
.5

7
0.

50
0.

05
36

0.
00

13
0.

02
34

0.
00

03
14

8.
8

1.
7

7.
1

79
1

24
1

0.
30

15
.5

0.
00

01
04

0.
28

43
.9

0
0.

47
0.

05
12

0.
00

07
0.

02
27

0.
00

02
14

4.
8

1.
5

8.
1

49
1

28
3

0.
58

9.
8

0.
00

01
68

0.
15

43
.0

2
0.

48
0.

05
02

0.
00

09
0.

02
32

0.
00

03
14

7.
9

1.
7

9.
1

25
7

12
6

0.
49

5.
5

0.
00

24
89

6.
36

40
.0

0
0.

47
0.

09
97

0.
00

20
0.

02
34

0.
00

03
14

9.
2

1.
8

10
17

7
67

0.
38

3.
5

0.
00

04
61

0.
35

43
.3

0
0.

54
0.

05
18

0.
00

14
0.

02
30

0.
00

03
14

6.
7

1.
8

11
46

5
12

3
0.

27
9.

2
0.

00
03

15
0.

59
43

.4
8

0.
48

0.
05

37
0.

00
09

0.
02

29
0.

00
03

14
5.

7
1.

6

12
30

5
15

0
0.

49
5.

8
0.

00
04

81
0.

59
45

.4
5

0.
52

0.
05

35
0.

00
21

0.
02

19
0.

00
03

13
9.

5
1.

6

13
34

5
19

9
0.

58
6.

7
0.

00
03

09
0.

40
44

.2
4

0.
50

0.
05

21
0.

00
14

0.
02

25
0.

00
03

14
3.

5
1.

6

14
11

46
79

2
0.

69
23

.1
0.

00
01

01
0.

29
42

.6
0

0.
44

0.
05

14
0.

00
05

0.
02

34
0.

00
02

14
9.

1
1.

5

15
37

3
23

7
0.

63
7.

4
0.

00
00

77
0.

19
43

.2
9

0.
49

0.
05

05
0.

00
10

0.
02

31
0.

00
03

14
7.

0
1.

7

16
50

4
22

7
0.

45
54

.6
0.

00
00

55
0.

33
7.

92
0.

08
0.

06
74

0.
00

04
0.

12
59

0.
00

14
76

4.
2

7.
8

17
34

7
15

2
0.

44
6.

9
0.

00
08

77
0.

42
43

.3
8

0.
50

0.
05

23
0.

00
11

0.
02

30
0.

00
03

14
6.

3
1.

7

18
51

3
24

5
0.

48
10

.1
0.

00
04

69
0.

97
43

.5
3

0.
48

0.
05

67
0.

00
09

0.
02

28
0.

00
03

14
5.

0
1.

6

19
16

7
62

0.
37

3.
3

0.
00

04
38

1.
14

43
.0

9
0.

55
0.

05
80

0.
00

16
0.

02
29

0.
00

03
14

6.
2

1.
9



Int J Earth Sci (Geol Rundsch)	

1 3

Ta
bl

e 
2  

S
um

m
ar

y 
of

 S
H

R
IM

P 
U

–P
b 

re
su

lts
 f

or
 z

ir
co

n 
fr

om
 s

am
pl

e 
C

H
-8

17
7 

(c
oo

rd
in

at
es

 6
98

10
2,

 4
80

57
43

)

* 
R

ad
io

ge
ni

c 
20

6 
Pb

1.
 U

nc
er

ta
in

tie
s 

gi
ve

n 
at

 th
e 

on
e 
σ

 le
ve

l

2.
 E

rr
or

 in
 T

em
or

a 
re

fe
re

nc
e 

zi
rc

on
 c

al
ib

ra
tio

n 
w

as
 0

.6
6 

%
 f

or
 th

e 
an

al
yt

ic
al

 s
es

si
on

 (
no

t i
nc

lu
de

d 
in

 a
bo

ve
 e

rr
or

s 
bu

t r
eq

ui
re

d 
w

he
n 

co
m

pa
ri

ng
 d

at
a 

fr
om

 d
if

fe
re

nt
 m

ou
nt

s)

3.
 f

20
6 

%
 d

en
ot

es
 th

e 
pe

rc
en

ta
ge

 o
f 

20
6 Pb

 th
at

 is
 c

om
m

on
 P

b

4.
 C

or
re

ct
io

n 
fo

r 
co

m
m

on
 P

b 
m

ad
e 

us
in

g 
th

e 
m

ea
su

re
d 

23
8  U

/20
6 Pb

 a
nd

 20
7 Pb

/20
6 Pb

 r
at

io
s 

fo
llo

w
in

g 
Te

ra
 a

nd
 W

as
se

rb
ur

g 
(1

97
2)

 a
s 

ou
tli

ne
d 

in
 W

ill
ia

m
s 

(1
99

8)
A
g
e

±
n
o
st
d

±
in
cl
u
d
e
st
d

1
4
8
.7

1
.0

0
.9
4
1
.4

G
ra

in
 s

po
t

U
 (

pp
m

)
T

h 
(p

pm
)

T
h/

U
20

6 Pb
* 

(p
pm

)
20

4 Pb
/20

6 Pb
f 2

06
 (

%
)

To
ta

l
R

ad
io

ge
ni

c
A

ge
 (

M
a)

23
8 U

/20
6 Pb

±
20

7 Pb
/20

6 Pb
±

20
6 Pb

/23
8 U

±
20

6 Pb
/23

8 U
±

1.
1

41
6

15
3

0.
37

8.
4

0.
00

03
06

0.
23

42
.6

5
0.

51
0.

05
08

0.
00

10
0.

02
34

0.
00

03
14

9.
1

1.
8

2.
1

32
0

11
7

0.
37

6.
4

–
<

0.
01

42
.6

9
0.

54
0.

04
88

0.
00

11
0.

02
34

0.
00

03
14

9.
3

1.
9

3.
1

15
29

76
4

0.
50

31
.9

0.
00

00
58

0.
11

41
.1

3
0.

44
0.

05
00

0.
00

05
0.

02
43

0.
00

03
15

4.
7

1.
6

4.
1

31
2

20
1

0.
64

6.
3

0.
00

04
06

0.
34

42
.8

1
0.

55
0.

05
17

0.
00

12
0.

02
33

0.
00

03
14

8.
4

1.
9

5.
1

35
3

12
0

0.
34

7.
1

0.
00

01
30

0.
30

42
.9

7
0.

54
0.

05
14

0.
00

11
0.

02
32

0.
00

03
14

7.
9

1.
8

6.
1

73
0

29
4

0.
40

14
.7

0.
00

01
49

0.
02

42
.7

5
0.

48
0.

04
92

0.
00

08
0.

02
34

0.
00

03
14

9.
0

1.
7

7.
1

64
3

42
1

0.
65

13
.2

0.
00

00
74

<
0.

01
42

.0
2

0.
49

0.
04

89
0.

00
08

0.
02

38
0.

00
03

15
1.

7
1.

7

8.
1

53
8

47
5

0.
88

10
.8

0.
00

02
18

0.
28

42
.6

0
0.

51
0.

05
12

0.
00

09
0.

02
34

0.
00

03
14

9.
2

1.
8

9.
1

16
9

20
0.

12
3.

3
0.

00
10

04
0.

33
43

.5
2

0.
66

0.
05

16
0.

00
17

0.
02

29
0.

00
04

14
6.

0
2.

2

10
49

3
20

2
0.

41
10

.2
0.

00
00

00
0.

08
41

.5
0

0.
50

0.
04

97
0.

00
09

0.
02

41
0.

00
03

15
3.

4
1.

8

11
16

8
13

2
0.

79
3.

4
–

0.
20

42
.5

0
0.

65
0.

05
07

0.
00

22
0.

02
35

0.
00

04
14

9.
6

2.
3

12
14

8
60

0.
41

3.
0

0.
00

02
95

0.
18

42
.6

5
0.

68
0.

05
05

0.
00

18
0.

02
34

0.
00

04
14

9.
2

2.
4

13
32

1
93

0.
29

6.
2

0.
00

00
79

0.
05

44
.8

2
0.

60
0.

04
93

0.
00

13
0.

02
23

0.
00

03
14

2.
2

1.
9

14
27

4
12

1
0.

44
5.

7
0.

00
00

29
0.

28
41

.5
4

0.
57

0.
05

14
0.

00
14

0.
02

40
0.

00
03

15
2.

9
2.

1

15
98

0
48

3
0.

49
20

.7
0.

00
00

60
0.

09
40

.6
4

0.
47

0.
04

99
0.

00
07

0.
02

46
0.

00
03

15
6.

6
1.

8

16
65

9
26

6
0.

40
13

.2
0.

00
00

00
<

0.
01

42
.8

5
0.

50
0.

04
80

0.
00

09
0.

02
34

0.
00

03
14

8.
9

1.
7

17
17

72
67

2
0.

38
35

.1
–

0.
12

43
.3

7
0.

47
0.

04
99

0.
00

05
0.

02
30

0.
00

03
14

6.
8

1.
6

18
67

6
43

3
0.

64
13

.6
0.

00
00

70
0.

27
42

.8
4

0.
50

0.
05

12
0.

00
09

0.
02

33
0.

00
03

14
8.

3
1.

7



	 Int J Earth Sci (Geol Rundsch)

1 3

Ta
bl

e 
3  

S
um

m
ar

y 
of

 S
H

R
IM

P 
U

–P
b 

re
su

lts
 f

or
 z

ir
co

n 
fr

om
 s

am
pl

e 
C

H
-8

19
9 

(c
oo

rd
in

at
es

 6
98

60
0,

 4
80

40
97

)

* 
R

ad
io

ge
ni

c 
20

6 
Pb

1.
 U

nc
er

ta
in

tie
s 

gi
ve

n 
at

 th
e 

on
e 
σ

 le
ve

l

2.
 E

rr
or

 in
 T

em
or

a 
re

fe
re

nc
e 

zi
rc

on
 c

al
ib

ra
tio

n 
w

as
 0

.6
6 

%
 f

or
 th

e 
an

al
yt

ic
al

 s
es

si
on

 (
no

t i
nc

lu
de

d 
in

 a
bo

ve
 e

rr
or

s 
bu

t r
eq

ui
re

d 
w

he
n 

co
m

pa
ri

ng
 d

at
a 

fr
om

 d
if

fe
re

nt
 m

ou
nt

s)

3.
 f

20
6 

%
 d

en
ot

es
 th

e 
pe

rc
en

ta
ge

 o
f 

20
6 Pb

 th
at

 is
 c

om
m

on
 P

b

4.
 C

or
re

ct
io

n 
fo

r 
co

m
m

on
 P

b 
m

ad
e 

us
in

g 
th

e 
m

ea
su

re
d 

23
8  U

/20
6 Pb

 a
nd

 20
7 Pb

/20
6 Pb

 r
at

io
s 

fo
llo

w
in

g 
Te

ra
 a

nd
 W

as
se

rb
ur

g 
(1

97
2)

 a
s 

ou
tli

ne
d 

in
 W

ill
ia

m
s 

(1
99

8)
A
g
e

±
n
o
st
d

±
in
cl
u
d
e
st
d

1
4
7
.9

1
.2

1
.0
5
1
.5

G
ra

in
 s

po
t

U
 (

pp
m

)
T

h 
(p

pm
)

T
h/

U
20

6 Pb
* 

(p
pm

)
20

4 Pb
/20

6 Pb
f 2

06
 (

%
)

To
ta

l
R

ad
io

ge
ni

c
A

ge
 (

M
a)

23
8 U

/20
6 Pb

±
20

7 Pb
/20

6 Pb
±

20
6 Pb

/23
8 U

±
20

6 Pb
/23

8 U
±

1.
1

14
3

53
0.

37
2.

8
–

0.
28

43
.6

9
0.

69
0.

05
12

0.
00

18
0.

02
28

0.
00

04
14

5.
5

2.
3

2.
1

31
7

13
7

0.
43

6.
3

0.
00

02
40

<
0.

01
43

.0
2

0.
55

0.
04

81
0.

00
11

0.
02

33
0.

00
03

14
8.

3
1.

9

3.
1

37
3

15
8

0.
42

7.
4

0.
00

02
33

0.
10

43
.1

5
0.

54
0.

04
98

0.
00

11
0.

02
31

0.
00

03
14

7.
5

1.
8

4.
1

22
9

70
0.

30
4.

5
–

0.
29

43
.6

3
0.

61
0.

05
13

0.
00

14
0.

02
29

0.
00

03
14

5.
7

2.
0

5.
1

10
73

31
5

0.
29

22
.6

0.
00

00
89

0.
10

40
.7

0
0.

44
0.

05
00

0.
00

08
0.

02
45

0.
00

03
15

6.
3

1.
7

6.
1

11
6

67
0.

58
2.

3
0.

00
08

06
0.

34
43

.0
3

0.
72

0.
05

17
0.

00
21

0.
02

32
0.

00
04

14
7.

6
2.

5

7.
1

39
4

22
2

0.
56

8.
1

0.
00

02
73

0.
09

41
.9

5
0.

53
0.

04
98

0.
00

11
0.

02
38

0.
00

03
15

1.
7

1.
9

8.
1

48
1

23
0

0.
48

9.
8

0.
00

03
22

0.
04

42
.3

6
0.

53
0.

04
94

0.
00

10
0.

02
36

0.
00

03
15

0.
4

1.
9

9.
1

60
3

30
6

0.
51

12
.3

0.
00

01
41

0.
13

42
.1

3
0.

49
0.

05
01

0.
00

09
0.

02
37

0.
00

03
15

1.
0

1.
8

10
15

63
12

55
0.

80
31

.3
–

0.
05

42
.9

5
0.

46
0.

04
94

0.
00

06
0.

02
33

0.
00

03
14

8.
3

1.
6

11
75

4
19

4
0.

26
15

.0
0.

00
01

43
0.

32
43

.0
7

0.
61

0.
05

16
0.

00
08

0.
02

31
0.

00
03

14
7.

5
2.

1

12
26

8
11

2
0.

42
5.

2
–

0.
38

44
.1

6
0.

61
0.

05
19

0.
00

14
0.

02
26

0.
00

03
14

3.
8

2.
0

13
42

8
15

7
0.

37
8.

4
–

0.
14

43
.9

6
0.

56
0.

05
00

0.
00

11
0.

02
27

0.
00

03
14

4.
8

1.
8

14
19

7
96

0.
49

3.
9

0.
00

00
52

<
0.

01
43

.2
2

0.
65

0.
04

77
0.

00
19

0.
02

32
0.

00
04

14
7.

7
2.

2

15
20

8
96

0.
46

4.
0

0.
00

09
50

0.
34

44
.9

5
0.

98
0.

05
16

0.
00

17
0.

02
22

0.
00

05
14

1.
4

3.
1

16
36

5
14

8
0.

41
7.

3
–

0.
17

42
.7

7
0.

56
0.

05
03

0.
00

12
0.

02
33

0.
00

03
14

8.
7

1.
9

17
38

6
19

9
0.

52
7.

7
0.

00
01

06
0.

23
42

.8
0

0.
55

0.
05

08
0.

00
14

0.
02

33
0.

00
03

14
8.

6
1.

9



Int J Earth Sci (Geol Rundsch)	

1 3

with interbedded shallow marine glauconite-bearing sand-
stones. Fossil tree trunks and spores indicate humid con-
dition (Salgado et al. 2008).

The overall depositional setting is that of a fan delta 
reaching a shallow marine basin, adjacent to active vol-
canoes rooted on metamorphic rocks. This setting is in 

Fig. 6   SHRIMP U–Pb zircon 
results from samples of the 
Toqui Formation plotted on 
Tera and Wasserburg Concordia 
plots of the total 207Pb/206Pb 
ratios versus the calibrated 
206Pb/238U ratios. Inset shows 
a relative probability plot with 
stacked histogram for the 
interpreted magmatic zircon 
analyses used for the weighted 
mean age calculation as shown: 
a sample CH-6821; b sample 
CH-8177; c sample CH-8199
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agreement with the synvolcanic Tithonian transgression 
of the Aysén Basin (De La Cruz et al. 1996; Suárez et al. 
2009).
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