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 This thesis synthesizes surficial structural data, a detailed analysis of an 

earthquake in 1944, and historical seismicity into a new model of crustal scale 

deformation in the eastern Precordillera in northwestern Argentina in the vicinity of 

San Juan.  The eastern Precordillera was uplifted during previous thin-skinned 

deformation episodes, and is currently being overprinted by active structures in the 

basement.  Therefore there is a disconnect between the active basement faults and 

surficial structures because movement is filtered through previous deformations.  The 

1944 earthquake is an example of this disconnect:  it occurred at 25 km depth on a 

north-south striking thrust fault, and resulted in northeast-southwest flexural slip 

related to fold growth at the surface. 

 We used teleseismic long period body waves to invert for parameters such as 

centroid depth, the source time function, the moment, the strike, dip, and rake of the 

nodal planes, and type of mechanism.  The centroid depth is located at 24 km, the 

source time function shows one sharp pulse indicating a simple event, the moment 

equates to a body wave magnitude of 6.76, and the nodal planes are north-south 

striking, either steeply east- or west-dipping thrust solutions with a small component 

of right lateral strike slip motion.  We prefer the east-dipping plane in the context of 

isoseismals, other published epicentral locations, microseismicity in the area, and 

regional structural geology.   



A suite of progressively abandoned Pleistocene-Holocene fluvial strath 

terraces has recorded recent deformation, whereas the underlying bedrock of Neogene 

redbeds and Paleozoic carbonate thrust sheets making up the ranges of the eastern 

Precordillera has recorded earlier deformational phases.  The combination of these 

three structural levels in space in time show how deformation has progressed from 

thin-skinned back-thrusting associated with the development of a foreland fold and 

thrust belt, to fold-growth related deformation associated with movement on 

underlying thin-skinned thrust sheets, to block uplift and fold-growth associated with 

basement faults uplifting and deforming previously folded and faulted strata.  The 

source parameters of the 1944 earthquake support the notion of thin-skinned 

structures being refolded by basement faults, and a crustal-scale model is constructed 

using structural geology to help constrain the preferred epicentral location of the 1944 

earthquake. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
©Copyright by Celia Rose Schiffman 

May 23, 2006 

All Rights Reserved 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Seismotectonics in the Eastern Precordillera, San Juan, Argentina: Reconciling 

Earthquakes and Structural Geology in the Vicinity of the 1944 Earthquake for a New 

Model of Crustal-scale Deformation 

 

by 

 

Celia Rose Schiffman 

 

 

 

A THESIS 

 

submitted to 

 

Oregon State University 

 

 

 

in partial fulfillment of  

the requirements for the 

degree of 

 

 

 

Master of Science 

 

 

 

 

Presented May 23, 2006 

Commencement June, 2008 



Master of Science thesis of Celia Rose Schiffman presented on May 23, 2006. 

 

APPROVED: 

 

 

_____________________________________________________________________ 

Major Professor, representing Geology 

 

 

_____________________________________________________________________ 

Head of Department of Geosciences 

 

 

_____________________________________________________________________ 

Dean of the Graduate School 

 

 

 

 

 

I understand that my thesis will become part of the permanent collection of Oregon 

State University libraries.  My signature below authorizes release of my thesis to any 

reader upon request.   

 

 

 

 

 

_____________________________________________________________________ 

Celia Rose Schiffman, Author 

 



ACKNOWLEDGEMENTS 

 

 I would like to thank everyone who assisted me with the completion of my 

thesis, including my thesis advisor, Andrew Meigs, who has been amazingly 

supportive and taught me so much over the past few years, ranging from how to be a 

field geologist to improving my scientific writing.  I would also like to thank John 

Nabelek, who performed all the calculations regarding the synthetic seismograms and 

source parameters, and who was very patient and dedicated with respect to 

completing a project that turned out to be much lengthier and more complicated than 

we had initially anticipated.  Robert Yeats served on my committee, and I would like 

to thank him for providing critical feedback and sharing some of his extensive 

knowledge of Andean tectonics.  My field assistant, Sara Johnston, who was with me 

for my first field season in Argentina, and helped me to survive despite our lack of 

Spanish language skills, the Zonda wind, and enraged property owners.  Emily 

Schultz, Daniel Ragona, and Emilio Ahumada all assisted me in the field.  Finally, I 

would like to thanks all of the seismic archive employees who provided me with 

information and/or historical records of the 1944 San Juan earthquake, in particular 

Allison Bent, Dina Smith, Sylvia Hayek, Brian Ferris, and Gail Atkinson; and John 

Cassidy and Robert Adams for advice on obtaining and interpreting historical 

documents.          

 

 

 

 

 

 

 

 

 

 



 

TABLE OF CONTENTS 

 

Page 

 

1 Introduction…………………………………………………………………….……1 

 

2 Inversion of long period teleseismic body waves for a focal mechanism and  

source parameters of the 1944, San Juan Argentine earthquake……………….…......3 

 

 2.1 Abstract……………………………………………………………….…...4 

  

2.2 Introduction………………………………………………………..............5 

  

  2.2.1 Historical seismicity and previous work on 1944 earthquake…..7 

 

 2.3 Methods………….……………………………………………………….10 

 

 2.4 Data……………………………………………………...………….…....12 

 

 2.5 Discussion…………………………………..………………………...….15 

 

  2.5.1 Depth…….…………………………………………….…….....15 

 

  2.5.2 Moment and nodal plane orientations……….………………....16 

  

2.5.3 Tectonic setting and potential seismogenic faults….……...…..17 

  

 2.6 Conclusions…………………………………...……………………….....20 

  

 References……………………………………………………………………21 



TABLE OF CONTENTS (Continued) 

 

Page 

 

3 Active basement faults overprinting previous thin-skinned deformation as recorded 

in deformed Pleistocene-Holocene fluvial strath terraces and bedrock, the eastern 

Precordillera, Sierra de Villicum, Argentina………………..……………..………...41 

 

 3.1 Abstract……………………………………………….………..………...42 

 

 3.2 Introduction……………………………………………………...……….43 

   

3.2.1 Tectonic background…….……………………………..………45 

 

 3.3 Terrace mapping………………………………………..…………..…....48 

 

 3.4 Structural and terrace profile data……………...………………..……….50 

   

  3.4.1 Western area…….……………………..………………..……...51 

 

  3.4.2 Eastern area……………………………………………….……53 

 

 3.5 Structure interpretation……………....……………………………….….54 

 

 3.6 Crustal scale model of the eastern Precordillera…...………………….....56 

 

 3.7 Conclusions………………………………….…………………….……..63 

 

References……………………………………………….…………………………...66 

 

4 Conclusion…………………………………………….…………………………..86 



LIST OF FIGURES 

 

Figure                               Page 

 

2.1 Regional geologic map of San Juan ………..…………………….....……….27 

 

2.2 Surface rupture on the La Laja fault from the 1944 earthquake…..…..……..28 

 

2.3 Map of published locations for the 1944 epicenter and Mercalli  

Intensity data…………………………………………..………….……..…...29 

 

2.4 Schematic crustal-scale cross-section at ~32°S showing zones of active 

seismicity and surficial structures…………………...…………………..…...30 

 

2.5 Map of the San Juan region showing historical seismicity from 1977-present 

as Harvard CMT focal mechanisms…………………...…………………..…31 

 

2.6 Map of Mercalli Intensities for the 1977 Caucete earthquake, and location and 

focal mechanisms for the fore and main shocks……..……………………....32 

 

2.7 Map of seismic station locations with respect to the 1944 epicenter………...33 

 

2.8 Focal mechanism and source time function for P waves………………….…34 

 

2.9 Synthetic versus observed seismograms for SH waves……………………...35 

 

2.10 Synthetic versus observed seismograms for SV waves……………………...36 

 

2.11 Residual variance of the misfit error with respect to depth for a short  

and long source time function………….………………………………….…37 

 



LIST OF FIGURES (Continued) 

 

Figure                                         Page 

 

2.12 Synthetic versus observed seismograms for P waves…….…………….……38 

 

2.13 Synthetic versus observed seismograms for P waves without a low  

pass filter and no time limit on the source time function……………….……39 

 

 

3.1 Regional geologic map of San Juan, Argentina showing study area,  

 structural provinces, and location of structures discussed in text……….…...71 

 

3.2  Schematic crustal-scale cross-section at ~32°S showing surficial 

 structures and active seismicity…………………...…………………………72 

 

3.3 Surface rupture on the La Laja fault from the 1944 earthquake………..........73 

 

3.4 Airphotos of study area and locations of features discussed in the 

text…………………………………………………..………………….…….74 

 

3.5 Geological map of terraces and major structural features in study area….….75 

 

3.6 Structural details of western area……………………………..………….…..76 

 

3.7 Photographs of structure in western area……………..………………….…..77 

 

3.8 T2 and T3 terrace profiles showing long-wavelength fold over 

 the Sierra de Villicum anticlinorium……………………...……………….…78 

 

 



LIST OF FIGURES (Continued) 

 

Figure                                         Page 

 

3.9 Comparison of two along strike T2 terrace profiles showing  

 regional southwestern plunge………………………...……………………...79 

 

3.10 Structural details of eastern area……………………...……………………...80 

 

3.11 Photographs of structure in eastern area………………...…………………...81 

 

3.12 T1 and Z terrace profiles showing shape of monocline and higher 

 amplitude of folding in older terraces………………………………………..82 

 

3.13 Synthesis of structural data in two along strike cross sections to  

 the southwest…………………………………………....……………………83 

 

3.14 Three schematic crustal-scale cross-sections at ~32°S showing possible  

locations of seismogenic fault in the 1944 earthquake and  

relationships to structure……………………………....………………….….84 

 

 

 

 

 

 

 

 

 

 

 



LIST OF TABLES 

 

Table                                         Page 

 

2.1 Published data on the 1944 San Juan earthquake……………..…………..…..6 

 

2.2 Station parameters used in body-wave inversion for the 

 1944 San Juan earthquake……………………………..………………….….12 

 

2.3 Velocity structure used for source and receiver…………….…………….….14 

 

2.4 Source parameters for the 1944 earthquake…………...………………….….15 

 

3.1 Station parameters used in body-wave inversion for the  

1944 San Juan earthquake………………………………...……………….…60 

 

 

 

    



 1 

Seismotectonics in the Eastern Precordillera, San Juan, Argentina: Reconciling 

Earthquakes and Structural Geology in the Vicinity of the 1944 Earthquake for a 

New Model of Crustal-scale Deformation 

 

CHAPTER 1 

 

Introduction 
 Earthquakes that occurred before the establishment of the World Wide 

Standardized Seismographic Network (WWSSN) in the early 1960’s are difficult to study 

due to complications associated with the use of historical, non-standardized seismic 

records.  Until the Sumatran earthquake and associated tsunami in 2004, there were no 

instrumentally well-documented large earthquakes.  Thus, earth scientists trying to 

understand past deformations and earthquakes have to employ several complimentary 

techniques from different fields, such as structural geology, paleoseismology, 

geochemistry, historical accounts, etc, in addition to historical seismograms.  

Approaching the problem from only one field provides limited amounts and types of data 

often with inherent assumptions imbedded in the interpretations.  Using several different 

data sets offers more constraints and checks on hypotheses.  For instance, geophysicists 

most often use a data-first methodology and delay interpretation until after the analysis is 

complete, while field geologists work within an ever-evolving conceptual framework that 

incorporates all data presently available and guides future work through attempting to 

either strengthen or disprove parts of the conceptual framework.   
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The combination of geophysics and field geology can be very complementary 

with respect to historical earthquakes because geophysics, through the inversion of 

teleseismic body waves for a focal mechanism of a particular earthquake, provide some 

definitive results, such as orientation of nodal planes, sense of slip, hypocentral depth, 

and moment, all of which must fit into the geologists conceptual framework.  However, 

inversion does not provide high-resolution data on epicentral location or the preferred 

nodal plane, and detailed structural geology and regional tectonics can resolve these 

issues.  Structural geology can also provide additional data such as amount of slip at the 

surface, previous deformational events, and slip rate over time, all information that is not 

available through geophysical techniques alone. 

This study employed techniques from both geophysics and geology to understand 

seismotectonics in western Argentina.  I collected historical seismograms and assisted in 

inverting for a focal mechanism and source parameters for an earthquake in this region in 

1944 that devastated the city of San Juan, the results of which were used in the 

development of a crustal-scale model of deformation.  The results and conclusions are 

much more nuanced and robust because of the inclusion of both data sets.                
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CHAPTER 2 

Inversion of long period teleseismic body waves for a focal mechanism and source 

parameters of the 1944, San Juan Argentine earthquake 

Miss Celia Rose Schiffman, Professor John L. Nabelek, Professor Andrew J. Meigs 

Oregon State University 

Department of Geosciences, Oregon State University, Corvallis, OR 97331. E-mail: 

schiffmc@geo.oregonstate.edu, Telephone: (413) 348-3218, Fax: (541) 737-1200. 
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Abstract 
A new focal mechanism and source parameters for the 1944 San Juan earthquake 

in northwest Argentina were obtained through modeling teleseismic body waves and 

inverting for source parameters.  This earthquake is of interest because it occurred in the 

eastern Precordillera, a transitional area from thin- to thick-skinned thrusting over a zone 

of flat-slab subduction.  Large historical earthquakes are infrequent, but highly 

destructive despite being located nearly 400 km from a plate tectonic boundary.  Less 

than 60 cm of surface rupture was observed after the 1944 earthquake, 30 cm of which 

occurred in the weeks following the event.  The results of our inversion are a centroid 

depth of 25.56 km, and a strike, dip, and slip direction of 337º, 48º, and 68.1º, 

respectively, and a Mw of 6.76.  There is a disconnect between the orientation of the 

north-south striking nodal planes and the northeast strike of the surface rupture, most 

likely because the surface rupture occurred on a bedding plane not perpendicular to the 

direction of the principal stress axes, leading to the conclusion that the surface rupture 

may be post-seismic creep or secondary faulting related to folding.  A décollement above 

25 km depth may be responsible for the filtering of the earthquake signal in the cover.  

Inversion of historical seismograms does not provide constraint on the epicentral 

location, and there are a wide range of published locations.  The region of maximum 

intensity includes the city of San Juan, where the concentration of population at the time 

may have biased intensity data.  Combining the focal mechanism with structural data will 

help to determine the epicentral location and the preferred nodal plane.  
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Introduction 
On the summer evening of January 15, 1944 an earthquake struck the unprepared 

city of San Juan in northwest Argentina (Figure 1), killing roughly 10,000 people (~10% 

of the population at the time), injuring upwards of 12,000, and leaving about half of the 

province homeless (INPRES).  This earthquake looms large scientifically and historically 

in Argentina, yet, until recently, little explicit research on the 1944 event has been 

conducted and source parameters such as moment magnitude, fault orientation, and depth 

are debated. 

Surface rupture was observed on the northeast striking La Laja fault, located ~25 

km northeast of San Juan (Figure 1), as reported by Harrington (1945), Castellanos 

(1944) and Groeber (1944).  Harrington (1945) recorded 22-30 cm of dip-slip bedding 

parallel movement for 6-8 km along strike of the La Laja fault immediately after the 

event, which increased to 60 cm over several weeks (Figure 2).  Maximum Mercalli 

intensity was in the vicinity of San Juan, southwest of the La Laja fault (Figure 3). The 

initial preliminary bulletin from the Jesuit Seismological Association (JSA) reported a 

potential preliminary depth of 40-50 km and a location almost 100 km east of the La Laja 

fault, and the International Seismological Centre (ISC) reported a Ms of 7.4, a depth of 

40-50 km and a location ~10 km northwest of San Juan (~20 km southwest of the La Laja 

fault).  Both bulletins report the same origin time (differing by 1 second).  Subsequent 

publications and bulletins report locations within 50 km of San Juan and depths ranging 

from 12 to 50 km (Table 1).  
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    Table 1: Published data on 1944 earthquake.  See Figure 3 for map of locations. 
 

There is not a clear relationship between the epicentral location, the depth, the 

surface rupture, and the intensity data.  The existence of the surface rupture suggests a 

shallow focus, but a Ms 7.4 ought produce a much larger surface rupture than observed 

(Wells & Coppersmith 1994), and a deep focus would most likely not produce such a 

small wavelength fault scarp.  The intensity data and the destruction of San Juan seem to 

require an epicentral location very close to San Juan, yet several publications place the 

epicenter nearly 50 km away (Figure 3). 

In this study, we model teleseismic body waves from historical seismograms and 

invert for source parameters of the 1944 San Juan earthquake to determine the centroid 

depth, the seismic moment, the source-time function, and the double-couple source 

orientation and mechanism.  The inversion procedure does not provide information on 

epicentral location or the preferred nodal plane from the double-couple source.  Surface 

rupture and intensity data, regional tectonics, other historical earthquakes, and detailed 

structural geology can contribute to constructing a crustal-scale model to better constrain 

catalogue origin time latitude longitude depth (km) magnitude

NOAA 23:49 -31.6 -68.5 50 7.8 Ms (NOAA)

Kadinsky-Cade -31.6 -68.5 unknown 7.5 Ms

NEIC -31.6 -68.5 50 7.8

Jesuit SA 23:49:26 -31.5 -67.6 40-50 none reported

SISRA 23:49:27 -31.5 -68.6 30 7.4 Ms (PAS)

ISS 23:49:27 -31.5 -68.6 50 7.4 Ms

ISC 23:49:27 -31.5 -68.6 7.4 Ms

Centennial 23:49:30 -31.25 -68.75 50 7.1 Mw

GUTE 23:49:30 -31.25 -68.75 50 7.4

Selva 23:49 -31.25 -68.75 50 4.40E-01

CalTech Pasadena Bulletin -31.5 -68 50 7.4 Ms

CGS 23:49:30 -31.5 -68.55 7.4 Ms (PAS)

La Plata bulletin -31.51 -68.55 12

INPRES 23:49:27 -31.4 -68.4 50 7.4

Castellanos north of San Juan ~15 7.5 Ms
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the location and orientation of the seismogenic fault.   Detailed studies of destructive 

earthquakes within the context of regional tectonics are important because hazard 

assessment in seismically-active intraplate settings is difficult to assess, particularly in 

regions such as northwest Argentina because of a paucity of large well-recorded 

earthquakes, ambiguous surface effects, and deep hypocenters.  Well-constrained source 

parameters for the 1944 event are therefore critical for understanding how stress 

evolution and deformation style in time and space define the seismic hazard within plates 

far from plate boundaries. 

Historical Seismicity and Previous work on 1944 earthquake 
The earthquake occurred below the Eastern Precordillera, an intraplate structural 

province characterized by thick-skinned seismicity (10-50 km hypocentral depths) 

(Alvarado et al. 2005, Cahill & Isacks 1992, Gutscher 2002, Ramos et al. 2002, Regnier 

et al. 1992, Smalley et al. 1993) and thin-skinned structural style.  Thick-skinned 

structures of the Sierras Pampeanas fold and thrust belt lie to the east and the thin-

skinned Precordillera fold and thrust belt lie to the west.  The Sierras Pampeanas and 

Precordillera occur above the Pampeanas flat-slab subduction zone of the Nazca Plate 

(Cahill & Isacks 1992, Smalley 1990) (Figures 1 and 4).  

Historically, there have been several large and damaging crustal, intraplate 

earthquakes in the Eastern Precordillera and western Sierras Pampeanas, and active 

structures are generally restricted to the basement (possibly excluding one 7.0 Mw event 

in 1952 that seems to have been associated with the Precordillera) (Costa et al. 1999, 

Kadinsky-Cade 1985, Meigs et al. in press, Ramos et al. 2002).  Focal mechanisms are 

predominantly thrust and are characterized by variable amounts of dip and strike-slip 
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components (Figure 5).  The average orientation of P axes is 9° clockwise to the plate 

convergence direction (N79.5°E) (Alvarado et al. 2005), which likely reflects the 

reactivation of older structures (Ramos et al. 2002).  Many of the Sierras Pampeanas 

faults are reactivated Paleozoic and older suture and terrane boundaries (Ramos et al. 

2002).  

The 1977 Caucete earthquake, which comprised two almost purely thrust shocks 

(Chinn & Isacks 1983, Kadinsky-Cade 1985) (Figure 6), and aftershocks provide a 

template for understanding the 1944 earthquake, particularly because of the spatial and 

temporal proximity of the two events.  Both events have centroid depth in the basement 

below Pie de Palo (~17 km depth for the foreshock and ~25-30 km for the main shock) 

(Figure 6), and there was no recorded surface rupture, only fold growth (Kadinsky-Cade 

et al. 1985).  The foreshock (Mo = 5.3 X 1026) had a strike, dip, and average rake of 345º, 

45ºE, and 50º, respectively, and the larger main shock (Mo = 1.5 X 1027) had a strike, dip, 

and average rake of 10º, 45ºE, and 80º, respectively, and were separated by ~60 km 

(Langer & Hartzell 1996) (Figure 6).  The 1977 event has been studied in detail using 

seismic records (Chinn & Isacks 1983, Kadinsky-Cade 1985, Langer & Hartzell 1996, 

Triep 1984).  The Harvard CMT catalog reports the event as a Mw 7.4 earthquake 

occurring on November 23, 1977 in the vicinity of Pie de Palo (-31.22, -67.99) at a depth 

of 20.8 km with steeply east and west dipping nodal planes (Ekstrom et al. 2006).  There 

were 1.2 meters of coseismic uplift expressed as folding near the southern end of Pie de 

Palo, and pre- and postseismic movement was no greater than 15 centimeters (Kadinsky-

Cade et al. 1985).  Kadinsky-Cade used leveling data conducted at various intervals from 

1938 until 1980 to constrain the coseismic uplift in the 1977 event.  Leveling data from 
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1938 to 1967 showed little vertical movement in response to the 1944 event (Volpini & 

Sisterna 1980).  The isoseismals for 1944 (Figure 3) and 1977 (Figure 6) look remarkably 

similar, although this reflects population distribution at the time more than anything else.  

The 1944 intensity IXs are shifted to the west with respect to the 1977 intensity IXs.  

  Kadinsky-Cade performed preliminary relocation analysis on the 1944 event.  

Using P-wave arrival times reported by the International Seismological Summary (ISS) 

bulletin, she located the epicenter west of San Juan, beneath the Eastern Precordillera, 

which roughly agrees with the maximum felt intensity area just to the northwest of San 

Juan.  The earthquake is also reported in several catalogs and bulletins:  the preliminary 

bulletin from the Jesuit Seismological Association (1944) reports:  

“Tentative epicenter: 31.5 S and 67.6 W, using Macelwane's 1933 Travel Time 
Tables for Normal Earthquakes and H= 23h49m26sec from Huancayo's Data.  
However, the S-P times seem to require an epicenter farther north and to require a 
somewhat later origin time (H).  The Saint Louis seismograms do suggest that the 
focus may be 40 to 50 km deep but this depth is insufficient to place the epicenter 
as far south as San Juan if the solution is based on the S-P data of the North 
American stations.”   
 

So it seems that although a deeper focus was suspected, workers still computed the 

location and origin time (H) using a shallow depth.  Subsequent publications report 

depths ranging from 30 to 50 km, but apparently did not adjust the location and origin 

time accordingly.  Most epicentral locations are much closer to the city of San Juan, 

probably due to the concentration of damage there.  The International Seismologic Centre 

(ISC) bulletin (1944), Centro Regional de Sismología Para América del Sur Methods 

(CERESIS) catalog (Sur 1944), and National Earthquake Information Center (NEIC) 

catalog (U.S. Geological Survey 1944) all report a location of 31.5 S, 68.6 W, a depth of 

30 km, and a 7.4 Ms. In a recent study, Selva and Marzocchi (Selva & Marzocchi 2004) 
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estimated source parameters for over 600 earthquakes between 1900 and 1976 by using 

data from well-documented earthquakes occurring after 1977 to estimate a mean moment 

tensor for the area, and for the 1944 earthquake they estimated a location of 31.25 S, 

68.75 W, a depth of 50 km, and steeply east and west dipping nodal planes (Figure 1).  

Alvarado and Beck (Alvarado & Beck in press) used Ruff’s (Ruff 1989)   body-wave 

modeler and report a thrust mechanism with a steeply northwest dipping plane, a 

moderately southeast dipping plane, and a depth of 11 km.  These results led them to 

conclude the La Laja or the Villicum thrust was the rupturing fault in the 1944 

earthquake. A summary of all published locations for the 1944 earthquake can be seen in 

Table 1. 

Methods 
Using the technique of Nabélek (Nabelek 1984), we modeled long-period 

teleseismic (30°-90°) body waveforms and inverted for source parameters.  All 

calculations concerning the synthetic seismograms and focal mechanisms were 

performed by J. Nabelek.  Because the earthquake occurred prior to the establishment of 

the WWSSN in 1962 and the widespread availability of digital records, seismograms 

were located and collected from stations operating in 1944 (Figure 7).  Records were 

obtained by visiting the USGS archive in Golden, CO, Mexico City, and Weston MA, 

and by writing other stations around the world.  Instrument constants, such as 

seismometer and galvanometer period and damping, coupling coefficient, drum speed, 

and magnification were provided by the stations, found within the literature, or through 

personal communications.  The record for Berkeley (BRK) was digitized from Alvarado 

and Beck’s (2006) paper, and therefore we did not know the instrument constants for 
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BRK.  The record was also too short to be filtered, and therefore was not used in the 

inversion.   

Not all of the seismograms collected were useable, due to an unfavorable azimuth 

at which core refraction complicated the signal (azimuth <90°), because instrument 

response was not sensitive to the frequency of the event, or because the recording quality 

was poor (Figure 7).  We used teleseismic records (30°-90°) because waves recorded at 

these distances propagate steeply through the complicated and non-homogeneous upper 

mantle and crust, and therefore are not affected by lateral heterogeneity.  A number of the 

stations operating in 1944 no longer have the records because of fires, bombings, or poor 

filing.  Although many records were collected, only 4 excellent ones were used for the 

inversion (Table 2).  We were able to invert for very well constrained source parameters 

with the 4 exceptionally well recorded and preserved records.   

Synthetic waveforms were fit to the observed long-period P, SH, and SV 

waveforms to determine the best-fitting double-couple source.  This method minimizes 

the shape and amplitude misfit between the synthetic and actual waveforms in a least-

squares sense. Each record was hand digitized, and subsequently interpolated to 0.25 s 

time intervals.  The S-waveforms were rotated to get the transverse and radial 

components for SH and SV analysis, respectively.  SH waves are more sensitive than P-

waves to low frequencies and the strike and rake of dip-slip mechanisms, and are also 

useful when station azimuthal distribution is poor (Nabélek, 1984).  SV waves provide 

additional constraint on source orientation, depth, and timing.  
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All data were deconvolved from the instrumental response, equalized to Pasadena’s 

Benioff 1-90 instrument and magnification (2000), and filtered by a 2 pole band pass 

filter (15 to 60 seconds) to smooth the waveforms, which is more appropriate for a point 

source model.    After obtaining a solution, we inverted for depth without the low pass 

filter for comparison.    

  The synthetics were computed by assuming a point source using the crustal 

model of Shearer et al. (2002) without a Moho, combining the direct arrival P and S 

waves with reflection phases (pP, sP, sS, etc.), and a convolution of Green’s function 

with the instrumental responses, and then with the source time function.  The source time 

function is represented by a series of overlapping isosceles triangles in which the duration 

and number of elements is specified a priori, and the amplitudes are determined by 

inversion.  The amplitudes were corrected for geometric spreading and anelastic 

attenuation; the latter was accounted for with a time constant of t*=1 second for P waves 

and t*=4 seconds for SH waves.   Ground displacements at the source and the receiver 

were modeled using a layered seismic velocity structure (Table 3).  We first performed a 

grid search for the centroid depth while inverting for the strike, dip, rake, source time 

function, and seismic moment using P-waves only and did a depth sweep at 2.5 km 

intervals with both an unconstrained long and short (12 seconds) source time function, 

and found the minimal weighted residual squared sum (RMS, which describes the 

mismatch between observed and synthetic waveforms).  S waves were not used for depth 

because it is too difficult to align the S waves correctly due to most of the SH waves 

being nodal, and the SV waves are easily contaminated by structural effects.  After 
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finding the best-fitting depth, we used the SH and SV waves to better constrain the nodal 

planes.   

Source

h (km) Vp (km/s) Vs (km/s) density (g/cm^3)

10 5.88 3.34 2.47

35 6.5 3.69 2.71

Receiver

60 6 3.41 2.52  
 

Table 3: Velocity structure used for source and receiver. 

Data 
The source parameters for the body-wave inversion can be seen in Table 4, and 

the focal mechanism from P, SH, and SV waves and the source time function can be seen 

in Figures 8-10.  Note that BRK was not used because the record was too short to be 

filtered, as filtering is only appropriate for longer records.  The depth sweeps for both the 

short and long source time function can be seen in Figure 11, and the match for P waves 

only at a depth of 25 km with a long source time function can be seen in Figure 12.  The 

data indicate an almost pure thrust fault with a small strike-slip component, a centroid 

depth of 25.56±0.22 km, nodal plane 1 (P1) striking almost due north and dipping 

moderately to the east, nodal plane 2 (P2) striking south and dipping steeply to the west, 

and a moment magnitude of 6.76.   All of the errors on the source parameters are small, 

particularly for the depth, but in actuality may be higher because the statistical 

description of the inversion misfit tends to underestimate errors.  The fit at 25 km depth 

without the low pass filter was equally as good as the fit with the low pass filter, 

indicating that our filtering did not bias the results (Figure 13).  The fit at 14 km depth 

without the low pass filter was nearly indistinguishable from the fit at 26 km depth 

(Figure 13).  
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The records show a simple, single shock event, as evidenced by the simple source 

time function.  A multiple shock event would show pP arriving at the same time for all 

azimuths, which was not the case for this event in which pP arrived progressively later at 

greater azimuths. Errors in our estimated crustal velocity structure of the source tend to 

lead to error in the centroid depth, moment, and the source time function, but not in 

strike, dip, and rake. Errors in the recorded signal arise from imprecise knowledge of path 

effects (which is established in advance), incomplete parameterization of the source, and 

misalignment of the data with the synthetics.  

.  

Table 4: Source parameters for the 1944 earthquake. 

Discussion 

Depth 
There is a clear minimum in our normalized RMS at 25 km depth.  This depth is 

similar to the Caucete earthquake (17 and 24 km depth for the fore and main shock, 

respectively), and all recent seismicity, which occurs below 15 km depth.  A similar 

study (Alvarado & Beck in press) concluded a depth of 11 km and a rotated focal 

mechanism with southeast and northwest dipping planes.  However, this study did not use 

SH or SV waves in the modeling.  When we performed a similar test as a comparison of 

our results using only P-waves, put no time limit on the source time function (but did not 

allow it to go negative as they did), and did not low pass filter our seismograms, our 

RMS for 14 km and 25 km was almost exactly the same (Figure 13).  These results 

Source Parameters strike (deg) dip (deg) slip (deg)

P1 337 48 68.1

P2 189.7 47.4 113.67

depth m (dyne-cm)

25.56 1.59E+26
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suggest that there is not enough information about the depth when modeling higher 

frequencies using only P-waves if you allow a very long source time function and allow it 

to go negative.   

 

Moment and nodal plane orientations 
 One of the more interesting and unexpected results of the inversion was a 

significantly lower moment magnitude (6.76 Mw) than what appears in the literature, 

earthquake bulletins, and catalogs (7.4-7.8 Ms).  One potential source of this discrepancy 

is misinterpretation of the pP phase, leading workers to conclude a far too deep 

hypocenter of 40-50 km when the ISC bulletin was released.  The ISC used surface 

waves to calculate a magnitude, but because the centroid was found to be at ~25 km 

depth rather than a greater depth, the lesser attenuation distance resulted in a lower Mw.  

We infer that a correction factor of +0.008h was applied, where h=focal depth (Bath 

1973), leading to a correction of ~+0.3-0.4.  Verifying this inference is difficult because 

magnitude determinations were not unified in the 1940’s. 

 The SH waves provided the best constraint on the orientation of the nodal planes 

because all but CHR’s were very close to nodal.  Therefore the solution had to be 

oriented either north-south or east-west, and the addition of CHR’s SH waves forced the 

solution north-south.    

The combination of the depth and magnitude of 6.7 should have resulted in little 

to no surface rupture.  In truth, at least 0.5 meters of rupture was observed soon after the 

earthquake on the La Laja fault, increasing to almost a meter in the following weeks most 

likely as post-seismic creep (Harrington, 1945).  Moreover, the approximate north-south 

strike of both of the nodal planes does not agree with the northeast strike of the La Laja 
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fault, suggesting a complicated relationship between the surface rupture and the 

seismogenic fault. Therefore, because the strike of the nodal planes does not match the 

strike of the fault and there is evidence for post seismic creep, we surmise that the initial 

30 cm of movement recorded by Harrington (1945) also occurred post-seismically due to 

creep, and the existence of a décollement above 25 km depth.   

Tectonic setting and potential seismogenic faults 
The isoseismal region of the 1944 earthquake (Figure 4) encompasses the Eastern 

Precordillera, a structural province that overlies the 27° to 33°S Pampeanas flat-slab zone 

of the Nazca plate and sits between a thin- to thick-skinned fold and thrust belt on the 

west and east, respectively (Fielding & Jordan 1988, Jordan & Allmendinger 1986) 

(Figure 1).   To the west lies the Precordillera, an east-vergent narrow thin-skinned fold 

and thrust belt with a basal detachment in Upper Silurian-Lower Devonian sediments.  To 

the east, the seismically active faults underlie the Sierras Pampeanas, a series of north-

trending ranges underlain by Precambrian basement rocks separated by wide, flat basins 

(Ramos et al. 2002).  Individual ranges are bounded by either east- or west-vergent 

moderately-dipping thrust and reverse faults.  Between these two tectonic provinces is the 

Eastern Precordillera, which consists of thin-skinned west-vergent thrusts that have a 

décollement in Cambro-Ordovician sediments (von Gosen 1992) and is thought to be a 

transitional zone between the thin-skinned Precordillera and thick-skinned Sierras 

Pampeanas (Ortiz & Zambrano 1981).  

This earthquake occurred in the area around Sierra de Villicum, a west-vergent 

thrust sheet located in the Eastern Precordillera, the locus of Holocene deformation in 

northwestern Argentina (Figure 1).  Surface rupture of the La Laja fault occurred in 
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association with the 1944 earthquake on the southeast flank of this thrust sheet (Figure 1) 

(Bastias et al. 1985, Castellanos 1944, Groeber 1944, Harrington 1945, Paredes & Uliarte 

1988), which is characteristic of deformation in the Eastern Precordillera.  Although 

range-bounding thrust faults, such as the Villicum thrust of Sierra de Villicum, have 

created most of the relief in the Eastern Precordillera, the most recent deformation is 

concentrated on the back-limbs of these main thrusts and is characterized by flexural slip 

faults (e.g. the Blanquitos, La Laja, Marquesado, and Cerro Salinas faults) (Costa 2005, 

Meigs et al. in press).  

Several faults have been hypothesized to be the seismogenic fault in the 1944 

earthquake.  Some investigators have concluded that the La Laja fault is the updip 

extension of a shallow, emergent fault (Alvarado & Beck in press, Paredes & Uliarte 

1988).  Others have suggested the range-bounding Villicum thrust of Sierra de Villicum 

(Siame et al. 2002), or smaller local faults in the vicinity of the La Laja fault (Perucca & 

Paredes 2003) as the seismogenic fault. The movement on the La Laja fault was parallel 

to local bedding dips  (~40° SE) of the Neogene sandstone strata, leading to the 

possibility that the La Laja fault is a flexural-slip fault related to fold growth under 

horizontal compression, and may have ruptured in the earthquake because it is on the 

limb of a growing fold over a blind basement thrust fault (Krugh 2003, Meigs et al. in 

press).     

As discussed earlier, because the northeast strike of the southeast dipping La Laja 

fault does not match the northern strike of the east dipping nodal plane and there is 

evidence for all motion on the La Laja fault occurring as post-seismic creep, we do not 

believe the La Laja fault was the surface expression of the 1944 seismogenic source fault.  
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Recent detailed structural studies in the vicinity of the La Laja fault and Sierra de 

Villicum have shown the Villicum thrust to be inactive in the Holocene-Pleistocene.  A 

blind thrust fault in the basement is our preferred solution, although the location is nearly 

impossible to conclude on the basis of seismology alone.    

 The inversion process, although it provides a lot of information on the source, 

does not help to constrain the epicentral location.  Published bulletins and isoseismal data 

suggest several conclusions.  The initial JSA bulletin noted that the event appeared to be 

deep, yet calculated the location and origin time using time tables for a shallow 

earthquake.  Interestingly, their reported location is to the east of Pie de Palo (Figure 4), 

which would place it very close to the epicenter of the 1977 mainshock.  Many of the 

subsequent reports move the epicentral location to San Juan and report a depth of 40-50 

km without accordingly adjusting the origin time, which is located 1º of longitude to the 

west of the JSA bulletin’s location (-67.6º versus -68.6º), and the site of the most damage.  

It is a possibility that workers moved the epicentral location without doing any 

recalculations, especially when considering it could take a full day to make a calculation 

for the origin time and location (Adams, R., personal communication).  The isoseismals 

for the 1944 and 1977 events are not significantly different, although there are more data 

points to the east for the 1977 event.  It may not be unreasonable to conclude the 1944 

and 1977 events may have ruptured on the same fault plane.   

A preliminary relocation of the 1944 earthquake using ISC arrival times was 

performed by Kadinsky-Cade (1985), and placed the epicenter southeast of San Juan.  

However, Kadinsky-Cade does note that most of the arrival times are from northern 

azimuths, that there is limited western azimuthal control, and she uses a shallow depth.  
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Her location does place the epicenter near the La Laja fault and region of maximum 

intensity, making it an attractive option as the epicentral location.   

Conclusions 
   

The results of our inversion for the 1944 San Juan earthquake yielded an almost 

pure thrust event at a depth of 25 km, north-south striking steeply east- or west-dipping 

nodal planes, and a Mw of 6.76.  The relationship to the surficial rupture on the northeast 

striking southeast-dipping La Laja fault is not clear, but we suspect that the surface 

rupture did not happen co-seismically, but instead took place as afterslip.  Published 

locations and intensity data do not provide definitive information on the location and 

orientation of the seismogenic fault.  Chapter three combines the results of the inversion 

with structural data and presents crustal-scale models, including several viable locations 

and orientations of fault planes for the 1944 earthquake.  
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Figure 1. Regional geologic map of San Juan, Argentina.  The 1944 earthquake occurred 
beneath the Eastern Precordillera, a westward-verging thin-skinned fold-and-thrust belt, 
which lies between the westward-verging basement-cored uplifts of the Sierras 
Pampeanas to the east and the eastward-verging Precordillera fold-and-thrust belt to the 
west.  Surface rupture was observed on the La Laja fault.  Inset shows location within 
South America, to the east of the high Andes and over the Pampeanas flat-slab 
subduction zone of the Nazca plate. 
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Figure 2. Photo looking northeast on the La Laja fault, taken soon after the 1944 
earthquake by Harrington (1945).  Sixty cm of dip-slip movement observed on the above 
6 km long northeast-striking southeast-dipping fault, which is thought to be a flexural slip 
fault (Krugh, 2003), although some argue the fault is the surface expression of a fault at 
depth (Alvarado and Beck, in press). 
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Figure 3. Map showing published locations for 1944 epicenter (light pink squares) and 
Mercalli Intensity data (colored dots: red=IX, orange=VIII, yellow=VII, blue=VI, from 
CERESIS online database).  Red lines are separating regions of intensity.  Isoseisms were 
only drawn where data is available, because there are almost no data and therefore no 
controls on the extent of the isoseisms to the east.  Abbreviations are as follows: SdV is 
Sierra de Villicum, PdP is Pie de Palo, Gute is Gutenberg, ISC is International Seismic 
Centre, CGS is Coastal and Geodectic Survey, LP is La Plata Bulletin, K-C is Kadinsky-
Cade (1985), PAS is Pasadena Bulletin, and JSA is Jesuit Seismological Association 
Bulletin.  Several locations were published by more than one institution; see Table 1 for 
details. 
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Figure 4. Schematic crustal-scale cross-section at ~32°S showing zones of active 
seismicity and surficial structures.  Small circles are microseismicity from Smalley et al. 
(1993) and Ramos et al. (2002). Smalley’s data (1993) are from a microseismicity study 
and Ramos’s data (2002) are from microseismicity associated with a mb 5.3 event and its 
aftershocks.  Focal mechanism is for the 1977 Caucete earthquake (Harvard CMT 
solution).  Note that seismicity extends to depths greater   than 30 km. 
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Figure 5. Map of the San Juan region showing historical seismicity from 1977-present.  
Base map was made using GMT grid conversions of a USGS Digital Elevation Model 
(DEM).  Focal mechanisms are from the Harvard Centroid Moment Tensor (CMT) 
catalog, and include only shallow upper crust events (<50 km) greater than Mw 5.5.  
CMT epicentral locations can have large errors, but well-constrained depths (text below 
beach balls).  In spite of being so far cratonward from a tectonic boundary, the Sierras 
Pampeanas and eastern Precordillera have a high level of seismicity, and have 
experienced several large and damaging earthquakes historically.  Many of the above 
focal mechanisms show a small to large strike-slip component, so this area is more 
complicated than simple contraction, probably related to the reactivation of old terrane 
and suture boundaries.  Note that there are no shallow mechanisms (<10 km), and that 
nodal planes are steeply dipping throughout the crust.  Largest symbol at 21 km depth off 
the northeast flank of Pie de Palo is the 1977 Caucete earthquake, which is a double 
shock event (Kadinsky-Cade, 1985).   
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Figure 6. Map showing Mercalli Intensities for 1977 Caucete earthquake (colored dots: 
red=IX, orange=VIII, yellow=VII, green=VI, from CERESIS online database), and 
location and focal mechanisms for the fore (F) (Ms 6.8) and main (M) (Ms 7.3) shocks, 
which occurred ~20 seconds apart.  As for the 1944 data, isoseisms were only drawn 
where data is available, because there almost no data and therefore no controls on the 
extent of the isoseisms to the east.  Abbreviations are as follows: SdV is Sierra de 
Villicum, and PdP is Pie de Palo. 



 33 

 
Figure 7. Map showing locations of stations with useable records from (yellow stars and 
green circles) and 1944 earthquake epicenter (blue asterisk).  Yellow stars show the 
location of stations whose records we used for the inversion, and green circles show the 
location of stations whose records we obtained, but were unable to use for various 
reasons (see text).  The insets around the map show the vertical first motion (indicated by 
an arrow) at several stations:  Wellington is an example of an excellent record, Pasadena 
is an example of a good record, and Ebro is an example of an unusable record.  Ebro is 
located at an azimuth of ~115º from the earthquake; therefore, the combination of 
complications from core diffraction and poor recording made the record unusable. 
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Figure 8. Focal mechanism (beach ball) and source time function for P waves.  Solid 
waveform is the observed seismogram and dashed waveform is the synthetic seismogram. 
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Figure 9. Synthetic (dashed) versus observed (solid) seismograms for SH waves, or 
transverse waves.  Note that every station except for CHR is nearly nodal and strongly 
constrains the orientation of the thrust mechanism as being either north-south or east-
west. 
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Figure 10.  Synthetic (dashed) versus observed (solid) seismograms for SV waves.  SV 
waves are difficult to model because they are easily contaminated by structural 
inhomogeneities, as it appears CHR was. 
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Figure 11. The misfit error is the sum of the square residuals, which describes the 
mismatch between the observed and the synthetic seismograms.  For both the short and 
long source time function, there is a very clear minimum at 25 km. 
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Figure 12. Synthetic (dashed) versus observed (solid) seismograms for P waves only at a 
depth of 25 km with a long source time function.  The source time function was almost 
identical when it was restricted to 12 seconds, except for the small glitches at the end. 
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Figure 13. Synthetic (dahsed) versus observed (solid) p-wave seismograms without a low 
pass filter and no time limit on the source time function.  Even with the high frequencies, 
a depth of 26 km matches slightly better than a depth of 14 km, although the difference is 
negligible. 
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Abstract 
The eastern Precordilllera is a structural province in northwest Argentina that is 

flanked by the Precordillera to the west, a thin-skinned fold and thrust belt, and the 

Sierras Pampeanas to the east, a basement cored fold and thrust belt.  The surface 

expression of the eastern Precordillera is east-dipping thin-skinned thrust sheets 

comprising north-south trending ranges, which are being refolded by underlying 

basement faults as indicated by historical seismicity and structural data.  Structural data 

and seismicity are used to understand the spatial and temporal development of the eastern 

Precordillera, and the migration from thin- to thick-skinned deformation.  Coseismic 

folding on the eastern flank and block uplift on the western flank of Sierra de Villicum, a 

range within the eastern Precordillera, resulted from a Mw 6.76 earthquake at 25 km 

depth in 1944, as recorded by Pleistocene-Holocene fluvial terraces.  Our preferred 

crustal scale model for the eastern Precordillera includes a blind west-dipping thrust fault 

under Sierra de Villicum, which may or may not have ruptured in the 1944 earthquake, 

but is creating the block uplift of Sierra de Villicum either through creep or repeated 

earthquakes.  Alternatively, an east-dipping blind thrust fault that is conjugate to the 

much larger west-dipping thrust fault may have ruptured in 1944, and slip reached the 

surface as post-seismic creep.  Our preference is for an east-dipping blind thrust fault 

rupturing in the 1944 earthquake, which is a small feature relative to the larger west-

dipping blind thrust fault.  The existence of the west-dipping fault is required by the 

geology of Sierra de Villicum.  We believe these steeply-dipping conjugate faults extend 

to depths of crustal seismicity at ~40 km, where a brittle-plastic transition occurs in the 

lower crust.   
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Introduction 
 Thin-skinned foreland fold and thrust belts are often flanked by regions of 

basement deformation, e.g. the Himalayas, the Zagros Mountains (Moores & Twiss 

1995), the New Guinea fold and thrust belt, the Jura Mountains (Abers & McCaffrey 

1988), the Central Rocky Mountains (Moores & Twiss 1995), the Argentine Precordillera 

(Jordan 1983), and others.  Studying and comparing basement cored fold and thrust belts 

at different stages of development can contribute to understanding their temporal and 

spatial developement.  Northwest Argentina is the location of the flat slab segment of the 

Nazca Plate.  Crustal structure above the flat slab consists of the eastern Precordillera, a 

transitional zone between thin-skinned and thick-skinned structural provinces of opposite 

vergences (Figure 1).  A snapshot in time of a developing thick-skinned province in an 

intraplate setting is afforded by this region.  The eastern Precordillera comprises a series 

of north-south trending thin-skinned ranges, which are currently being refolded and 

faulted by basement structures, as indicated by historical seismicity that is restricted to 

the basement (Figures 1 and 2).  Thus, study of this region has the potential to unravel the 

sequential development of the thin- and thick-skinned structures in time, and to assess the 

control of pre-existing structures on active deformation.     

The eastern Precordillera is of particular interest because it has sustained several 

large and damaging historical earthquakes, all but one of which occurred before the 

establishment of the World Wide Standardized Seismographic Network (the 1977 Mw 7.4 

Caucete event, Kadinsky-Cade, 1985) and therefore most past earthquakes have not been 

systematically studied due to a scarcity of standardized records and the difficulties 

associated with locating and interpreting the available historical seismograms.  The 

ongoing debates surrounding the depth, magnitude, and rupturing fault location and 
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orientation for several of these earthquakes is indicative of the importance of these 

parameters to understanding the crustal structure of this area, and the assessment of 

seismic hazard.  New studies on a highly destructive and deadly earthquake in 1944 near 

San Juan (Alvarado & Beck in press) (Figure 3), combined with parameters of the well-

recorded 1977 Caucete event and detailed structural data allow for the better constraint of 

seismic hazard.  Structural data identify the extent and locations of active surficial 

deformation, while seismology provides a 2-d image of potential fault planes.  

Combining the two allows inferences on the 3-d structure of fault planes, and hence on 

slip, moment, and a crustal-scale model that links surficial deformations with basement 

seismicity.       

In this paper, we combine new structural data and historical seismicity 

(particularly the 1944 earthquake) from the eastern Precordillera, including structural 

mapping of surface and bedrock units and estimates on deformation rates, to create a new 

crustal-scale (0-40 km depth) model (Figure 2), to parameterize the 3-d extent and 

location of the 1944 rupturing basement fault, and to explore how deformation has 

progressed with time in the eastern Precordillera, an area where basement thrusts are 

actively refolding an inactive thin-skinned fold and thrust belt that experienced two 

pulses of deformation since the Cambro-Ordovician.  Understanding the relationship 

between the thick- and thin-skinned deformation and how it has progressed with time is 

important for assessing seismic hazard and how and why stresses are effectively 

transmitted so far inboard from a plate tectonic boundary, resulting in infrequent but 

potentially highly destructive earthquakes.   
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Tectonic background 
The site of our structural data collection is located to the southwest of Sierra de 

Villicum, one of the north-south trending west-verging ranges within the eastern 

Precordillera (Figure 1).  Sierra de Villicum is a series of steeply dipping imbricate thrust 

sheets of Cambro-Ordovician carbonates, unconformably overlain by deformed Neogene 

redbeds (Figure 4).  The only observed deformation from the 1944 earthquake was 

flexural slip on the La Laja fault in the Neogene redbeds, which is located on the eastern 

flank of Sierra de Villicum (Figure 3) (Krugh 2003, Meigs et al. in press).  A set of 

progressively abandoned Pleistocene-Holocene fluvial strath terraces unconformably 

overlie the Neogene redbeds, which are also deformed in a zone that continues to the 

southwest of the La Laja fault (Figure 4).  Thus collecting structural data on the Cambro-

Ordovician carbonates, the Neogene redbeds, and the strath terraces characterize 

deformation over a wide range of space and time. 

The eastern Precordillera is a narrow west-vergent fold and thrust belt defined by 

a series of north-south trending ranges, including Sierra de Villicum (Figure 1), which 

comprise east-dipping thrust sheets of Cambro-Ordovician carbonates with a décollement 

at the base of the Cambrian strata (Ortiz & Zambrano 1981, von Gosen 1992, Zapata & 

Allmendinger 1996).  All seismically active structures are located in the basement 

(Ekstrom et al. 2006, Ramos et al. 2002) (Figure 2).  To the east is the Precordillera 

(Figure 1), an east-vergent thin-skinned fold and thrust belt comprised of Silurian and 

younger rocks with a décollement in Upper Silurian-Lower Devonian sediments (Jordan 

1983, Ortiz & Zambrano 1981, Ragona et al. 1995, von Gosen 1992, Zapata & 

Allmendinger 1996) (Figure 2).  To the west, the Sierras Pampeanas province comprise a 

thick-skinned fold and thrust belt characterized by east-dipping west-vergent faults in 
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crystalline Precambrian basement rocks (Bastias et al. 1985, Fielding & Jordan 1988, 

Jordan 1983) many of which are reactivated Paleozoic and older terrane and suture 

boundaries (Ramos et al. 2002) (Figures 1 and 2). 

 A much thicker than average seismogenic zone and seismicity to unusual depths 

(40 km) occurs under the eastern Precordillera and Sierras Pampeanas when compared to 

world-wide averages (Figure 2) (Alvarado et al. 2005, Gutscher 2000, Regnier et al. 

1992, Smalley et al. 1993).  The depth of the brittle-plastic transition, which is controlled 

by temperature and composition, limits the seismogenic zone (Scholz 1990).  The 

combination of more mafic materials in the upper crust (e.g. less quartz, (Alvarado & 

Beck in press) and a lower heat-flow due to flat-slab subduction insulating the upper-

plate from the asthenosphere much farther cratonward than in steep subduction zones 

(where an asthenospheric wedge would typically make the crust aseismic, (Gutscher 

2002)) may explain the exceptionally thick seismogenic zone in this area.   

The Villicum thrust is part of a range-front fault system on the northwest flank of 

Sierra de Villicum that juxtaposes Neogene redbeds in the footwall with Cambro-

Ordovician carbonates of the San Juan formation in the hangingwall (Costa 2005, Ortiz & 

Zambrano 1981).  An angular unconformity marks the contact between the overlying 

moderately-dipping Neogene redbeds and the carbonates (Krugh 2003, Meigs et al. in 

press).  On the southeast flank of Sierra de Villicum, shallowly dipping redbeds 

unconformably overlie the steeply-dipping carbonates, which are unconformably overlain 

by the Mogna Formation, a conglomeratic unit of volcanic and plutonic clasts (Krugh 

2003, Meigs et al. in press, Ragona et al. 1995).  Some of the individual thrust sheets of 

Sierra de Villicum are folded, and the entire structure plunges to the southwest, creating 
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an anticlinorium that involves the unconformity and overlying Neogene redbeds being 

folded around the plunging structure.  In other words, the Neogene redbeds are also 

forming a southwest plunging antiform over the southeast plunging structures of Sierra de 

Villicum, and from hereon, the entire structure located to the southwest of Sierra de 

Villicum, including the folded and plunging Cambro-Ordovician carbonates, the folded 

unconformity, and the folded Neogene redbeds, will be referred to as the Sierra de 

Villicum anticlinorium (SdVA).  The SdVA has a steeply northwest-dipping western 

limb and a moderately southeast-dipping eastern limb, allowing the distinction of a 

western and eastern domain (Figure 4).     

 An earthquake comparable to the 1944 event occurred under the Sierras 

Pampeanas near the town of Caucete in 1977, which comprised two almost purely thrust 

shocks (Chinn & Isacks 1983, Kadinsky-Cade et al. 1985) that nucleated deep in the 

basement (~17 km depth for the foreshock and ~25-30 km for the main shock, (Langer & 

Hartzell 1996) although not accompanied by associated surface rupture, fold growth of 

over one meter is inferred from leveling surveys conducted before and after the 

earthquake .  There is also debate surrounding the rupturing fault in the 1977 events due 

to aftershocks delimiting both east- and west- dipping planes (Costa et al. 2000, 

Kadinsky-Cade 1985, Langer & Bollinger 1988, Langer & Hartzell 1996).  Many have 

suggested that the eastern Precordillera represents a transitional zone between the thick-

skinned Sierras Pampeanas and thin-skinned Precordillera fold and thrust belts because it 

embodies features of both (Fielding & Jordan 1988, Jordan 1983, Ramos et al. 2002, 

Smalley et al. 1993).  The spatial and temporal proximity of the 1944 and 1977 deep 
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earthquakes suggests an even stronger structural link between the Sierras Pampeanas and 

eastern Precordillera.   

Terrace Mapping 
Structural data were collected around the southwest end of Sierra de Villicum on 

the SdVA, where a series of six strath terraces unconformably overlie the redbeds (Figure 

5).  Strath terraces are defined as an erosional surface cut into bedrock and mantled with 

capping river gravels, which record river incision rates, tectonic uplift, and climatic 

influences (Figure 5, inset).  The capping gravels in this area are locally derived from the 

Lomas de Ullum anticline, which exposes the Mogna formation on its flanks and core 

(Ragona et al. 1995).  In areas experiencing uplift and deformation, variations in the 

carrying capacity of rivers or sediment supply, progressively younger terraces cut and 

become inset into older ones, followed by a period during which the river migrates 

laterally and gravel is deposited as a veneer over the eroded bedrock surface.  Therefore it 

is possible to correlate terraces perpendicular to the stream flow direction on the basis of 

strath height above the modern channel (not height of the capping gravels because this 

value can reflect paleotopography, erosion after deposition, and local sediment supply), 

as well as other relative age criterions, such as thickness of desert varnish, development 

of desert pavement, and relative clast composition and size. 

Terraces were named T0-T4 from oldest-youngest, and were differentiated on the 

basis of strath height above the modern wash.  Strath heights above the modern wash in 

the southeast near the transition from erosion to deposition are: T0 = 13 m, T1 = 10 m, 

T2 = 4 m, T3 = 3 m, and T4 = 0.8 m. Capping gravel thicknesses are highly variable, 

ranging from a thin veneer to 8 m, but on average were 1-3 m thick.  An anomalously 
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high, folded, and eroded terrace remnant in the southeast (Z) was differentiated and could 

not be correlated with any other terraces.  T1, T2, and T3 are regionally extensive (Figure 

5), and the differential elevations between each strath and the modern channel increase to 

the northwest, reaching a maximum where they cross the axis of the SdVA, and then 

decrease until the terraces merge with the modern channel to the northwest.  

Five of the terrace surfaces could be mapped along and across the modern 

drainage system based on height of strath above the modern channel and other relative 

dating techniques.  The terraces were mapped on mylar over airphotos, and structural 

data including the strike and dip of gravels and the underlying redbeds, faults, and folds 

were recorded.  Characteristics of the terraces, such as clast composition (including 

angularity and size distribution), thickness of desert varnish, soil development, and 

capping gravel thicknesses were noted.  

Terraces and modern channels profiles collected using a differential GPS were 

used to determine whether the terraces were folded by the SdVA.  Profiles were collected 

along the capping gravel surfaces because the straths are inaccessible due to their 

exposure on steep cutbanks.  To correct for the elevation to the strath, we noted the fill 

thickness variations on each profiled terrace for each point taken.  Points with 

anomalously thick or thin fills were discarded, and strath elevation was determined for all 

remaining points by subtracting the average fill thickness.  One meter to two meters of 

error is associated with this technique because the fill thickness varies by  <2 meters 

within an individual terrace, and the strath was not always visible. However, the long-

wavelength features (1-2 km, ~20-30 m amplitude) are significantly larger than the short-
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wavelength variations caused by error in our height-to-strath versus height-to-fill 

estimates.   

Structural and terrace profile data 
 The SdVA can be differentiated on the basis of regions displaying distinctly 

different structural styles.  In the western domain where the crest of the anticlinorium is 

located and where the SdVA has a steeply northwest-dipping limb, all three structural 

levels (Cambro-Ordovician carbonates, Neogene redbeds, and Pleistocene-Holocene 

terraces) plunge to the southwest.  The imbricate thrust sheets of Cambro-Ordovician 

carbonates plunge southwestward beneath the Neogene redbeds.  The unconformably 

overlying Neogene redbeds show a long wavelength (~5 km) southwestward-plunging 

antiform and associated flexural slip faults, and short-wavelength (meter scale) parasitic 

faults and folds.  The unconformably overlying terraces also express a southwest-

plunging antiformal geometry across the axis of the SdVA, and the flexural slip faults in 

the redbeds cut T2 and older terraces.  The eastern domain is underlain by the moderately 

southeast-dipping limb of the SdVA, all three structural levels also plunge to the 

southwest, but not as steeply as in the western domain.  The Neogene redbeds are less-

steeply dipping, less deformed, and deformation is restricted to a narrow band (<1 km 

wide) in which folds in the terraces and the redbeds have similar wavelengths and 

amplitudes.  Terraces of all ages are deformed and dip gently to the southwest, and the 

amount of folding and warping increases in older terraces.    
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Western Area 
 Structural details of the western area can be seen in Figure 6.  Sierra de Villicum 

comprises several imbricate thrust sheets, two of which are exposed in the western area.  

Thrust sheet A is bounded by the Villicum thrust to the west, with folded Cambro-

Ordovician carbonates in the hangingwall and Neogene redbeds in the footwall (Figure 

7A).  Moving to the east, an unconformity is crossed that separates Neogene redbeds 

from thrust sheet A, which are in the footwall of an unnamed thrust fault.  The 

hangingwall of this unnamed thrust fault is thrust sheet B, a southeast-dipping section of 

Cambro-Ordovician carbonates, also unconformably overlain by Neogene redbeds to the 

east (Figure 7B).  The Cambro-Ordovician thrust sheets and thrust faults of Sierra de 

Villicum project to depth as a west-vergent, southwest plunging core of the SdVA 

(Figure 7C).    

 To the south of Sierra de Villicum, the Neogene redbeds generally dip steeply to 

the northwest west of the SdVA axis, and dip moderately to the southeast east of the 

SdVA axis.  A long-wavelength (~5 km) southwest-plunging antiform offset by several 

flexural slip faults thus characterizes the SdVA (Figure 6).  Where thrust sheets A and B 

of the Cambro-Ordovician carbonates project below the surface along strike to the 

southwest, including the Villicum thrust, the overlying redbeds show short-wavelength 

(meter scale) parasitic folds striking to the southwest.  These parasitic folds change from 

tight (Figure 7D) to open (Figure 7E) along strike to the southwest.  A structural and 

topographic low demarcated by a large wash (MW 3, Figure 4) marks the southwestern 

limit of the topographic expression of the SdVA, as there are no more outcrops of 

Neogene redbeds in or to the south of MW 3.    
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The terraces to the south of Sierra de Villicum are cut into the Neogene redbeds.  

In the western area to the northwest, the terraces merge with the modern washes, and 

moving southeast, a subtle long-wavelength fold (~1.5 km) is apparent in the terraces as 

they cross the crest of the SdVA and their elevation with respect to each other and the 

modern wash increase differentially, and then the terraces merge again to the southeast in 

the eastern area (Figure 8).  Terraces are not affected by the short-wavelength parasitic 

folds in the Neogene redbeds (Figure 6).  Terraces are undisturbed where they overlie the 

projection of the thrust faults and thrust sheets of Sierra de Villicum (Figures 6, 7B and 

7C).  However, T2 and older terraces are offset by flexural slip faults in the northwest 

limb of the SdVA (Figure 7F).  Terraces of the same age separated by modern washes 

show a slope to the southwest (i.e. a terrace of the same age decreases in elevation to the 

southwest, Figure 9), until all terraces merge to be at the same elevation as MW 3 to the 

southwest and redbed outcrops cease (Figure 4).  Near Sierra de Villicum, terraces show 

a greater degree of differential elevation with respect to the modern wash over the crest 

of the SdVA, and to the southwest, terraces show a much lesser degree of differential 

elevation with respect to the modern wash over the crest of the SdVA.  MW 1, in the 

northeast near Sierra de Villicum, is higher in elevation than terraces to the southwest 

(Figure 9).    

In summary, the western domain includes the core of the SdVA (comprised of the 

Cambro-Ordivician and Neogene thrust sheets), the overlying redbeds that exhibit both 

long wavelength and parasitic folds, and terraces that show broad folding of the same 

wavelength as the SdVA.  The SdVA plunges to the southwest, as revealed by the 

southwest tilt of the terraces and the plunge of the SdVA.   
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The steeply northwest-dipping northwestern limb and core of the SdVA comprise 

two Cambro-Ordovician carbonate thrust sheets of Sierra de Villicum, which together 

define the anticlinorium and which are unconformably overlain by Neogene redbeds.  

Thrust faults between the Cambro-Ordovician carbonates project below the surface to the 

southwest, and the overlying Neogene redbeds show short-wavelength parasitic folds 

along the strike of the buried thrust faults, including the Villicum thrust.  Terraces do not 

reflect the parasitic folds in the redbeds or thrust faults between the Cambro-Ordovician 

carbonate thrust sheets, but are offset by the flexural slip faults and warp over the crest of 

the SdVA.  All structures, including the terraces, show a southwest plunge, and the 

topographic extent of the SdVA is MW 3, where the terraces merge with the modern 

wash and Neogene redbed outcrops cease.   

 

Eastern Area 
 Structural details of the eastern domain can be seen in Figure 10.  No Cambro-

Ordovician carbonates are exposed in the eastern domain.  A southeast-dipping panel of 

Neogene redbeds, which define the southeast limb of the SdVA is the principal structure.  

There are several thrust faults (Figure 11A) and an east-facing monocline (Figure 11B) in 

the Neogene redbeds all located within ~1 km wide panel along strike.  A roughly north-

south striking thrust fault and the monocline continues for several km along strike (Figure 

10). 

 In the eastern domain, the terraces unconformably overlie the Neogene redbeds.  

Faults and folds in the Neogene redbeds affect the terraces as well (Figure 1).  The north-

south striking thrust fault, for example, has steeply east-dipping (~41°) redbeds and flat-
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lying T2 gravels in the hangingwall, and gently southeast-dipping (~10°) redbeds and T2 

gravels in the footwall, implying the fault thrusted a T2 terrace over a T2 terrace (Figure 

11A).  Note that this thrust fault offsets terraces of all ages.  The southeast facing 

monocline also shows coupled folding between the Neogene redbeds and the terraces 

(Figure 11B).  To the northwest and southeast of the monocline, redbeds are gently to 

moderately east-dipping and the terrace gravels are flat-lying.  In between the anticline 

and syncline of the monocline, the redbeds dip moderately to steeply to the south to 

southeast and terrace gravels dip at 39° to the southwest.  The monocline appears in T2 

and older terraces, including the anomalously high and isolated Z terrace (Figure 10).  

The Z terrace has a higher amplitude of folding with respect to the modern wash from the 

monocline than T1 (Figure 12).  Terraces in the eastern domain also dip to the southwest, 

but more gently than in the western domain (Figure 9).       

 In summary, the southeastern limb of the SdVA comprises a southeast-dipping 

panel of Neogene redbeds unconformably overlain by terrace gravels.  All structures 

observed in the Neogene redbeds are reflected in overlying terraces, including a thrust 

fault that runs for several km along strike (N-S) and offsets terraces of all ages, and a 

southeast facing monocline that folds the redbeds and terraces.  The amplitude of folding 

of the terraces with respect to the modern wash is greater in older terraces.  The terraces 

dip to the southwest, but more gently than in the western domain (Figure 13).      

 

Structure interpretation 
The SdVA comprises southwest plunging Cambro-Ordovician carbonate thrust 

sheets of Sierra de Villicum in the core that are unconformably overlain by Neogene 
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redbeds, and thus shows the progression of deformation from the Paleozoic to post-

Neogene.  On the steeply northwest-dipping limb of the SdVA, in the western domain, 

the Cambro-Ordovician thrust sheets of Sierra de Villicum are interpreted to form a 

duplex structure that plunges to the southwest.  An angular unconformity between with 

the Neogene redbeds and the Cambro-Ordovician strata reflects a deformation phase that 

began after the deposition of the Cambro-Ordovician carbonates, but before the 

deposition of the Neogene redbeds.  In the Neogene redbeds, the southwest plunging 

antiform and flexural slip faults, and the parasitic folds associated with the thrust faults in 

between the Cambro-Ordovician carbonate thrust sheets are indicative of folding, uplift, 

and movement between the thrust sheets of the Cambro-Ordovician strata during or after 

redbed deposition.  The Villicum thrust, and the other thrust faults of Sierra de Villicum 

that have Cambro-Ordovician carbonates in the hangingwall and Neogene redbeds in the 

footwall, as well as the folded angular unconformity between the carbonates and the 

redbeds, also indicate faulting in the Cambro-Ordovician strata after deposition of the 

Neogene strata.  To the southwest along the plunge of the SdVA, the change from tight to 

open and folding can be explained by moving updip and away from the structurally 

complex core of the SdVA. 

The southeastern limb of the SdVA has no Cambro-Ordovician carbonate 

exposures.  The eastern extent of the Cambro-Ordovician rocks is unknown because there 

are no outcrops to the east.  The gently southeast-dipping redbeds may reflect the 

structure of the underlying Cambro-Ordovician rocks, although it is diffricult to tie the 

dip, faults, or folds in the redbeds to the Cambro-Ordovician rocks.   
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The angular unconformity between the Neogene redbeds and the gravels of the 

fluvial strath terraces represent tilting of the redbeds prior to terrace formation.  The 

parasitic folds in the Neogene redbeds in the western domain are not reflected in the 

terraces, and if these parasitic folds are associated with movement between the Cambro-

Ordovician thrust sheets, then the thrust faults, including the Villicum thrust, have been 

inactive over terrace time.  However, flexural slip faults in the Neogene redbeds do offset 

T2 and older terraces, so the growth of the antiform at the structural level of the redbeds 

from T2 and older terrace time was accompanied by flexural slip in the northwest limb of 

the SdVA.   

The southwest tilt of the terraces reflects tilting to the southwest during the 

Pleistocene-Holocene as the SdVA grew through block uplift.  Terraces are warped as 

they cross the crest of the SdVA, which is also suggestive of SdVA uplift during terrace 

time.  MW 1 is higher in elevation than terraces to the southwest, suggesting it is not 

downcutting at a rate equal to rock uplift, and therefore uplift rates measured with respect 

to terraces formed by MW 1 are lower than the actual uplift rate.  Deformation has been 

occurring in the eastern zone, in contrast, since at least Z to T4 terrace time, and because 

the southeast-facing monocline has created a higher amplitude of folding in older 

terraces, this fold has grown through more than one (and at least three) episodes of 

deformation.               

    

Crustal-scale model of the eastern Precordillera 
A realistic crustal-scale model of the eastern Precordillera should account for and 

reconcile all of the available data, including observed upper crust structure, historical 
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seismicity, and source parameters of historical earthquakes.  Structural geology is useful 

for locating the extent, timing, wavelength, amplitude, and style of surficial faults and 

folds, while seismology images fault planes and currently active seismogenic faults.  

Historical seismicity, particularly when interpreting the results of an inversion for source 

parameters of an individual event should agree with structural data.  Large historical 

earthquakes are scarce in the eastern Precordillera, focal mechanism solutions provide 

two potential fault planes, and there are uncertainties associated with the use and 

interpretation of historical records and seismological inversion, therefore the seismology 

is intricately tied to the structure.  Structural geology is of particular importance with 

respect to the 1944 earthquake because there are so few well-recorded seismograms of 

the event, and the instruments at the time did not have very accurate clocks, leading to 

large errors in horizontal (epicentral) location (Chapter 2).  A wide range of published 

locations for the 1944 earthquake exist, from just west of Sierra de Villicum to south of 

San Juan (Table 1).  Another source of information that can be used in epicentral location 

and preferred nodal plane is Mercalli intensities.  These data, unfortunately, also suffer 

from some ambiguities typical to historical documents.  The zone of highest shaking was 

San Juan, but the area of highest population at the time was also San Juan.  No record 

could be located documenting how the intensities were collected or assigned for this 

earthquake, and it seems natural that all of the relief efforts and documentation of damage 

would focus on the largest city.  Therefore, the structural geology and the location of 

active structures provides indirect constraints on the epicentral location of the 1944 

earthquake.  

To the southwest of Sierra de Villicum, there is abundant evidence for several 
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deformational episodes ranging from the Paleozoic to the present.  The identification of 

active versus inactive structures, as well as their extents, is important for characterizing 

the current style of deformation in the eastern Precordillera and relating it to seismicity.  

Inactive structures include the imbricate thrust faults of the duplex structure of Sierra de 

Villicum, including the Villicum thrust.  Where these thrust faults dive below the surface 

to the southwest, they are manifest as parasitic faults in the unconformably overlying 

redbeds.  They do not, however, affect the overlying Pleistocene-Holocene fluvial strath 

terraces.  Terraces do reflect, in contrast, growth, uplift, and tightening of the SdVA.  

Flexural slip faults in the Neogene redbeds offset terraces in the western domain and 

terraces warp over the crest of the SdVA and are tilted to the southwest, indicating block 

uplift of the SdVA in terrace time.  The southeast-facing monocline and thrust-fault in the 

eastern domain are also active structures because they both deform Pleistocene-Holocene 

terraces and are located on the gently southeast-dipping limb of the SdVA.  

Two regional topographic lows, the Tulum Valley and the Ullum Valley, lie to the 

east and west of the Eastern Precordillera, respectively.  A regional syncline underlies the 

Tulum Valley is and several kilometers of sediment has aggraded in the valley.  A 

structural high underlies the Ullum Valley and is expressed as an arch in the basement 

where regional dips change from east- to west-dipping in the Eastern Precordillera and 

Precordillera, respectively.  There is abundant evidence for the active uplift of Sierra de 

Villicum and the flanking terraces by thick-skinned structures, including all recorded 

seismicity occurring in the basement, and all surface deformation being characteristic of 

fold growth and block uplift.  Thin-skinned deformation has ceased on the western limb 

of the SdVA, and there is currently only evidence for growth of the southeast facing 
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monocline in the southeastern limb of the SdVA.  A west-dipping basement fault inferred 

from microseismicity by Smalley et al. (1994) could explain the active uplift occurring 

under the Eastern Precordillera. 

Whereas a west-dipping basement fault accounts for the active uplift, it does not 

account for recently active east-dipping structures, such as the La Laja fault, which 

ruptured as a bedding-parallel fault during the 1944 earthquake, or the southeast-facing 

monocline in the eastern domain.  In other words, the large-scale tectonics require a west-

dipping basement fault, but smaller-scale surficial deformations suggest an east-dipping 

fault as well.           

    If we consider the monocline and thrust fault in the eastern domain as a zone of 

seismicity, this zone connects with the La Laja fault to the northeast, which ruptured as a 

bedding-parallel fault during the 1944 earthquake, suggesting a structural linkage 

between the two.  New data on the focal mechanism indicate an either east or west 

dipping thrust fault at 25 km depth in the basement with an unsure east-west location 

(Table 1), and the strike of the east dipping nodal plane does not agree with the northeast 

strike of the La Laja fault or the basement seismicity of Smalley et al. (1994).  The 

disconnect between the surficial rupture and the focal mechanism requires a décollement 

surface above 25 km depth.   
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Table 1: Station information for records used in inversion, including instrument 
response.  To is seismometer period, Tg is galvonometer period, Vm is the 
amplification, and speed is the speed of the drum.   
 
 

One possibility is that the La Laja fault is the updip extension of an east-dipping 

basement fault, which places the epicenter in the Tulum valley ~ 20 km northeast of San 

Juan(Alvarado & Beck 2006, Perucca & Paredes 2003, Siame et al. 2002).  This is a 

plausible and simple solution, but it does not explain any of the observed structural 

geology, including the disconnect between the strike of the La Laja fault and the focal 

mechanism’s nodal plane.  This solution also does not agree with the maximum Mercalli 

Intensities, although there are hardly any data points to the east of San Juan, although it 

does potentially agree with some of the earlier published locations for this event (e.g. the 

Pasadena Bulletin’s or the Jesuit Seismological Association’s Preliminary Bulletin).  

Also, this was not a large earthquake (Mw 6.9) at 25 km depth with less than one meter 

of co- and post-seismic movement at the surface.  A moderate earthquake’s fault tip 

would not reach the surface from 25 km depth, and almost certainly not as a meter of 

displacement because slip diminishes towards the surface. 

Another possibility is that the Villicum thrust is the updip extension of an east 

dipping basement fault, but this conflicts with abundant structural data showing that the 

Villicum thrust has not been active in terrace time, and does not explain the surface 

rupture on the La Laja fault.  It is possible that slip on an east dipping basement fault is 

latitude longitude elevation azimuth (º CW from N) Speed

station code location component (-S) (-W) (m) delta (deg) eq-to-station station-to-eq instrument To (s) Tg (s) damping Vm (mm/min)

BRK Berkeley, CA Z 37.5224 -122.1539 49.4 84.6 320.1 136.3 Galitzin 12.0 12.0 0.6 600.0 30.0

CHR Christchurch, NZ Z -43.5328 172.6270 8.0 86.81 219.8 131.1 Galitzin 13.0 12.9 0.02 465.0 30.0

E-W Galitzin 24.4 24.4 0.02 300 30

N-S Galitzin 23.4 23.6 0.07 300 30

PAS Pasadena, CA Z 34.1484 -118.1711 257.0 79.93 320.3 138.7 Benioff 1.0 90.0 0.8 3000.0 30.0

E-W Benioff 1.0 90.0 0.8 3000.0 30.0

N-S Benioff 1.0 90.0 0.8 3000.0 30.0

SJP San Juan, PR E-W 18.3817 -66.1183 80.0 49.36 3.4 183.0 Wenner M-1 10.4 12.8 1280.0 16.0

N-S Wenner M-1 11.4 20.1 1280.0 16.0

WES Weston, MA Z 42.2304 -71.1919 60.0 73.1 358.1 177.9 Benioff 1.0 60.0 0.8 3000.0 30.0

E-W Benioff 1.0 60.0 0.8 3000.0 30.0

N-S Benioff 1.0 60.0 0.8 3000.0 30.0
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being accommodated within the duplex structure of Sierra de Villicum below the surface, 

and has not yet caused any surface rupture, only uplift and fold growth, and that the La 

Laja fault broke in response to fold growth.  However, this also does not fully explain the 

La Laja fault that has suffered repeated earthquakes, nor does it explain the structure of 

the Eastern Precordillera       

A third possibility is a west dipping fault, located under the SdVA, which is 

uplifting the range and creating fold growth as flexural slip (Figure 14).  This model, 

shown as model I in Figure 14, agrees with observed structural relationships, such as the 

arch in the basement below the Ullum Valley and the uplift of the Eastern Precordillera.  

However, this solution places the epicenter west of Sierra de Villicum, which does agree 

with some published locations.  It does not agree, however, with Mercalli Intensities and 

makes it difficult to explain the amount of shaking that must have occurred in San Juan 

because shaking decays rapidly at the surface with distance away from the epicenter.  As 

mentioned earlier, the intensity measurements were most likely biased by population 

distribution, and there were very few people living west of Sierra de Villicum in the 

1940ís.  A west-dipping fault under Sierra de Villicum is oriented in such a way the 

energy would have been propagating directly towards San Juan, which lies in a valley of 

unconsolidated lacustrine and fluvial sediments.  Rupture directivity has been 

hypothesized as the reason behind the intense destruction in the Bam (Iran) earthquake in 

2003, despite its small size (Mw 6.6) (Bouchon et al. 2006), although this was a much 

shallower event (5-10 km deep).  It is also difficult to explain the rupture on the La Laja 

fault with this model, although Meigs et al. (in press) have hypothesized that because the 

rupture was bedding parallel, it could reflect fold growth at the surface being expressed 
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as flexural slip.  Less than a meter of bedding parallel slip would require greater than a 

meter of fold growth caused by several meters of motion on a basement fault, which is 

again nearly impossible to accomplish with a moderate deep earthquake. A fourth 

possibility is an east-dipping fault that does not break the surface under the Tulum Valley 

and places the epicenter in the area of maximum shaking (Figure 14). The rupture on the 

La Laja fault was described by (Harrington 1945) as increasing post-seismically from 30 

to 60 cm over the several weeks following the earthquake, and we suspect that the initial 

rupture did not occur coseismically due to the disconnect between the strike of the La 

Laja fault and the nodal plane of the focal mechanism, but was most likely creep 

following the shock (Chapter 2).  An east-dipping fault could have several splays as it 

nears the surface, which could account for other east-dipping structures in the vicinity of 

Sierra de Villicum.  As mentioned earlier, the large-scale tectonics seem to require a 

blind west-dipping thrust fault under Sierra de Villicum.  The west dipping fault could 

either be creeping, or has not ruptured historically, but it has to have significantly more 

movement on it than the east-dipping fault to account for the topography of the eastern 

Precordillera in comparison to the valley in the hangingwall of the east-dipping fault.  

This type of crustal model is very similar to one envisioned by Kadinsky-Cade (1985) 

under the Sierras Pampeanas, with steeply east and west dipping conjugate faults 

undergoing pure shear, and we propose to extend the model westward under the eastern 

Precordillera.  Kadinsky-Cade (1985) also offered two models, one with a décollement at 

~40 km depth and faults becoming listric at depth (model II in Figure 14), and another 

with a brittle-ductile transition occurring at ~40 km depth, and steeply dipping faults 

running into the transitional zone (model III in Figure 14).  Historical focal mechanisms 
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in this region generally have steeply east and west dipping nodal planes, even at depths 

exceeding 40 km (Ekstrom et al. 2006), and there is no seismological evidence for a 

shallowly dipping décollement at 40 km, therefore we prefer model III over model II.   

Our preferred solutions for the location and fault plane of the 1944 earthquake are 

either the west-dipping blind thrust fault under Sierra de Villicum and epicentral location 

to the west of Sierra de Villicum, which is a large structural feature whether or not it 

ruptured in the 1944 earthquake, or a relatively smaller and slow-moving (with respect to 

the west-dipping fault) east-dipping fault as a conjugate to the west-dipping fault with a 

epicentral location near San Juan.  Currently there is not enough subsurface data to 

resolve a brittle-ductile transition and steeply dipping faults versus a décollement with 

listric faults, although we prefer a model that incorporates steeply dipping faults.    

 

Conclusions 
• Three structural levels exist in the study area.   

• The deformational style delineates two structural domains in space.   

• Three deformational events showing the transition from thin- to thick-skinned 

deformation are recorded in the western domain of the SdVA, and the active 

thick-skinned deformation is recorded in the eastern domain of the SdVA.  

• In the western domain, on the steeply northwest-dipping northwestern limb of the 

SdVA, thrust faults between the Cambro-Ordivician carbonates of Sierra de 

Villicum project below the surface to the southwest.  This duplex structure 

represents one phase of thin-skinned style deformation post deposition of the 

Cambro-Ordivician carbonates, and pre deposition of the Neogene redbeds. 
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• The carbonates are unconformably overlain by Neogene redbeds, which show 

short-wavelength parasitic folds along strike with the thrust faults of Sierra de 

Villicum, including the Villicum thrust, indicating a second thin-skinned style 

deformation event post Neogene red-bed deposition. 

• Unconformably overlying terraces reflect neither the parasitic folds in the redbeds 

or the thrust faults of Sierra de Villicum, therefore these faults have not been 

active in terrace time. 

• T2 and older terraces are offset by flexural slip faults in the Neogene redbeds and 

are warped over the crest of the SdVA, representing a third deformational event of 

fold growth and block uplift in terrace time.   

• All structures, including the terraces, reflect the southwest plunge of the SdVA, 

the topographic extent of which is MW 3, where the terraces merge with the 

modern wash and Neogene redbeds are buried.  Current uplift is most logically 

explained with a west-dipping blind thrust fault in the basement, which may have 

ruptured in the 1944 earthquake, and also explains other structural observations 

such as an arch in the basement below the Ullum Valley to the west of Sierra de 

Villicum.  

• In the eastern domain, on the moderately southeast-dipping limb of the SdVA, a 

southeast panel of Neogene redbeds is unconformably overlain by terraces of all 

ages, and an east-dipping thrust fault and southeast-facing monocline was 

observed in both the Neogene redbeds and the overlying terraces. 

• The amplitude of folding of the terraces with respect to the modern wash is 

greater in older terraces, representing ongoing folding throughout terrace time.  
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There is no obvious structural link between this deformation and the underlying 

Cambro-Ordivician carbonates, therefore deformation is most likely being driven 

by a deeper basement structure, such as the east-or west-dipping basement thrust 

fault that may have ruptured during the 1944 earthquake. 

• Our preferred crustal models which incorporate structural data and the new focal 

mechanism for the 1944 earthquake are a blind west-dipping thrust fault under 

Sierra de Villicum as the seismogenic fault, and the flexural slip on the La Laja 

fault occurred due to fold growth. Alternatively, the earthquake could have 

occurred on a blind east-dipping thrust fault under the city of San Juan, which 

exists as a conjugate to the west-dipping fault, and that slip reached the surface as 

post-seismic creep.  The east-dipping fault is a significantly smaller tectonic 

feature in terms of movement with respect to the west-dipping fault, which may 

be creeping or move periodically in large earthquakes, because the west-dipping 

fault is responsible for the uplift of the eastern Precordillera.  
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Figure 1. Regional geological map of San Juan, Argentina (modified from Ragona et al. 
1995). The study area (dotted rectangle and location of Figure 4) is in the eastern 
Precordillera, a westward-verging thin-skinned fold-and-thrust belt, which lies between 
the westward-verging basement-cored uplifts of the Sierras Pampeanas to the east and the 
eastward-verging Precordillera fold-and-thrust belt to the west. Inset shows location 
within South America, to the east of the high Andes and over the Pampeanas flat-slab 
subduction zone of the Nazca plate (after Kennan et al., 2000). LL=La Laja fault, 
VT=Villicum Thrust, TV=Tullum Valley, UV=Ullum Valley, and the black line is the 
location of the cross-section in figure 2. 
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Figure 2. Schematic crustal-scale cross-section at ~32∞S showing zones of active 
seismicity and surficial structures.  Small circles are microseismicity from Smalley et al. 
(1993) and Ramos et al. (2002). Smalley’s data (1993) are from a microseismicity study 
and Ramos’s data (2002) are from microseismicity associated with a mb 5.3 event and its 
aftershocks.  Focal mechanism is for the 1944 Mw 6.76 earthquake (Chapter 1).  Note 
that seismicity extends to depths greater than 30 km. 
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Figure 3. Photo looking northwest on the La Laja fault, taken soon after the 1944 
earthquake by Harrington (1944).  There was 60 cm of dip-slip movement observed on 
the above 6 km long fault, which was thought to be flexural slip, although some argue it 
is the surface expression of the rupturing basement fault. 
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Figure 4. Airphotos of study area. The are of Figure 5 (white lines) and of terraces 
mapped by Siame et al. (2003) (dashed line) are shown for reference.  Dotted lines 
indicate cross-section locations for Figure 6, and italicized numbers indicate locations for 
photographs in Figures 7 and 12.  Three structural levels in space and time are suggested: 
Sierra de Villicum, the dark thrust sheets of Paleozoic carbonates in the upper right 
corner (north), folded and faulted Neogene redbeds (light grey) wrapping around the 
plunging Sierra de Villicum (note dotted white lines to show bedding), and the overlying 
darker grey terrace gravels.  Main wash to the left (W3) is a structural low with no 
outcrops and all terraces slope southwestward into this wash. 
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Figure 5. Geological map of study area showing terraces of different ages and major 
structural features, structural measurements are in Figures 6 and 11.  Also shown as white 
dotted lines are the locations of terrace profiles shown in Figures 9, 10 and 13.  Inset 
shows the difference between measuring the height to the strath versus the height of the 
terrace with respect to the modern wash. 
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Figure 6. Detail of western region showing structural details. Note anticline/syncline 
pairs extending southwestward from the thrust sheets in Sierra de Villicum into the 
redbeds, which do not affect the overlying terraces.  Neogene redbeds (white, uncolored) 
defines a southwest plunging antiform, with short-wavelength parasitic folding 
superimposed on the larger fold.  Also note flexural slip fault that cuts T2 and older 
surfaces.  See Figure 5 for terrace key. 
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Figure 7. A) Plunging fold in a thrust sheet of Sierra de Villicum.  B) Undeformed T3 
terraces running over the Villicum thrust.  C)  Undeformed terraces running between 
Sierra de Villicum’s thrust sheets.  D) Fold in the redbeds ~10 m southeast of the 
Villicum thrust.  E) Moving to the southeast, redbed structures simplify and broaden as 
Sierra de Villicum deepens.  F) Flexural slip fault that offsets T2 and older terraces. 
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Figure 8. Profiles of regionally extensive T2 and T3 terraces crossing the SdVA from 
northwest (left) to southeast (right).  See figure 4 for the location of MW 1 and figure 5 
for terrace locations.  Note how the two surfaces merge to the southeast and northwest, 
and how their elevations with respect to each other and the modern wash differentially 
increase as they cross Sierra de Villicum in the center of the profiles. 
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Figure 9. Profiles of the same-aged terrace surface (T2) comparing a northern and 
southern profile to show the regional plunge to the southeast, taken from northwest (left) 
to southeast (right).  See Figure 4 for location of MW 1 and MW 2 and Figure 5 for 
terrace locations.  The southern T2 surface is always lower in elevation than the northern 
T2 surface.  Notice that MW 1 is higher than the southern T2 in the northwest, which 
suggests that this channel is downcutting at a rate lower than uplift, and therefore 
represents a rate that is lower than the absolute uplift rate. 
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Figure 10. Geological map of the eastern domain to show structural details.  Note the 
fault that offsets terraces of all ages and the underlying redbeds, and the anticline-
syncline pair that folds terraces and redbeds for several kilometers along strike. 
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Figure 11. Photos of the eastern area and most recent deformation.  A) Thrust fault that 
puts bedrock over gravel in a T2 terrace.  This fault may become flexural slip with depth 
and offsets terraces of all ages.  B) Monoclinal fold reflected in terraces and redbeds. 
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Figure 12. Terrace and modern wash profiles showing monoclinal fold form.  See Figure 
4 for location of MW 1 and Figure 5 for terrace locations.  Note that Z, the older surface, 
is significantly more deformed than T1, which means this deformation has been 
continuously occurring throughout terrace formation time. 
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Figure 13. Two cross-sections (see Figure 4 for locations) showing the complex 
relationship between the redbeds and Cambro-Ordivician rocks in the thrust sheets of 
Sierra de Villicum.  The redbeds define a broad anticline around a series of imbricate 
thrusts, interpreted to have formed a duplex structure.  A)  Northeast section and adjacent 
to southwesternmost exposures of Cambro-Ordivician strata in Sierra de Villicum, the 
redbeds have shorter wavelength folds due to complications near the core of the long-
wavelength anticline.  B)  Moving section parallel to 0.5 km southwest of 7A.  The 
redbed structure forms a broad fold and the Cambro-Ordivician thrust sheets are 
projected to a depth of –2 to –3 km.  Flexural slip faults in the redbeds break the surface. 
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Figure 14. Three crustal scale models for the eastern Precordillera and the Sierras 
Pampeanas basement structure.  Grey circle is 1944 hypocenter.  Structure under the 
Sierras Pampeanas is from Kadinsky-Cade (1985) as inferred from 1977 earthquake and 
aftershocks, and surficial structures.  Model 1 is a west-dipping fault generating the 1944 
earthquake and causing flexural slip faulting on the La Laja fault due to fold growth and 
uplift of the eastern Precordillera.  Models II and III have an east and west-dipping fault 
under the eastern Precordillera, with the earthquake generating on the east-dipping fault.  
Model II has a decollement around 40 km, while model III has the brittle-ductile 
transition occurring between 35 and 40 km depth. No vertical exaggeration. 
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CHAPTER 4 

 

 

Conclusion 
 The results of the inversion for a focal mechanism and source parameters for the 

1944 San Juan earthquake and detailed structural analysis in the vicinity of the 

earthquake have led to a preferred crustal-scale model of steeply east- and west-dipping 

conjugate faults undergoing pure shear beneath the Eastern Precordillera, similar to some 

previous models for the Sierras Pampeanas to the east.  We prefer the model in which the 

steeply dipping faults run into a brittle-ductile transition zone at ~40 km depth.  This 

model is plausible because a blind west-dipping fault is required to explain large-scale 

tectonic features, such as the arch in the basement below the Ullum Valley and the uplift 

of the Eastern Precordillera, but it seems unlikely (although not invariably so) that this 

fault ruptured during the earthquake due to complicated arguments to explain the surface 

rupture of the east-dipping La Laja fault and an epicentral location that does not match 

Mercalli intensity data.  Thus, another fault is required to explain the surface rupture of 

the La Laja fault, and an east-dipping conjugate fault of which the La Laja fault is the 

updip extension is the simplest model to explain both the surface rupture and the Mercalli 

intensity data. 

 This model is still incomplete, because the strike of the nodal planes and the strike 

of the surface rupture differ by ~40°.  We hypothesize this disconnect is caused by the 

décollement above 25 km under the Eastern Precordillera, and that up to half of the meter 

of surface rupture occurred as post-seismic slip.  Yet another complication with the two 



 87 

conjugate faults model is that there is a valley to the east of the La Laja fault, and a 

mountain range to the west.  Therefore, the west-dipping fault must have significantly 

more movement on it than the east-dipping fault, and this could be occurring either as 

aseismic creep, or else in big events, one of which has not yet occurred historically.   

 Studying historical earthquakes that occurred before the establishment of the 

WWSSN are difficult because one often has to place more value than what may be 

appropriate on certain pieces of data, simply because they are the only available 

evidence.  For instance, we are basing much of our preferred nodal plane on Mercalli 

intensity data that we have no way of verifying or replicating.  We do know that the city 

of San Juan was destroyed, but we will never know the intensity of the shaking to the 

west of the city.  Unfortunately, the best way to create a better and more refined model is 

with the occurrence of another earthquake, which could yet again cause massive death 

and destruction in the vicinity of San Juan        
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