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Summary. Remanent magnetization directions of 3 2  dykes and lava flows 
sampled near Ayacucho, the Peruvian Andes revealed 14.2' f 5.5" counter- 
clockwise rotation after the Neogene intrusion of  this dyke swarm. Palaeo- 
magnetic results of  these rocks and other palaeomagnetic evidences from the 
Central Andean Mesozoic rocks suggest relatively recent occurrence of the 
Andean oroclinal bending around the axis a t  the Peru-Chile border. 

Introduction 

Palaeomagnetic studies on the Mesozoic rocks of the Peruvian Andes and northernmost Chile 
(Heki, Hamano & Kono 1983; Heki 1983; Heki et al. 1984) have revealed post-Cretaceous 
counter-clockwise rotation of the Peruvian block and oroclinal bending of the Central Andes 
around an axis at the Peru-Chile border (referred t o  as the Bolivian orocline; Carey 1955). 
Hayashida er al. (1  984) also showed the counter-clockwise deviated declination of the Eocene 
red sediments of the Salla Group in the Bolivian Altiplano and suggested that the oroclinal 
bending is post-Eocene. Palaeomagnetic studies for much younger rock formations will 
provide important information on the age of the bending of  the Central Andes. Here we 
report the  result of a palaeomagnetic investigation on  a Neogene dyke swarm near Ayacucho, 
in the Peruvian Andes. 

Present a d d k :  Kashima Space Communication Centre, Radio Research Laboratories, Ministry of Posts 
and Telecommunications, 893-1, Hirai, Kashima-machi, Ibaraki 3 14, Japan. 
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Geology 

Upper Cretaceous to Quaternary volcanic formations are widely distributed in the Peruvian 
Andes over the highland of  the Western Cordillera. These formations are composed of lava 
flows, volcanic breccias, agglomerates and tuffs and their compositions are predominantly 
andesitic. These volcanics can be divided into several stratigraphical groups according t o  the 
degree of influence of the compressive deformations in the Andean orogeny. The youngest 
volcanic formations which were formed after the most recent compressive pulse (Quechuan 
orogeny; Bellido 1979) are generically called the Sillapica Group or the Barosso Group. 
Farrar & Noble (1976)  bracketed the onset of  the Quechuan deformation between 21 and 
14Ma and  suggested the age of the termination t o  be about 10Ma. From this point of view, 
Plio-Quaternary ages have been assigned t o  these youngest volcanic formations. However, 
radiometric age determination studies reveal that even the volcanic rocks whose ages were 
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Figure 1. The location of the Ocros dyke swarm in the Peruvian Andes. Dykes are illustrated as short bars 
(OCOI-29). Directions of the bars indicate the strikes of the dyke contacts. The dot ted line shows the 
route between Ayacucho and Ocros. Magnetic north is also illustrated on the lower map. 
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Palaeomagnetism of a Neogene dyke swarm in Peru G 2 9  
assumed to be Quaternary show ages representative of the Upper Miocene, say 5-7 Ma 
(Bellon & Lefkvre 1976; Kaneoka & Guevara 1984). Thus it is reasonable to  consider that 
these rocks are post-Miocene. 

A dyke swarm was found within a volcanic formation which is described as the Barosso 
Group (Bellido 1979) and was named the ‘Ocros dyke swarm’ (Fig. I ). The sampling route 
spans about 4 km extending approximately north to  south and we collecred about 200 
oriented block samples from 29 dykes intruding into an alternation of lavas and pyroclastics 
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Figure 2. Zijderveld diagrams in the progressive AF demagnetization of the specimens of Ocros dyke 
swarm. Open and solid symbols indicate the projections on to vertical and horizontal planes respectively. 
Scales are arbitrary. 
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(Fig.  1, OCO1-29). A t  several dykes (OC03, 05, 06) adjacent lava flows were also sampled. 
T h e  general trend of the dykes is N80°E (Fig. l ) ,  which is roughly parallel with the present 
direction of plate convergence at the trench. From the facts that this volcanic formation 
post-dates t h e  last compressive pulse and that each dyke contact is vertical, structurlil tilting 
is considered to  have been almost absent since the time of the intrusion of this dyke swarm. 
Detailed geologic and petrologic information on these dykes is given in Ui et al. (1985). 

Experimental procedures 
Oriented block samples were cored in the laboratory and were measured using a Schonstedt 
spinner magnetometer at the University of Tokyo. Stepwise alternating field (AF) demag- 
netization was carried out on each specimen until the  most part of the original remanence 
w a s  destroyed. The natural remanent magnetization (NRM) intensities ranged from t o  
lo-* Amz k g '  . The remanent magnetization directions were fairly stable against AF demag- 
netization and  median destructive fields (MDFs) usually exceeded 2 0 m T .  Fig 2 shows vector 
diagrams (Zijderveld 1967) of the progressive A F  demagnetization. A palaeomagnetic field 
direction was determined from the angle between the linear portion of the data points and 
t h e  axes of the diagram. 

Results and discussion 
All the palaeomagnetic results are listed in Table 1. The site-mean remanent magnetization 
directions are illustrated with 95 per cent confidence circles (Fisher 1953) in Fig. 3 by 

Figure 3. Ldnibert equal-area projection of the site-mean remanent magnetization directions of Ocros 
dyke  swarm. The  95 per cent confidence circles are also illustrated. The open and solid symbols denote 
negative (upward) and positive (downward) inclinations respectively. The star indicates the present field 
direction in this area and the X indicates the present axial dipole field. Squares denote intermediate polarity 
directions. 
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Palaeomagnetism of a Neogene dyke swarm in Peru 53 1 
Lambert equal-area projection. About two-thirds of the site-mean directions cluster near the 
Present axial dipole field (ADF, denoted as Xs in Fig. 3) of reversed polarity and it is noticed 
that they deviate counter-clockwise from the ADF by 10"-20". There are also four dyke- 
mean directions which are nearly antipodal to those of reversed polarity. These two groups 
can be interpreted to represent reversed and normal polarities respectively. Thus, four d y k e s  
(OC12, 15, 16, 17) are classified as normal polarity and 21 dykes and lavas (OCO1-07, 13, 
14, 18, 22-29) are classified as reversed polarity. Seven dykes (OCO8-11, 19-21; shown as 
squares in Fig. 3) have their virtual geomagnetic poles (VGPs) more than 40° apart from the 
mean position of the other 25 VGPs and are considered to be of intermediate polarity. These 
intermediate polarity (or possibly transitional) directions were excluded from the subsequent 
discussion. 

If we assume that the times of intrusion of the dykes are randomly distributed over the 
whole activity duration of the dyke swarm, the scatter of VGPs may be considered to 
represent a measure of the ancient secular variation of the geomagnetic field. The angular 
standard deviation (ASD) of the VGPs for the 21 reversed polarity dykes is 13.7" with a 95 
per cent confidence interval between 1 1.3" and 17.4". When noimal polarity VGPs are inverted 
to those of reversed polarity, the ASD of the 25 VGPs is 14.2" with 95 per cent confidence 
limits of 1 I .9" and 17.7". These ASDs show good agreement with the global trend of the 
Plio-Pleistocene palaeosecular variation presented in McElhinny & Merrill(1975). 

The axial geocentric dipole hypothesis predicts that the geomagnetic field almost coincides 

Table 1. Palaeomagnetic directional data of Ocros dyke swarm. 

3 y i i  'i 1,Cl 

( l a v a )  ("i 

GC0l 4 3 . 9  
3532 6 0.8 

. l  3S21.l 9 

l o )  

1 7 6 . 5  3 . 9 7 8 6  
- 1 6 1 . 1  5 . 9 2 0 9  

3C93 6 52.5 1 6 3 . 3  5.9-39 
!C:O31 i 4 4 . 8  158.5 5 . 9 6 1 ?  

2 C O l  5 4 2 . :  1 7 9 . 3  & . ? 6 3 7  
CCUi 6 32.1 1 5 5 . 7  5 . 4 5 7 3  
ro : i l 5 )1?  3 2 . 0  172.0 1 2 . 4 8 0 8  

3 C 3 h  6 2 4 . 7  170.2 5 . 3 4 2 2  
1 7 2 . 9  L.1241 (GCO61 5 3'3.3 

3 C 3 7  6 1 7 . 5  1 6 2 . 4  5 . 9 7 2 1  
3 C 0 3  5 1 7 . 2  - 1 2 7 . 6  4.72111 
OC09 6 1 3 . 1  - 1 4 3 . 2  5 . 0 1 5 1  
O C l O  6 9.5 - 1 2 5 . 5  5 . 9 3 7 5  
OCll 6 8 . 8  - 1 0 9 . 6  5 . 9 7 5 5  
OC12 h - 3 6 . 4  - 3 2 . 5  5 . 9 6 1 1  

O C l 8  7 3 8 . 4  

OC13 6 3 4 . 4  l 5 d . 9  5 . 9 3 3 5  
OC14 6 3 a . 6  1 6 7 . 7  5 . 9 4 2 1  
GC15 7 - 3 4 . 6  - 2 1 . 6  6 . 9 3 1 5  
O C 1 6  6 - 3 8 . 6  - 3 3 . 7  5 . 9 4 8 2  
OC17 6 - 4 1 . 6  - 3 2 . 9  5 . 9 0 4 3  

- 1 7 9 . 6  6 . 9 1 9 2  
O C 1 9  4 - 7 9 . 5  - 3 7 . 0  3 . 0 5 1 3  
GC20 5 - 7 5 . 4  - 4 3 . 0  4 . 9 8 7 2  
OC21 6 - 7 4 . 2  2 . 1  5 . 8 9 7 6  
OC22 6 31 .2  1 5 0 . 5  5 . 9 7 6 2  
OC23 6 4 3 . 8  1 7 6 . 1  5 . 9 4 4 0  
OC24 6 2 . 9  1 7 6 . 3  5 . 9 6 5 5  
OC25 6 1 . 3  1 6 9 . 3  5 . 9 7 0 9  
OC26 3 3 5 . 4  1 6 0 . 3  2 . 9 9 6 3  
OC27 5 4 1 . 9  1 6 8 . 1  4 . 9 9 0 8  
OC28 7 2 2 . 1  1 5 7 . 9  6 . 9 4 8 7  
OC29 8 2 0 . 7  1 5 2 . 0  7 . 9 5 2 0  

mean: 2 1  - 
mean 2 5  - 

- 2 0 . 4 0 5 7  
- 2 4 . 2 3 2 9  
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6 3  8 . 5  
4 0  10.9 
112 5 . 6  

3 1  1 1 . 1  
1 1 7  6 . 1  
111 1 . 2  

32  1 2 . 1  
5 3  1 3 . 5  

1 3 1  5.0 
l a  2 1 . 9  
27  1 3 . 1  
30 7 . 5  

2 9 4  4 . 7  
1 2 9  5 . 4  

7 5  7 . 8  
8 6  7 . 3  
48  6 . 5  
9 7  6.9 
5 2  9 . 4  
7 4  7 . 1  
20 2 1 . 0  
36 13.1)  
4 9  9 . 1  

2 1 0  4 . 6  
8 9  7 . 1  

1 4 5  5 . 6  
1 7 2  5 . 1  
5 4 5  5 . 3  
4 3 4  3 . 7  
1 1 7  5 . 6  
1 4 6  4 . 6  

34  5 . 6  
31  5 . 3  

- 6 3 . 4  -3A.9  
- 7 3 . 1  - ? 5 . 0  
- 1 5 . 9  - 7 9 . 7  
- 7 4 . 7  - 1 . 8  
-93.1)  - 1 3 . 6  
- 3 0 . 5  17.6 
-79.9 - 3 7 . 9  
- 7 4 . 1  3 0 . 5  
- 3 1 . 7  - 1 6 1 . 9  
-50.3 - 1 5 3 . 7  
- 3 5 . 5  - 1 5 7 . 7  
- 1 9 . 1  - 1 5 3 . 9  

s a . 2  1 7 3 . 2  

6 8 . 5  1 7 4 . 0  

- 6 5 . 3  - 0 . 1  
- 7 5 . 9  -11.1 

5 9 . 6  1 7 5 . 7  
5 7 . 2  1 7 2 . 5  

- 8 1 . 8  - 7 6 . 6  
2 9 . 2  1 1 9 . 9  
3 2 . 3  1 2 7 . 9  
4 2 . 9  1 0 4 . 6  

- 6 1 . 3  5 . 4  
- 7 7 . 2  - 5 7 . 5  
- 7 7 . 5  8 8 . 7  
- 7 3 . 4  6 5 . 5  
- 1 0 . 2  - 4 . 7  
- 7 4 . 4  - 2 9 . 4  
- 6 8 . 3  1 8 . 7  
- 6 2 . 5  1 8 . 6  

- 7 8 . 7  0.0 
- 7 5 . 2  - 1 . 7  

N :  number of samples studied, R :  length of resultant vector, k :  
precision parameter (Fisher 1953), a g 5 :  radius of 95 per cent con- 
fidence circle. 
'All directions are determined by least squares fitting to  the linear 
portions of the demagnetization diagrams. 
'Only reversed polarity VGPs are averaged. 

and are averaged together with reversed polarity VGPs. 
Normal polarity VGPs are converted to those of reversed polarity 
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532 K. Heki e t  al. 

w i t h  that of an axial and almost geocentric dipole (in other words, the mean VGP almost 
coincides with the geographic pole) when averaged over a certain time range covering the 
whole secular variation periods (McElhinny 1973). The normal and reversed remanent mag- 
netization directions obtained from the Ocros dyke swarm show significant counter-clockwise 
declination shifts ( the  mean VGP is different from the geographic pole at the 95 per cent 
confidence level; Table 1) although the ASD seems sufficient t o  include the whole period of  
t h e  paheosecular variation. Therefore there should be some important reasons for this 
declination shift. 

Currently available Neogene palaeomagnetic data for the South American plate are not  
sufficient t o  establish the palaeomagnetic pole position for this period. However, the South 
American pole can b e  estimated indirectly by rotating the North American palaeomagnetic 
pole (e.g. hiving 1977) around the pole of the recent relative movement between North 
American and  South American plates obtained from the Atlantic magnetic anomaly linea- 

0' 

L 0's 
W 

Figure 4. Rotation angles and their 95 per cent confidence limits obtained from the palaeomagnetic 
studies of the Central Andes (after Heki et al. 1983; Kono et al. 1985). Rotation angles are shown as the 
angles between the south and the central lines of the fans. Hatched data are Tertiary (Neogene Ocros dyke 
swarm and the Eocene Salla Group). 

 at IN
ST

 G
E

O
L

O
G

IC
O

 M
IN

E
R

O
 Y

 M
E

T
A

L
U

R
G

IC
O

 on M
ay 3, 2013

http://gji.oxfordjournals.org/
D

ow
nloaded from

 

http://gji.oxfordjournals.org/


Palaeomagnetism of a Neogene dyke swarm in Peru 533 

tion data (Ladd 1976). The position of the South American palaeomagnetic pole for the last 
lOMyr estimated in this way is not significantly different from the present pole. Several 
palaeomagnetic studies of late Cenozoic rocks in the Argentine Andes also indicate that the 
palaeomagnetic pole in this period is nearly coincident with the present-day geographic pole 
( e g  Creer & Valencio 1969; Valencio, Vilas & Mendia 1975). Hence, the declination shift of 
the remanent magnetization of the Ocros dykes is considered to be due to tectonic move- 
ments of this region rather than an apparent polar sh f t  of the entire South American plate. 

One possibility to explain this declination shift is a tilting of the whole part of the Ocros 
dyke swarm. In order to convert the ADF direction to the average of the observed remanent 
magnetization directions of Ocros dyke swarm, the palaeohorizontal plane should have a dip 
of about 30" with a nearly north-south strike. However, as mentioned already, the observed 
dyke contacts are almost vertical and Plio-Pleistocene tilting up to  30" is quite unlikely. 

It is more plausible to suppose that the declination shift is due to the counter-clockwise 
rotation of the block involving the dyke swarm with respect to the other regions of South 
America. By assuming the coincidence of the present pole and the Neogene palaeomagnetic 
pole for the South American plate, we can estimate the rotation angle and its 95 per cent 
confidence interval after the method of Beck (1980). The obtained value (14.2' * 5.5") is 
illustrated in Fig. 4 as an angle from the present south. (This confidence interval includes 
neither uncertainty in the cratonal pole, nor the uncertainty of undetected tilt, and so the 
actual error limits might be somewhat larger.) Fig. 4 also shows the rotation angles obtained 
from palaeomagnetic studies of Mesozoic rocks in the Central Andes as the white fans (Heki 
et al. 1983; Kono, Heki & Hamano 1985). Tertiary data (the Eocene Salla Group, Hayashida 
e f  al. 1984; Ocros dyke swarm, this study) are shown as hatched fans. 

In Fig. 4 ,  although the rotation angles for the Mesozoic and Eocene rocks are concordant 
with the structural trend of the Andes, that of the Ocros dyke swarm appears to be signifi- 
cantly smaller. This suggests that the counter-clockwise rotation of the Peruvian Andes, i.e. 
the occurrence of the Bolivian orocline, is rather recent and the Ocros dyke swarm possibly 
recorded an intermediate point of the rotation of the Peruvian Andes. In summary, palaeo- 
magnetic results from the Ocros dyke swarm provide a strong constraint in considering the 
age of the Bolivian orocline, that is, about half of the rotation occurred after the intrusion of 
the Ocros dyke swarm in the Neogene. 

Acknowledgments 
We are grateful to Felix Monge and Franklin Moreno of Instituto Geofisico del Peru for the 
help in the field-work and Leonidas Ocola, Mateo Casaverde and Mutsumi Ishizuka (IGP) for 
the support in logistics. We also thank Yutaka Takigami for the measurement of the radio- 
genic argon and Akira Hayashida for sending us unpublished Bolivian palaeomagnetic data. 
This work was carried out with a grant-in-aid for researches in foreign countries from the 
Ministry of Education (No. 56041015). 

References 
Beck, M. E., 1980. Paleomagnetic record of plate-margin tectonic processes along the western edge of 

Bellido, B. E., 1979. Sinopsis de la geologia del Peru, Bol. Inst. geol. min. metal., 22, 55 pp. 
Bellon, H. & Lefkvre, C., 1976. DonnCev geochronometriques sur le volcanisme andin dans le sud du Perou, 

Carey, S. W., 1955. The orocline concept in geotectonics, Roc. R. Soc. Tas., 89, 255-288. 
Creer, K. M. & Valencio, D. A., 1969. Palaeomagnetic and rock magnetic studies on  Cenozoic basalts from 

North America,J. geophys. Res., 85, 71 15-7131. 

implications volcano tectoniques, C. r. Acad. Sci. Paris, Ser. D, 283, 1-4. 

Western Argentina, Geophys. J. R.  astr. Soc., 19, 113-146. 

 at IN
ST

 G
E

O
L

O
G

IC
O

 M
IN

E
R

O
 Y

 M
E

T
A

L
U

R
G

IC
O

 on M
ay 3, 2013

http://gji.oxfordjournals.org/
D

ow
nloaded from

 

http://gji.oxfordjournals.org/


5 34 
Farrar, E. & Noble, D. C., 1976. Timing of late Tertiary deformation in the Andes of Peru, Bull. geol. SOC. 

Fisher, R. A., 1953. Dispersion on  a sphere, Proc. R. Soc. A ,  21 7, 295-306. 
Hayashida, A, ,  Nogami, Y. ,  Rodrigo, L. A. & Saavedra, A., 1984. Fission track dating and paleomagnetic 

study of  the Cenozoic continental depcsits at Salla, Bolivian Andes, in Kyoto University Overseas 
Research Report of New World Monkeys, Kyoto University Primate Research Institute. 

Heki, K., 1983.  Paleomagnetic study of the Central Andes with special reference to the Bolivian orocline, 
Doctoral thesis, Faculty of Science, University of Tokyo. 

Heki, K., Hamano, Y., Kinoshita, H., Taira, A. & Kono, M., 1984. Paleomagnetic study of the Cretaceous 
rocks of Peru, South America: evidence for rotation of the Andes, Tectonophys., 108, 26?-281. 

Heki, K., Hamano, Y .  & Kono, M., 1983. Rotation of the Peruvian Block from palaeomagnetic studies of 
the Central Andes, Nature, 3 0 5 ,  514-51 6. 

Irving, E., 1977.  Drift of the major continental blocks since the Devonian, Nature, 270, 304-309. 
Kaneoka, I .  & Guevara, C., 1984. K-Ar age determination of Upper Tertiary and Quaternary Andean 

Kono,  M . ,  Heki, K. & Hamano, Y. ,  1985. Paleomagnetic study of the Central Andes: counterclockwise 

Lddd, J. W., 1976. Relative motion of South America with respect to North America and Caribbean 

McElhinny, M. W., 1973. Palneomugnetism a n d  Pkzte Tecfonics, Cambridge Earth Science Series,Cambridge 

McElhinny, M. W. & Merrill, R. T., 1975. Geomagnetic secular variation over the past 5 m.y.,Rev. Geophys. 

Ui, T., Kono, M., Hamano, Y.  & Monge, F., 1985. Paleovolcanology of Ocros dike swarm, Central Andes, 

Valencio, D. A, ,  Vilas, J. F. & Mendia, J. E., 1975. Palaeomagnetisrn of Quaternary rocks from South 

Zijderveld, J. D. A., 196 7. A.C. demagnetization of rocks: analysis of results, inMethods ofPaleomagnetism, 

K. Heki et al. 

Am. ,  87, 1247-1 250. 

volcanic rocks, southern Peru, Geochem. J., in press. 

rotation of Peruvian Block, J. Geodyn., in press. 

tectonics, Bull. geol. Soc. Am. 87, 969-976. 

University Press, London. 

SpacePhys., 13, 687-701. 

J. volcanol. Soc. Japan, submitted. 

America, A n .  Acad. bras. CiCnc. (Suppl.). 47, 21 -32. 

pp. 254-286, eds Collinson, D. W., Creer, K. M. & Runcorn, S. K., Elsevier, Amsterdam. 

 at IN
ST

 G
E

O
L

O
G

IC
O

 M
IN

E
R

O
 Y

 M
E

T
A

L
U

R
G

IC
O

 on M
ay 3, 2013

http://gji.oxfordjournals.org/
D

ow
nloaded from

 

http://gji.oxfordjournals.org/

