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LITHOSPHERIC-SCALE STRUCTURE ACROSS THE BOLmAN ANDES 

Stephen Christopher Myers Ph. D. 

The University of Arizona, 1997 

Director Susan L. Beck 

I have developed a three-dimensional, lithospheric-scale model of the Bolivian Andes at 

~20°S. The model is based on tomographic images of velocity and attenuation for both 

P- and S-waves. Observations of travel-time and attenuation for this study are from 

regional, mande earthquakes in the subducted Nazca plate recorded on a portable, 

broadband seismic array in Bolivia. 

The shallow mantle under the Altiplano from ~18°S to ~20°S is high velocity, but 

seismic Q is relatively low (Vp~8.3, Vs~4.9, Qp-150, Qs~100). These seismic 

properties suggest lithospheric mantle, approaching solidus conditions. High velocity 

material in the Altiplano extends to a depth of ~ 150 km at 18.5°S, shallowing to -100 

km at 20.5°S. Anomalously low velocity and Q anomalies are imaged in the mantle 

beneath the Eastern (fold and thrust) and Western (volcanic arc) Cordilleras of Bolivia. 

In the Western Cordillera, velocity and attenuation anomalies are locally strong 

(Vp~7.8, Vs~4.25, Qp~80, Qs~20), consistent with partial melt conditions. However, 

there is a segment of higher velocity and Q between 19°S and 20°S, that is correlated 

with reduced Quaternary arc volcanism. In the Eastern Cordillera, shallow mantle 

velocity and Q generally decrease from Altiplano values, but there is a localized low 

velocity and Q anomaly (Vp~7.8, Vs~4.1, Qp~50, Qs~10) underneath the Los Frailes 



volcanic center. The strong velocity and attenuation anomalies and the spatial 

correlation with the volcanic complex favor an interpretation of partial melt. 

From the subduction trench into parts of the Western Cordillera, processes associated 

with Nazca Plate subduction dominate shallow mantle structure. Structural constrains 

from the tomographic results and the geologic history of the Bolivian Andes favor a 

model of lithospheric shortening for the development of shallow-mantie structure in the 

Eastern Cordillera and Altiplano. A delamination/partial-continental-subduction process 

is favored for the production of both shallow mantle strucwre and volcanism in the 

Eastern Cordillera. This processes may remove mafic components in thickened lower 

crust, refining the crust towards a more felsic composition. 
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ABSTRACT 

I have developed a three-dimensional, lithospheric-scale model of the Bolivian Andes at 

~20°S. The model is based on tomographic images of velocity and attenuation for both 

P- and S-waves. Observations of travel-time and attenuation for this study are from 

regional, mantle earthquakes in the subducted Nazca plate recorded on a portable, 

broadband seismic array in Bolivia. 

The shallow mantle under the Altiplano from ~18°S to ~20°S is high velocity, but 

seismic Q is relatively low (Vp~8.3, Vs~4.9, Qp~150, Qs~100). These seismic 

properties suggest lithospheric mantle, approaching solidus conditions. High velocity 

material in the Altiplano extends to a depth of -150 km at 18.5°S, shallowing to -100 

km at 20.5°S. Anomalously low velocity and Q anomalies are imaged in the mantle 

beneath the Eastern (fold and thrust) and Western (volcanic arc) Cordilleras of Bolivia. 

In the Western Cordillera, velocity and attenuation anomalies are locally strong (Vp~7.8, 

Vs~4.25, Qp-80, Qs~20), consistent with partial melt conditions. However, there is a 

segment of higher velocity and Q between 19°S and 20°S, that is correlated with reduced 

Quaternary arc volcanism. In the Eastern Cordillera, shallow mantle velocity and Q 

generally decrease from Altiplano values, but there is a localized low velocity and Q 

anomaly (Vp-7.8, Vs-4.l, Qp~50, Qs~10) underneath the Los Frailes volcanic center. 

The strong velocity and attenuation anomalies and the spatial correlation with the volcanic 

complex favor an interpretation of partial melL 

From the subduction trench into parts of the Western Cordillera, processes associated 

with Nazca Plate subduction dominate shallow mantle structure. Suiictural constrains 
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from the tomographic results and die geologic history of the Bolivian Andes favor a 

model of lithospheric shortening for the development of shallow-mantle structure in the 

Eastern Cordillera and Altiplano. A delamination/partial-continental-subduction process 

is favored for the production of both shallow mantle structure and volcanism in the 

Eastern Cordillera. This processes may remove mafic components in thickened lower 

crust, refining the crust towards a more felsic composition. 
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CHAPTER 1 INTRODUCTION 

The Andes are the type example of a mountain belt resulting from the convergence of 

continental and oceanic tectonic plates. The Andes parallel the subduction trench that 

forms the western boundary of the South American plate for nearly 7000 km, strongly 

suggesting a correlation between plate convergence and the formation of the Andes. 

However, the way in which the dynamics of plate convergence produced the high 

elevation that defines the Andes is poorly understood. Andean topography, with peaks 

exceeding 6000m in elevation and high plateaus at nearly 4000m, is the surface 

expression of lithospheric-scale geologic structures. Several geophysical studies have 

estimated crustal thickness between 60 and 75 km in the high Andes (James, 1971; Beck 

et al, 1996; Zandt et al, 1996; Wigger et al., 1994), which represents an approximate 

doubling of crustal thickness. To first order the thick Andean crust can support the 

topographic load (Beck et al., 1996; Watts et al., 1995); however, detailed mapping of 

crustal thickness has been completed in few areas and studies of the underlying mantle 

are just beginning. Incomplete lithospheric models and other unknowns have left many 

questions concerning Andean orogenic dynamics open to widely varying interpretation. 

Particularly, the fundamental dichotomy of Andean tectonics—the relative importance of 

continental lidiospheric shortening and the subduction of oceanic lithosphere—is strongly 

contested. Lithospheric shortening and subduction processes, including subtopics of 

continental lithospheric weakening, magmatic additions to the crust from the mantle, 

effect of 3-dimensional subduction geometry, lithospheric delamination, plate 

convergence rates, pre-existing weaknesses, etc., have all been purposed as dominant 

orogenic processes in the formation of the Andes (e.g.. Isacks, 1988; Kono et al., 1989; 
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Thorpe et al., 1981; Gephart, 1994, Kay and Kay. 1993; Pardo-Casas and Molnar, 1987; 

Serapere, 1995). 

Recent studies indicate that Andean structures and orogenic processes extend into the 

mantle (Dorbath et al., 1993; Whitman et al.l992; Kay and Kay, 1993). These mantle 

structures and proposed processes have sparked a new curiosity and investigation into the 

role of the mantle in mountain building. However, images of mantle structure remain far 

less resolved than crustal structure, and there is little consensus on mantle structure even 

at regional scale. In this study I determine structure across the central Andes of Bolivia 

and Chile at -20°S by imaging changes in velocity and attenuation properties of both P-

and S-waves. Control on five independently determined seismic parameters (P-velocity 

(Vp), S-velocity (Vs), VpA's, attenuation of P-waves (Qp), and attenuation of S-waves 

(Qs)) allows unparalleled control of material properties across a mountain system. These 

images of seismic structure greatly augment the know structure of the Andes and provide 

important insights into the tectonic processes that produced the Andes. 

Chapter two of this study develops a new technique for the quantification of seismic 

attenuation. Seismograms recorded on instruments in the Bolivian Andes show clear, 

time-domain variation in attenuation. However, the standard method of quantifying 

attenuation does not yield measurements that are in accord with the time-domain 

observations. Chapter two documents an empirical correlation between spectral comer 

frequency and time-domain observations of attenuation and develops a method to 

quantify attenuation using the comer frequency. 
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Chapter three documents the methods, results and lithologic implications of seismic 

tomography for velocity and attenuation of P- and S-waves. On a broad scale. I find high 

velocity and moderate values of Q under the Altiplano. Seismic properties, consistent 

with mantle lithosphere, occur to a depth of approximately -150 km under the Altiplano 

at 18°S; the depth to the base of the lithosphere shallows to -100 km at 20°S. Under the 

Western Cordillera and western edge of the Eastern Cordillera tomographic images show 

discontinuous zones of low velocity and Q along the north-south strike of die ranges. 

Generally, the low velocity and Q areas lie below recent volcanic centers, supporting an 

interpretation of partial melt. 

Chapter four discusses the implication of the seismic tomographic results, as well as the 

results of other studies, on tectonic models for the development of the central Andes. 

These findings indicate that if a lithospheric weakening event occurred in the Bolivian 

Andes (Isacks, 1988), then the area of weakening is far less extensive than previously 

proposed. However, integration of geologic history, timing of deformation and 

volcanism, and mantle structure are best explained by localized delamination (or partial 

subduction) of the continental mantle lithosphere under the western boarder of the 

Eastern Cordillera.' Delamination is driven by gravitational instability that results from 

increased density in the lithosphere due to mineral phase transformations and thermal 

effects (Bird, 1979; England and Housman, 1989; Kay and Kay, 1993). Removal of the 

mantle lithosphere via subduction or delamination provides an explanation for the 

temporal correlation between Eastern Cordillera volcanics and Andean shortening and the 

unique tectonic setting of the Eastern Cordillera volcanics (crustal melts above a >200 km 

deep subducted slab). Additionally, thick crust may cause the transformation of lower-

crustal mafic components to a dense eclogite assemblage. If this occurs then the lower 
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crust may aid in the delamination process and mafic components in the lower crust are 

preferentially recycled into the mantle, possibly refining the crust towards a more felsic 

composition. This refinement process may explain observations of anomalously felsic 

composition in the AJtiplano crust (Zandt et al., 1996). More generally, the preferential 

delamination of mafic crustal components during crustal thickening may explain the 

observation of more felsic crustal composition in Phanerozoic mobile belts than in 

Precambrian terranes (Zandt and Ammon, 1995). 
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CHAPTER 2 SPECTRAL CORNER FREQUENCY AND 

SEISMIC ATTENUATION 

Introduction 

Seismic attenuation is one of the most important seismic parameters describing material 

properties. In particular, attenuation is sensitive to the physical state of the rocks through 

which a wave has traveled. Increased seismic attenuation can be attributed to a variety of 

phenomena (e.g. partial melt, scattering, rock fracture), which result in anelastic behavior. 

Increased anelasticity causes a greater fraction of irreversible strain and loss of seismic 

energy. Mapping seismic attenuation can be of utility for studies attempting to explain 

seismic waveforms and amplitudes. Additionally, models of seismic attenuation can be 

useful in evaluating tectonic processes, by mapping areas of anomalous wave 

propagation that can be indicative of tectonic processes. 

In this chapter I develop a new technique to quantify seismic attenuation using the 

spectral comer frequency. The technique stems from observations of P- and S-waves 

from mantle earthquakes under the central Andes recorded on the BANJO/SEDA 

broadband seismic array (Beck et al., 1996) in Bolivia (Figure 1). The spectra of P and S 

arrivals show a strong correlation between qualitative assessments of attenuation in the 

time-domain and the spectral comer frequency. The observation of attenuation-dependent 

comer frequency indicates that Q is frequency dependent. If, for example, Q is a linear 

function of frequency (Futterman, 1962), then die attenuation operator is Gaussian-like 

and imparts a comer frequency. These observations of attenuation-dependent comer 
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frequency are similar to the "fmax" observations of Hanks (1982) for local earthquakes. 

Although previous studies of comer frequency (fmax) as a function of attenuation have 

focused on site effects, 1 find that comer frequency can be applied to more general studies 

of attenuation. 

Data 

Data presented in this study were collected on the BANJO/SEDA array (Figure 1) in 

Bolivia (Beck et al., 1994) from May, 1994 to June, 1994. During this period the 

BANJO array consisted of 14 sites using STS-2, broadband sensors and RefTek 72a 

recorders with 24-bit digitizers. Data were recorded on two data streams both with a gain 

of one. Data stream one recorded continuously at 10 samples per second (sps). Data 

stream 2 was sampled at 50 sps and was trigger activated. SEDA stations used Guralp 

CMB-3ESP and 40T broadband sensors and RefTek 72a recorders with 16-bit digitizers. 

SEDA data were recorded continuously at 20 sps with a gain of one. BANJO/SEDA 

stations were sited on hard rock with the exceptions of BANJO stations 10, 11, and 12, 

where hard rock was not available. Local topography was avoided when possible, 

however, BANJO stations 10 and 11 were in close proximity to hundreds of meters of 

relief. The sources used in this study are mantle earthquakes within the subducted Nazca 

plate. Event depths range from 88 km under the Western Cordillera of the Andes 

(between 68°W and 69°W Lat.) to 320 km for events under the Eastem Cordillera 

(between 65°W and 67°W Lat.). Events were located using Datascope software, which 

employs an iterative, single-value-decomposition to minimize arrival time misfit. The 

velocity model is a layered stack with 55 km thick crust to approximate the thick Andean 



18 

crust (Beck et al., 1996). Only events with maximum error dimensions of less than 20 

km were used in this analysis. 

Correlation Bet>veen Spectral Corner Frequency And Attenuation 

Figure 2 illustrates typical time and frequency domain characteristics of seismic 

attenuation for regional, mantle events recorded on BANJO/SEDA. This event was 

chosen as an example, because the source/receiver travel times were nearly the same for 

BANJO stations (minimum and maximum travel times of 95 and 114 seconds for S-

waves). The similar travel times make comparisons of attenuation possible without a 

travel-time correction. For arrivals in the Altiplano region amplitudes are diminished and 

pulse widths are greater, which is indicative of greater travel path attenuation. The 

attenuation is accentuated in the upper set of traces (Figure 2), which is high-pass filtered 

with low frequency cut-off of 1 Hz. At the top of Figure 2 broadband S-wave comer 

frequencies are plotted, showing the strong correlation between comer frequency and 

qualitative, time-domain attenuation observations. In general, comer frequencies vary 

from station to station for individual events, and the comer frequency is lower at stations 

where time-domain attenuation (amplitude and pulse width) is readily apparent. A 

double-couple radiation pattern could cause the observed amplitude variations; however, 

for pulse width and comer frequency to vary, directivity would have to be significant. 

For the small magnitude events (<mb=5.0) used here, a point source should be a good 

approximation, and comer frequency should not vary significantly with take-off angle. 
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Figure 2. Example of tlie correlation between seismic attenuation and spectral comer 
frequency for an event about 400 km south of the BANJO array. Greater 
attenuation is correlated with lower comer frequency. Seismograms are 
recorded on BANJO stations and source/receiver travel times are 
approximately equal, so travel time is not significantly affecting the observed 
attenuation. Path-averaged Q is calculated by determining t* with equation (6) 
then dividing travel-time by t*. Broadband spectra for each S-wave are 
show" in Figure 3. Moho profile is from Beck et al. (1996). 
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Figure 3. Spectra For S-waves in Figure 2. Spectral comer 
frequency is seen to vary from 0.62 Jiz to 1.43 Hz, 
and variations in comer frequency are well correl
ated with time-domain assessments of attenuation. 
S-wave spectra were estimated using a 20-second 
time window with 5-second, pre-arrival leader. 
Spectral parameterization by low frequency plateau, 
comer fr^uency, and slope beyond the comer freq
uency were determined using a grid search method 
that minimizes misHt between the parameterization 
and observed data. 
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Figure 4. Comparison of time and frequency-domain ctiaracieristics of a square-wave 
and the frequency-independent-Q attenuation operator. The spectrum of the 
square-wave is characterized by a comer frequency, similar to observed 
spectra. The spectrum of the attenuation operator has no discemible comer 
frequency. A relationship between comer frequency and the attenuation 
operator is made by equating time-domain pulse widths. The square-wave 
and attenuation pulse shown have equal integrated areas (see Equations 6 
through 10) 
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Figure 3 shows the S-wave spectrum for each of the traces in Figure 2. The spectra are 

characterized by a corner frequency, unlike the smoothly arcing spectrum of the 

attenuation operator (Figure 4). However, the correlation between comer frequency and 

attenuation indicates that the comer frequency is determined by an attenuation process and 

Q is likely frequency dependent. 

There are instances, primarily for teleseismic earthquakes, when the recorded comer 

frequency is invariant across the seismic array. These are large magnitude events for 

which the observed comer frequency equals the comer frequency predicted by source 

magnitude. This indicates that there is a magnitude cut off above which comer frequency 

is determined by the source. By using a Brune source (Brune, 1970) and appropriate 

elastic parameters for the mantle, a magnitude 5 event should have a source corner 

frequency on the order of 4 Hz. Observed comer frequencies for small, regional, mande 

events are generally less than 4 Hz, indicating that observed comer frequency is 

controlled by attenuation processes for events less than magnitude 5 . 

Examples of attenuation-caused shifts in comer frequency are documented in other 

studies. Hanks (1984) documented a maximum recorded comer frequency (fmax) for 

local earthquakes in Califomia. Whether fmax is a source or path effect was initially a 

controversial topic (Hanks, 1982; Papageorgio and Aki, 1983). However, it is currently 

thought that fmax is a path effect (Abercrombie and Leary, 1993). Abercrombie and 

Leary (1993) give an example of a local earthquake with a focus of 12 km and negligible 

epicentral distance that was recorded at the top and bottom of a 2.5 km deep borehole. 

The comer frequency for the S-wave is 40 Hz at the bottom of the borehole and 5 Hz at 



the surface. Clearly, the change in comer frequency is a path effect McGarr et al. (1990) 

give an example of an explosion for which the recorded comer frequency is anomalously 

low at some stations compared to the expected source comer frequency, which they 

interpreted to be a path (attenuation) effect. After quantifying the comer-frequency/t* 

relationship, path-averaged Q for both of the above examples are estimated. 

The Attenuation Operator And Techniques To Quantify Attenuation 

Quantification of intrinsic attenuation is based on the damped harmonic oscillator, for 

which frictional sliding dissipates hannonic energy. Solutions for the damped harmonic 

oscillator are of the form: 

A i f )  =  A o c x p i - T t f t * )  (I) 

A = amplitude 

t*=l/Q 

t= travel time 

1/Q = -AE/27CE 

-AE/2nE= fractional energy loss 

per cycle 

Equation (1) (Lay and Wallace, 1995) has several implications for time and frequency 

domain behavior of seismic pulses. As t* increases (Q decreases) time-domain seismic 

pulses become broader and the amplitude decreases. In the frequency domain, tiie t* 
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operator predicts an increased rate of amplitude decay as frequency increases (i.e. 

decreased spectral slope). Each of these time and frequency domain characteristics have 

been exploited to determine seismic attenuation, and I briefly review some of these 

techniques. Useful, first-order observations of attenuation can be made by qualitative, 

time-domain observations of amplitude (e.g. Whitman et al., 1992). However, this type 

of analysis does not quantify attenuation, but rather, produces a binary (attenuative/non-

attenuative) image of attenuation structure. This type of image can be useful for tectonic 

studies, but does not aid in either waveform modeling or investigations into the cause of 

the attenuation. Additionally, various other parameters (such as geometric spreading, 

event radiation pattern, focusing etc.) affect time-domain amplitudes, which can result in 

misleading observations. For most earthquakes, however, pulse width is a more 

independent, time-domain measure of attenuation, because only for large earthquakes 

does pulse width change significantly with take-off angle. Several studies have used 

pulse width to quantify attenuation (e.g. Barazangi and Isacks, 1971; Ohtake, 1987; Lui et 

al., 1994). However, time-domain pulse width is difficult to measure, due to varying 

degrees of noise and waveform complexity. These difficulties make pulse width 

measurements time consuming and can impart a high variance. Therefore, attenuation 

measurements are usually made in the frequency domain. 

As was previously mentioned the spectral slope is steeper for more highly attenuated 

waves (lower values of Q). Therefore, attenuation is commonly quantified by fitting a 

line to the spectra (log amplitude vs. frequency space), and using the linear slope to 

determine t*. However, an example where steeper spectral slope is observed for a less 

attenuated wave is discussed later. This contrary spectral behavior is common in this data 



set, and these observations were a major impetus for developing the comer frequency 

technique. 

In practice, spectral characteristics of seismic waves are influenced by many factors, 

including source spectra, instrument response and site response. Methods of accounting 

for influences other than anelastic attenuation range from modeling the whole frequency 

spectrum with appropriate source, attenuation and instrument parameters (e.g. Lees and 

Lindley, 1994), to empirically removing these effects by averaging (e.g., Ponko and 

Sanders, 1994). These are valid methods of processing seismic data, but it is often 

difficult to isolate the different parameters that effect seismic spectra. When fitting the 

whole spectrum with a number of source and path parameters, there is an inherent trade

off between parameters. Ultimately, some parameters must be chosen (or highly 

constrained), and the choice of parameters can greatly affect the attenuation estimation. 

Although spectral curve fitting can be an accurate technique for determining t*, it can also 

be restrictively time consuming to compile a large database using this technique. Each 

measurement requires fitting a curve to a spectrum, a process that is difficult to automate. 

Alternatively, spectral averaging has commonly been employed to remove instrument 

and site response and source effects. However, averaging techniques throw away much 

of the attenuation information. Additionally, detailed studies of site response as a 

function of basin and topographic geometry show strong dependence on ray parameter 

(Bouchon and Barker. 1996; Bouchon et al., 1996). In other words, site response is a 

function of the wave-front angle of incidence. Therefore, site response might not be 

removed by averaging, resulting in erroneous attenuation measurements. 



Although I have documented the correlation between comer frequency and attenuation, a 

quantitative relationship between these two parameters has not been developed. In the 

next section I develop this relationship so that comer frequency can be used to quantify 

t*. 

Pulse-Width/Corner-Frequency Equivalence And An Empirical 

Relationship Between Corner Frequency And T* 

To use comer frequency as a measure of seismic attenuation I develop an empirical 

relationship between comer frequency and t*. The attenuation operator derived from 

frictional loss [equation (1)] produces a smoothly arcing frequency response on a loglog 

spectral plot (Figure 4), for which there is no discernible comer frequency. I have 

demonstrated that frequency spectra of observed seismic pulses are characterized by a 

comer frequency, below which the spectral amplitudes are relatively equal and above 

which spectral amplitude decrease in a linear fashion. Futterman (1962) describes an 

attenuation operator with frequency-dependent Q that is Gaussian-like over much of the 

spectrum, similar to the observed spectra. Although spectral parameterization using a 

frequency dependent Q is an option, it is often desirable to obtain an estimate of 

frequency independent Q, so that comparisons with previous studies can be made. 

Therefore, I relate the comer frequency to the frequency-independent Q, allowing 

comparisons between seismic attenuation measurements made using comer frequency 

and most other techniques. 

The common characteristic of the attenuation operator in equation (1) and the observed 

seismic spectra (characterized by a comer frequency) is that they both produce pulse 
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broadening in the time domain. To develop a relationship between comer frequency and 

t*, I equate the time-domain pulse width of the attenuation operator and a square wave. I 

then use the comer frequency of the square wave to equate pulse width and comer 

frequency. 

I determine the time-domain attenuation operator by an inverse Fourier transform of 

equation (1): 

A(r) = 1 2 

jn* 2t ^ 
l + (_) 

t* 

(2) 

Figure 4 illustrates that the pulse shape associated with equation (2) is quite different 

from a square wave; however, the important aspect here is that the pulse width increases 

with increasing t* (decreasing Q) and the width of the square wave increases as the 

comer frequency decreases. 

It is not apparent from Figure 4 where the width of the attenuation operator pulse should 

be measured. If pulse width is measured at some fraction of peak amplitude, the 

relationship between t* and pulse width is 

tc = pulse width 

c = a/A 

A = peak pulse amplimde 
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a = amplitude at which pulse width 

is measured. 

For the simplest time-domain pulse, a square wave, the frequency representation is 

When plotted on a loglog axes (Figure 4), the sine function is characterized by a low 

frequency plateau "zero frequency", a comer frequency and a linear amplitude decay 

beyond the comer frequency, similar to observed seismic spectra. 

Equations (3) and (4) relate both the t* attenuation operator and the comer frequency to 

the time-domain pulse width. Introducing a constant of proportionality k that equates 

time-domain pulse widths produced by the t* attenuation operator and the unknown 

attenuation process that produces a comer frequency and using the comer frequency in 

equation (4), equation (3) can be rewritten 

A(/) = 7 = 7^sinc(Tc/) 
^ rc /  

(4) 

tc = time-domain pulse width 

l/7Ctc = fc = spectral comer frequency 

t* - (5) 

fc = l/(^) = comer frequency 
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k = constant of proportionality 

between observed attenuation and 

attenuation operator described by 

equation (1) 

Equation (5) contains two constants which must be chosen: the level at which the 

attenuation pulse width is measured, c; and the constant of proportionality, k. I choose c 

such that the integrated area of the square wave and Q operator are equal for equal pulse 

width and peak amplitude. For a square wave of amplitude equal 1, pulse area equals 

pulse width (tc). For the time-domain attenuation operator (equation 2) with peak 

amplitude of 1, area of the pulse is: 

l+(—) 
t* 

(6) 

Integrating 
* * 

Area = ytan (7) 

Substituting for t* (from equation 4) 

(8) 

Area - — (9) 

For area = tc, 
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—I = — or c 
2 

;c =0.2884 (10) 
V c 

For c equal to 0.2884 , equation (5) becomes: 

( 1 1 )  

In order to determine absolute measurements of t*, k must be determined. To obtain k 1 

use the reflectivity method of Kennett (1983) to compute synthetic seismograms with a 

range of Q. The ray-path geometry simulates the test case where mantle earthquakes are 

recorded at regional distance on the BANJO/SEDA array. For the synthetic test cases, 

epicentral distance is 400 km and source depth is 350 km. The velocity model is a 60 km 

thick layer with P-velocity of 6.00 km/s over a half space with P-velocity of 8.00 km/s. 

S-velocity is set by P-velocity divided by the square-root of three (Poisson solid). I 

estimate comer frequency for synthetic P and S spectra by using a grid search for zero 

and comer frequency and slope of the spectral decay beyond the comer frequency (Figure 

5). Although the comer frequency of the synthetic data is not sharp, in contrast to the 

sharp comer in the observed spectra, this approach best calibrates the comer frequency 

technique to the frequency-independent-Q attenuation operator. The relationship between 

synthetic Q and comer frequency is linear, and the slope of the line (Figure 5) determines 

k by the following relationship: 

_J__  
~  t * ~  2  

t = travel time 

( 1 2 )  
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I obtain kp (P-waves) and ks (S-waves) equal to 0.271 and 0.194, respectively. The 

difference in the values of kp and ks stems primarily from the greater travel-time for S-

waves, and it is also effected by the inherently wider S-wave pulse for a given Q. This 

method of determining kp and ks allows consolidation of base-line shifts in the comer-

frequency method into k. 
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Applying The Corner Frequency Technique 
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For the test data set, comer frequency is not significantly effected by either event 

magnitude (when rab<5) or by site response. The top two traces in Figure 6 are from 

events with virtually identical hypocenters. As expected, the comer frequencies for die S-

waves in the top traces are equal, and I compute identical t* and path-averaged Q for 

these events. Note, however, the second trace is significantly smaller magnitude than the 

first. The second trace is amplified by a factor of 10 compared to the first trace, as 

indicated by the relatively larger amplitude microseism in the seismogram. Despite the 

difference in event magnitude, the comer frequencies are equal, indicating that source 

magnitude is not controlling the comer frequency for these events. The spectra of the 

first two u-aces (other than the comer frequency) are dissimilar. This is likely due to 

differing signal to noise ratio and/or differing focal mechanisms and illustrates that the 

comer frequency measurement is robust in the presence of noise and/or varying source 

parameters. The bottom two traces are from events with almost equal back azimuths but 

different distances (note the different S-F times). The comer frequencies are different, 

but the path-averaged Q is approximately the same. This illustrates that path-averaged Q 

estimates are not significantly influenced by source/receiver distance and corner 

frequency is not strictly a site effect. The spectra in all four traces of Figure 6 are 

different in character. Peaks in the spectra are not pervasive. 
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Figure 6. Examples of S-waves from regional, mantle earthquakes recorded at BANJO 
station 6. The top two traces are from earthquakes with virtually identical 
hypocenters, however, the second event is about 1 unit of magnitude smaller 
than the top event (amplitude of the second ttace is magnified by 10). The 
comer frequency is not effected by the change in magnitude. Instead, comer 
frequency is controlled by path (attenuation). The bottom two traces are for 
events with similar back azimuths but different distance. The corner 
frequencies are different, but path-averaged Q is similar. This indicates that 
comer frequency is not significantly effected by site response (pinning the 
comer frequency) and the technique gives consistent, path-averaged Q values. 
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indicating that the gross spectral shape in this example is not determined by a site 

response. These comer frequency characteristics are typical for the BANJO/SEDA data 

set, and show that comer frequency is determined by padi effects (attenuation). 

Although the comer frequency measurements are not systematically effected by travel 

time, comer frequency measurements can become invalid for short travel paths. Figure 7 

shows path-averaged Q measurements as a function of travel time for P- and S-waves 

recorded on BANJO/SEDA stations. Q measurements lie between zero and a line 

determined by the Nyquist frequency for the sampling rate. Within the domain of valid 

measurements, path-averaged Q is fairly evenly distributed. As the travel time 

approaches zero, however, high Q paths cannot be determined because the comer 

frequency is tmncated by the anti-aliasing filter in the recording instrument. This can 

pose a problem for low sampling rates. A similar argument can be made for event 

magnitude, where comer frequency will presumably reach the limit of the source comer 

frequency for travel time less than some threshold. For a Q of 500, a velocity of 6 km/s 

and a source comer frequency of 50 (magnitude -2.7), I estimate (using equation [7]) 

that the minimum source/receiver distance at which Q is determined by attenuation is 12 

km. This distance becomes shorter for lower values of Q and higher source comer 

frequency. 

For the previously mentioned examples of variations in comer frequency for local 

sources (Abercrombie and Leary, 1993; McGarr et al., 1990) I compute path-averaged Q 

using the comer frequency technique. McGarr et al. (1990) give an example of an 

explosion with hypocentral distance of 2.39 km and a recorded S-wave comer frequency 



of 46 Hz. The expected comer frequency for this explosion was about 200 Hz. I 

estimate a Q of 150 for this example, which is quite reasonable for the volcanic and meta-

sedimentary rocks along the path. For the example of Abercrombie and Leary (1993), 

the S-wave spectra at the bottom and top of a 2.3-km-deep borehole are 40 and 5 Hz, 

respectively. The source depth is 12 km and the epicentral distance is assumed to be 

negligible (Abercrombie and Leary, 1993). Assuming an S-wave velocity of 3.52 km/s, 

the path-averaged Q from the source to the bottom and top of the borehole are 542 and 

80, respectively. This yields an average Q of 15 between the bottom and top of the 

borehole. Abercrombie and Leary's estimation of Q, based on spectral curve fitting, for 

the path between source and borehole bottom is -500, and a Q of -25 is estimated 

between the bottom and top of the borehole. The comer frequency technique gives 

similar results to curve fitting, but the comer frequency technique is far faster and easier 

to apply. Although the k parameter was determined using synthetic data simulating 

mantle earthquakes, the relationship between comer frequency and t* appears to hold for 

these local events. Application of this calibration remains untested for more complicated 

ray geometry, such as crustal events recorded regionally. 
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Figure 7. Path-averaged Q is plotted as a function of travel time to show the effect of 
Nyquist frequency (sampling rate) on the domain of possible Q 
measurements. As travel path becomes small, comer frequency can be 
truncated by the anti-aliasing filter in the recording instrument, producing a 
maximum measurable Q for a given distance and sample rate. A similar 
argument can be made for the maximum measurable Q for a given distance 
and source comer frequency (see text). 
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Conclusions 

For the examples presented, ranging from a regional study in South America to local 

studies in North America and Africa, attenuation is demonstrated to control comer 

frequency for P- and S-waveforms of small sources. Observed spectra are characterized 

by a comer frequency below which spectral amplitudes are approximately equal and 

above which spectral amplitudes decay linearly (in loglog space) (Figure 3), and the 

observed attenuation process pushes die comer frequency towards lower frequencies as 

attenuation increases. This type of spectral behavior has been documented by Hanks 

(1982), who used the term fmax to describe the comer frequency, and several studies 

have concluded that variations in comer frequency can be an attenuation effect (Hanks, 

1982; Abercrombie and Leary, 1993). 

Comer frequency is equated to t* by the common attribute of pulse width. This 

relationship is given in equation 6. The t* parameter is found to be related to the inverse 

product of comer frequency and a constant. The constant is 1.337 and 0.957 for P- and 

S-waves, respectively. The difference in the constants stems primarily from greater 

travel-times for S-waves and is also affected by the inherently broader S-wave pulse for a 

given value of Q. This calibration was determined using synthetic data simulating 

regionally recorded mantle earthquakes. The applicability of this calibration to more 

complicated ray geometry, such as regional-distance crustal events, remains untested. 

However, applying the comer frequency method to a local earthquake recorded at the top 

and bottom of a 2.5 km deep borehole, yields similar results to those obtained via spectral 

curve fitting (Abercrombie and Leary, 1993), indicating that this calibration is applicable 

to local studies. The comer frequency method has several advantages over other 



techniques: 1) this technique gives consistent, absolute measurements of attenuation for 

the test data set; 2) the spectral comer does not appear to be significantly effected by site 

response, as is indicated by the wide range in observed comer frequency at each of the 

BANJO/SEDA sites; 3) spectral comer frequency is easily measured with a grid search 

or inversion technique or it can be picked by an analyst. This allows robust, rapid 

determination of t*, and easy compilation of a large catalogue of t* measurements. 

The rate of spectral decay (spectral slope) is often used to determine seismic attenuation 

(e.g. Anderson and Hough, 1984; Ponko and Sanders, 1994). However, die slope of the 

spectral fall-off beyond the comer frequency is commonly greater for less attenuated 

waves than it is for more attenuated waves in the BANJO/SEDA data set (Figure 8). 

Using the spectra above the comer frequency, determination of Q with a spectral slope 

technique would estimate higher Q for the more attenuated wave. If the spectrum 

between the comer frequencies of the greater and lesser attenuated waves are used to 

determine attenuation, then Q predicted by spectral slope is higher for the more attenuated 

wave. However, it is not clear whether comparisons of spectral slope above and below 

an attenuation-imparted comer frequency give meaningful, relative Q measurements. 

The observed spectra are in better agreement with a frequency-dependent-Q attenuation 

operator (Futterman, 1962), which gives a Gaussian-like spectrum. However, rather than 

relate observed attenuation to the parameters of Futterman (1962), I choose to relate the 

comer frequency to the frequency-independent Q to simplify comparisons between 

attenuation measurements made with the comer frequency technique and other methods. 
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Figure 8. Slope of spectral decay beyond the comer frequency is commonly greater for 
less attenuated waves. A) An example is an overlay of spectra from stations 
11 and 3 for the event shown in Figure 2. Beyond the comer frequency of 
station 11, use of a spectral slope method would predict lower Q at station 11 
then at station 3, opposite to the clear time-domain assessments of attenuation. 
B) Similar behavior is seen in P-wave spectra. 
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Figure 8 B 
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The comer frequency technique is not, however, applicable to every situation. The comer 

frequency is a function of source rupture process for most large (teleseismically 

recorded) events, and for short travel paths the comer frequency will approach the source 

comer frequency. For regional, mantle events under Bolivia sources less than magnitude 

5 are suitable for comer frequency determination of t*. The minimum distance at which 

attenuation imparts the comer frequency is estimated to be 12 km for an event magnitude 

of 2.7 and average Q of 500. This distance becomes shorter for lower values of Q and 

higher source comer frequency (smaller events) [equation (7)]. Also, broadband 

recordings with a Nyquist frequency (and associated sampling rate) higher than the signal 

comer frequency are necessary. 

For the case study in the Bolivian Andes, the path-averaged Q for S-waves in the Eastern 

Cordillera is 100-400. Path-averaged Q decreases to 30-80 in the Altiplano and Westem 

Cordillera. The decrease in Q is likely due to local attenuation anomalies with Q ~ 20 or 

less. The background Q is consistent with values reported for other volcanic arc 

environments, and the low Q areas at depth are consistent with Q values for regions of 

partial melt (Hasegawa and Zhao, 1994). 
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CHAPTER 3 VELOCITY AND ATTENUATION 

TOMOGRAPHY FOR P- AND S-WAVES ACROSS THE 

BOLIVIAN ANDES 

Chapter three documents the methods, results and lithologic implications of seismic 

tomography for velocity and attenuation of P- and S-waves across the Bolivian Andes. 

This region has been the focus of considerable geological study in the past 10 years 

(reviewed in Allmendinger et al.. 1997). From geologic mapping of su^cture and 

stratigraphy to geochemical evolution of magmas, the database of geological information 

has grown considerably. Studies of mantle structure have also progressed, but these 

studies have focused on specific tectonic provinces (e.g. Greaber and Haberland, 1996; 

Cunningham et al., 1986; Dorbath et al., 1993), or they have been concerned with 

structure on a very broadest scale (Whitman et al., 1992). In this study I use seismic 

tomography to determine structure across the Bolivian Andes at a wavelength of about 40 

km, significantly improving the resolution of known shallow mantle structure in the area. 

Additionally, the inversion for five, independently determined seismic parameters greatly 

aids in constraining lithology and material state in the shallow mantle. 

An energetic "slab" of seismicity dips eastward from the oceanic trench along the west 

coast of South America into the mantle underneath the Andes. The zone of seismicity is 

continuous down to about 250 km depth, and it extends landward under the highest 

ranges of the Andes. The ray geometry afforded by shallow-mantle earthquakes 

recorded on seismic stations in the Andes allows significant improvements in spatial 

resolution of seismic structure over previous studies in the region, and it allows absolute 
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measurements of velocity and attenuation. There are zones of mantle seismicity (Wadati-

Benioff zones) in other parts of the world; however. South America is one of the few 

localities where mantle earthquakes illuminate the structure of a great mountain range 

with up-going seismic energy. 

Data 

Data used in this study are P- and S-waves from mantle earthquakes recorded at regional 

distance (< 1000km epicentral distance) on two complementary, portable seismic arrays, 

the Broadband Andean Joint Experiment (BANJO) and Seismic Exploration of the Deep 

Andes (SEDA) arrays (Figure 1). BANJO and SEDA comprised a cross-shaped 

network consisting of 23 broadband seismic stations with dimensions of -800 km in the 

east-west direction and 400 km in the north-south direction. The BANJO array was an 

east-west array of 16 stations traversing the Andes between 19°S and 20°S, and station 

spacing was approximately 40 km. BANJO was in operation from April, 1994 to May, 

1995. BANJO instrumentation was provided by the PASSCAL program at the 

Incorporated Research Institutions for Seismology (IRIS), and consisted of Streckheisen 

STS-2 broadband sensors with RefTek 72a recorders. STS-2 sensors provide a flat 

response (i.e. equal amplification) for ground velocity between the frequencies of 0.01 

and 100 Hz, allowing measurements across a wide range of frequencies without either 

instrument corrections or concern for variations in the level of digital noise. BANJO data 

recorders split the input from the sensor into two streams: 1) recorded continuously at 0.1 

samples per second (sps); 2) trigger activated with a sampling of 50 sps. BANJO 

stations were synchronized to universal standard time by using continuous signals from 

the global network of Omega radio transmitters. 
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The SEDA array was an approximately north-south array of 7 stations along the eastern 

edge of the Altiplano between 66.5°W and 68.5°W. SEDA was in operation from May 

1994 to June 1995. SEDA station spacing was approximately 40 km with two stations 

south and five stations north of the BANJO array. SEDA insuiimentation was provide 

by the IGPP program at Lawrence Livermore National Laboratory, and consisted of 

Guralp CMB-2ESP and 40T sensors with RefTek 72a recorders. Guralp sensors 

provide flat response for ground velocity between the frequencies of 0.02 and 50 Hz. 

The narrower range in frequency of the Guralp sensors (as compared to STS-2 sensors) 

did not effect the data processing in this study, due to the natural frequency band 

limitation of body wave signals. SEDA stations recorded a single, continuous data 

stream at a rate of 25 sps, providing a Nyquist frequency of 12 Hz. RefTek internal 

clocks were synchronized to universal standard time by using signals from GPS 

satellites. 

Regional mantle earthquakes between 85 km and 250 km depth (Wadati-Benioff zone) 

are used as seismic sources for this study. Seismograms for these mantle earthquakes 

are extremely simple; direct P and S arrivals are impulsive with relatively little coda 

(scattered) energy following the initial pulse. Some waveform complexity, due to 

conversions between P and S energy in the crust, results in a waveu-ain at about die same 

time as the S-wave arrival (see Zandt et al., 1996). However, these waveform 

complexities were avoided by using only transversely polarized (SH) waves for S-wave 

analyses. The simple, impulsive arrivals allow for vary small uncertainty in determining 

arrival times, and give confidence that the spectral characteristics are due to primary 

arrivals. Only events with initial location uncertainties of less than 20 km were used. 
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This large uncertainty window is justifiable, because the 1-dimensional velocity model 

used in the initial estimation of location is locally inadequate, particularly for eastern 

stations (see below). Location uncertainty was improved considerably by iterative event 

relocation and velocity inversion. Event selection was based primarily on criteria 

effecting the frequency-domain attenuation measurements. These criteria included: high 

signal to noise ratio; simple waveforms, to avoid wave interference (i.e. multipath) 

effects; and impulsive arrivals, indicating direct arrivals. By using regional-distance 

events, with event-station rays paths ranging from near vertical to near horizontal, 

excellent spatial resolution in the tomographic images is attained. Vertical resolution is 

particularly good compared to studies that use only teleseismic events. 

Methods 

Travel-Time Tomography 

I used a modified version of the travel-time tomography program of Zhao (Zhao et al., 

1992) to invert arrival times of P- and S-waves for velocity structure. Modifications of 

the tomography program included: allowing direct inversion for VpA's structure; 

damping of the event relocation algorithm (pre-inversion); weighing of arrival times used 

for event relocation as a function azimuthal coverage; creating a starting velocity model 

with crustal velocities down to the depth of the 3-dimensional Moho (initial program 

estabhshed a starting velocity model with uniform crustal thickness, regardless of the pre

defined Moho geometry, see below); and rewriting portions of the ray tracer for use in 

southern latitudes. 



Thurber (1983) describes in detail the formulation of the tomography inverse problem, 

but I will give a brief review. A system of linear equations comprises the inversion 

matrix. Each of the equations quantifies (by partial derivatives) changes in event/station 

travel time as a function of event location, event origin time, and changes in velocity 

along an event/station ray path. In the forward problem, each partial derivative is 

multiplied by a change in magnitude for the respective event or velocity parameter, and 

each equation sums to a change in travel time (travel time residual). The "known" in this 

system of equations is, of course, the travel time residual, and the partial derivative matrix 

is inverted, yeilding estimates for the change in each parameter (i.e. event location, event 

origin time, and the change in velocity) that minimizes the misfit between observed and 

predicted arrival times. This technique defines velocity at discrete points (nodes) and 

velocity is interpolated between nodes. The LSQR, sparse-matrix inversion method 

(Paige and Saunders, 1982) is used to invert the partial derivative matrix, for source 

parameters and a spatial grid of velocity nodes. 

In this study, velocity node spacing is 40 km, and the velocity grid is defmed between the 

latitudes of 15.22°S and 22.42°S, longitudes of 60.60°W and 69.45°W, and depths 

between 340 to the surface. Rays are traced through the velocity grid using a method 

described in Zhao et al., (1992). This ray tracer allows sharp boundaries (not gradational 

between nodes) at the Moho and the top of the subducted oceanic slab, allowing more 

accurate ray tracing than conventional methods. A sharp Moho boundary is particularly 

useful in this study, because differences in ray path for sharp and gradational Mohos is 

greatest for rays traveling nearly horizontally, which is often the case in this study. With 

the improved ray tracer, travel time residuals are better determined and sampling of the 

velocity grid is more accurate. 
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The first step in the inversion process was event relocation using the velocity staring 

model. The starting model is the Jefferys-Bullen model in the mantle, and the crustal 

model is based on a seismic study in the Altiplano ( Zandt et al., 1996) (see Table 1). 

After event relocation, ray tracing determined the travel-time residuals and the 

contribution of each velocity node to the source/receiver travel time, providing the 

information needed for inversion. Inversion for velocity structure and source parameters 

was repeated until a stable solution was reached, in this case 3 iterations. For the 

inversion, a suite of damping parameters were tested, and a damping value of 10 allowed 

greatest reduction in travel-time residuals while minimizing solution length. 

Tomographic resolution and data characteristics are discussed below. 

Table 1. Starting Velocity Model For Travel-Time Tomography. 
Velocity down to the 3-D Moho are constant between velocity definitions. 
Velocity is linearly interpolated between velocity definitions in the mantle. 

Depth (km) Vp (km/s) Vs (km/s) 
0 6.0 3.46 
25 6.3 3.64 
Moho depth 6.3 3.64 
63 7.94 4.44 
125 8.13 4.54 
190 8.33 4.64 
250 8.54 4.74 
315 8.75 4.85 

Attenuation tomography 

1 use the method developed in chapter 2 to make attenuation (t*) measurements. This 

technique is based on an empirical correlation between spectral comer frequency and 

attenuation. Spectra of seismic body wave arrivals recorded on BANJO/SEDA are 

characterized by a comer frequency, below which spectral amplitude is relatively equal 
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and above which spectral amplitude decays linearly (in log-log space). Generally, the 

comer frequency is considered to be a function of source mpture process (Lay and 

Wallace, 1995). However, comer frequency is commonly observed to vary significantly 

across BANJO/SEDA for single events, and these variations in comer frequency are 

closely correlated to variations in time-domain amplitude and pulse width. Observations 

of attenuation-controlled changes in comer frequency are documented for this and other 

data sets (Hanks, 1982; Abercrombie and Leary, 1993), indicating that comer frequency 

is controlled by attenuation processes in some instances. Furthermore, the slope of 

spectral decay beyond the comer frequency—a standard method of determining t*— is 

observed to be steeper for pulses that show less time-domain attenuation, which is 

opposite to the prediction of the t* operator (Figure 8). The unsatisfactory t* 

measurements made using spectral slope techniques motivated the determination of t* 

with the comer frequency technique. 

A quantitative relationship between comer frequency and t* is determined by equating the 

time-domain pulse width of the exponential t* operator and a square wave, which has a 

distinct spectral comer frequency (see Chapter 2 for full development of this method). 

This relationship is: 

where fc is the comer frequency and k is a non-dimensional constant that is determined 

by fitting variations in the spectra to changing t* for synthetic data. The k parameter is 

found to be 0.271 and 0.194 for P- and S-waves, respectively. The difference in k for P-

and S-waves is primarily due to the different u^avel times for the two phases. Comer 



frequency measurements were made using a grid search that parameterizes the spectra by 

a low frequency plateau below the comer frequency and linear decay beyond the comer 

frequency, and each spectral parameterization was visually reviewed to ensure the quality 

of the comer frequency measurement. I found that t* estimates from comer frequency, 

spectral curve fitting, and pulse-width methods are similar. The advantage of the comer 

frequency method is that measurements can be made significantly faster than with other 

methods, where an analyst must pay close attention to several independent parameters 

that control data fit. The simplicity of the comer frequency method is a considerable 

advantage when compiling a large catalogue of attenuation measurements. 

For frequency measurements, 50 sps data were used when available, providing a Nyquist 

frequency of 25 Hz. In instances when a station did not trigger, 10 sps data were used, 

providing a Nyquist frequency of 5 Hz. Each measurement was carefully reviewed to 

ensure that comer frequency measurement was not effected by the Nyquist frequency. 

The primary criterion for excluding an event, however, was an invariant comer frequency 

as recorded across the array, indicating that the source was controlling the comer 

frequency. For this data set I determined ~ theoretically and empirically ~ that for events 

with magnitude above about 5.3 the spectral comer frequency is strongly effected by 

source processes. Therefore, events were chosen with magnitudes below approximately 

5, and most event magnitudes are 3 to 4. 

For the attenuation inversion, 1 used the method of Ponko (1995). Formulation of the 

attenuation tomography inversion is similar to the u-avel-time tomography, with 

substitutions of travel-time for ray length and Q for velocity (subtitute t* for slowness). 

Additionally, event relocation was not performed in the attenuation inversion. Event 
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locations used in the attenuation tomography are from the relocation preformed in the 

velocity/event location tomography. It should be noted that variations in event/station 

travel time (due to event location or velocity perturbations) are small factors in attenuation 

tomography, because variations in Q are significantly larger than in velocity. The 

attenuation inversion uses the ray tracer of Moser (1991) and inversion of the partial 

derivative matrix is accomplished by using an LSQR inversion algorithm similar to the 

one used in the velocity tomography. The advantage of this technique for the attenuation 

inversion is that Laplacian smoothing is implemented across the inversion grid. 

Laplacian smoothing is a constraint on the gradient of the Q grid. Smoothing across the 

grid makes the inversion more stable, which is necessary due to higher measurement 

variance and fewer measurements (more portions of the grid are unsampled compared to 

the velocity inversion). It is important to note that this ray tracer does not use sharp 

velocity boundaries, which may cause small changes in anomaly locations compared to 

the travel time results. However, changes in anomaly location are minor on the scale of 

this study, and the change in travel time calculated for the different ray tracers has 

negligible affects on inversion results. 



Table 2. Event Relocations and Origin Times for Earthquakes Used in the Tomographic Study. 

Event Date Time Origin Latitude Latitude Longitude Longitude Depth Depth 
No. (Greenwich Time (°) Error (°) (°) Error (°) (km) Error 

Mean Time) Error (km) 
(sec) 

1 05/11/94 7:24:39.45 0.97 -19.151 0.047 -67.449 0.047 202.7 6.7 
2 05/12/94 8:36:54.41 0.68 -21.050 0.051 -66.424 0.031 220.5 5.8 
3 05/12/94 10:11:30.98 1.02 -18.139 0.036 -69.176 0.085 136.8 10.8 
4 05/13/94 1:29:11.87 1.26 -20.723 0.123 -67.507 0.048 166.6 10.2 
5 05/15/94 11:54:45.85 0.79 -20.863 0.088 -68.176 0.052 175.3 10.9 
6 05/16/94 1:4.25.44 0.68 -18.389 0.025 -69.306 0.051 137.4 3.7 
7 05/16/94 4:39:57.39 0.58 -20.510 0.039 -68.736 0.029 116.7 3.6 
8 05/16/94 8:38:51.32 0.60 -20.027 0.045 -66.298 0.031 252.5 4.2 
9 05/17/94 6:58:15.05 1.34 -21.094 0.112 -67.053 0.044 143.3 14.1 
10 05/25/94 8:35:17.83 0.77 -20.084 0.046 -68.974 0.044 109.1 5.9 
11 05/25/94 22:45:57.8 1.70 -17.760 0.060 -69.190 0.160 156.9 15.0 
12 05/26/94 4:33:0.41 0.59 -20.326 0.127 -68.634 0.094 131.1 2.2 
13 05/26/94 10:28:58.2 0.90 -19.700 0.050 -69.270 0.040 115.6 5.6 
14 05/29/94 16: 3:57.8 1.80 -17.280 0.150 -68.950 0.140 184.9 13.0 
15 05/31/94 16:15:8.16 0.85 -21.440 0.120 -66.418 0.034 155.4 13.9 
16 06A)2/94 1:22:11.41 0.94 -19.487 0.061 -66.736 0.041 241.2 6.3 
17 06/03/94 16:49:24.0 0.50 -21.150 0.020 -68.430 0.020 138.7 5.0 
18 06/04/94 0: 6:45.72 1.01 -20.746 0.058 -69.081 0.062 124.6 11.0 
19 06A)5/94 6:26:13.45 0.86 -20.575 0.069 -67.133 0.037 193.5 7.7 
20 06/06/94 17:58:47.8 0.70 -20.780 0.120 -65.330 0.050 305.1 10.0 
21 06/09/94 21:30:59.6 1.20 -21.360 0.100 -67.350 0.040 85.7 16.4 
22 06/11/94 6: 5:58.07 1.11 -19.691 0.061 -69.023 0.072 111.1 6.6 
23 06/13/94 20:10:19.0 2.10 -20.650 0.100 -68.850 0.170 107.1 13.0 
24 06/14/94 10:21:53.6 1.60 -20.160 0.150 -68.880 0.090 114.2 11.0 
25 06/15/94 0:0:13.33 0.41 -20.413 0.031 -69.246 0.038 110.9 2.9 
26 06/16/94 17:11:32.9 0.90 -16.780 0.110 -69.170 0.120 200.4 8.3 
27 06/17/94 10:49:58.3 0.60 -19.020 0.020 -69.240 0.030 126.7 4.2 
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Table!. (Continued) 

Event Date Time Origin Latitude Latitude Longitude Longitude Depth Depth 
No. (Greenwich Time (°) Error (°) (°) Error (°) (km) Error 

Mean Time) Error (km) 
(sec) 

55 10/31/94 4:11:31.79 0.91 -17.841 0.038 -69.103 0.075 141.6 10.0 
56 11/07/94 10:53:36.4 1.20 -20.100 0.070 -67.770 0.050 171.6 8.2 
57 11/12/94 14:5:13.6 1.00 -19.260 0.040 -66.860 0.040 240.9 6.8 
58 12/18/94 18:10.52.6 1.00 -20.470 0.110 -67.330 0.050 194.2 8.4 
59 05/02/95 11:11:56.1 0.70 -19.050 0.040 -69.330 0.030 118 4.8 
60 05/02/95 20:44:3.40 0.48 -20.868 0.034 -68.452 0.021 143.7 3.5 
61 05/04/95 22:57:19.6 0.70 -19.570 0.040 -69.120 0.040 105.6 3.6 



Figure 9A Earthquake locations After 3 
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Figure 9B Cross Section Between I 9°S and 20°S 

Western Eastern Sub-

Cordillera Altiplano Cordillera andes 
04-----------------------------------+ 

-50 
,-...... 

] -100 
'-." -150 
...c a -2oo 
(l) 

0 -250 

-300 

• Earthquake 
Locations 

-350 -+--.......,.--...,......-.......,.--...,......-.......,.--...,......----f--

-70 -69 -68 -67 -66 -65 -64 -63 

Figure 9C Cross Section Between 20°S and 21 OS 
04-----------~~----~--------------~ 

-50 
,-...... 

] -100 
'-." -150 
...c a -2oo 
(l) 

0 -250 

-300 

Mantle 
• Earthquake 

Locations 

-350 --t----,---..,..---,....----,--....,;:...----r---..J-

-70 -69 -68 -67 -66 -65 -64 -63 

62 



63 

Data Statistics, Resolution and Sensitivity Tests 

I used 61 of the best-located, best-recorded earthquakes for the tomographic study 

(Figure 9; table 1). These events provide good spatial coverage from the Western 

Cordillera into the Eastern Cordillera, and the data quality of each measurement was 

checked multiple times. Event selection emphasizes data quality, which reduces the 

number of data but decreases data variance. Exclusion of all but the best data reduces 

contradictory observations, producing a sharper image and more accurate anomaly 

intensity. For the velocity inversion, event relocation is an important aspect of the 

inversion process, and well constrained relocation is limited to events that are recorded 

across the array. Figure 9. Location of mantle earthquakes used in the tomographic 

study (after relocation). (A) Map view. Triangles are seismic stations used in the 

tomographic smdy; circles are earthquakes. Gray Shading of events is indicative of depth 

(see scale on Figure). (B) Cross section between 19°S and 20°S. Crustal profile is from 

Beck et al., 1996. Profile of subducted oceanic plate is from Cahill and Isacks (1992). 

Earthquake locations are in good agreement with the Wadati-Benioff seismicity defined 

by Cahill and Isacks (1992). (C) Cross section between 20°S and 21°S. Therefore, 

culling of small events is required. Additionally, uncertainty in event location quickly 

increases outside of the seismic array, requiring culling of many events. For P-waves, 

650 arrival times are included in the inversion. For S-waves and VpA^s inversions, the 

number of rays are 441 and 435, respectively. Grid sampling for Vs and Vp/Vs 

inversions are virtually identical, giving identical resolution (see below). For Qp and Qs 

inversions, 363 and 313 t* measurements were used, respectively. Attenuation 

measurements required high-quality waveform recordings, significantly reducing the 
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number of data compared to the velocity inversion. Ray density in the shallow mantle 

beneath the seismic array is good, with cell "hit counts" ranging from -30 for Vp to -15 

for Qs. 

To test resolution I generated a three-dimensional "checker board" anomaly pattern and 

calculated synthetic data for the event-station geometry used in each velocity inversion. 

The synthetic data-set was then inverted to see how well the synthetic anomalies were 

recovered (Figures 10 and 11). For both the inversion of real and synthetic data, only 

nodes with "hit counts" greater than 5 are displayed. To test the resolution of the 

attenuation inversions, a similar procedure was conducted, but instead of a checker board 

pattern, representative anomalies were placed throughout the study area (Figures 12 and 

13) 

For this study resolution of velocity inversions are better than attenuation and resolution 

of F-wave inversions are better than S-waves, which is directly related to the number of 

observations used in the inversion. For P-wave velocity the resolution is good from the 

Western Cordillera, across the Altiplano and into the Eastern Cordillera (Figure 10). Mid 

way through the Eastern Cordillera and eastward there is smearing of anomalies due to 

limited crossing rays. Smearing also occurs on the edge of the resolved areas. It is 

important to note the good separation of crustal and shallow mantle anomalies from the 

Western Cordillera into the Eastern Cordillera, which provides confidence in the shallow 

mantle results. The excellent vertical resolution in the shallow mantle is the result of 

nearly horizontal rays traversing the mantle from earthquakes in the shallow mantle under 

the Western Cordillera to stations extending -800 km eastward into the Chaco Plain. 



This quality of vertical resolution in the mantle immediately below the Moho is unique to 

studies using shallow mantle earthquakes. 

Because Vs and VpA^s have almost the same distribution of rays, resolution is virtually 

identical for the two inversions. Resolution of Vs and Vp/Vs is slightly reduced from 

that of Vp (Figure 11). More importantly, however, there is good separation of crustal 

and mantle anomalies for Vs and VpA'^s, again indicating that crustal anomalies are not 

significantly "leaking" into the mantle. Vs and Vp/Vs resolution is good below the 

Western and Eastern Cordilleras and Altiplano, but the resolution on the fringes of the 

model are not as good as the Vp inversion. 

The magnimde of the synthetic checker-board anomalies (velocity) was 3%. Throughout 

the model, cells with hit counts greater than 5 recovered anomaly magnitudes of -2% for 

Vp, Vs, and Vp/Vs. This indicates that velocities determined in this study are 

conservative deviations from the staning model. Recovery of the mantle anomaly 

magnitudes is approximately equal throughout resolved portions of the model, giving 

confidence that anomaly magnitudes can be compared throughout the model. Average 

crustal velocities are resolved in the vicinity of seismic stations, but it is important to note 

that vertical resolution in the crust is poor. 



45 kmDepth 85 kmDepth 

125 kmDepth 165 kmDepth 

Scaling of Positive Recovered Anomaly 1%, 2%, 3% + + + 
Scaling of Negative Recovered Anomaly 1%, 2%, 3% o o 0 

Figure 10. P-wave Resolution. Shaded squares are synthetic, positive anomalies. 
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White squares are synthetic, negative anomalties. Plus ( +) symbols are 
positive anomalies recovered using the tomographic method and ray 
geometry used to determine P-waves structure. Negative (o) symbols are 
recovered negative anomalies. Both ( +) and ( o) symbols are scaled 
by anomaly magnitude. Synthetic negative and postitive anomalies 
have a magnitude of 3%. Triangles are the BANJO/SEDA stations 
(see Figure 1). 
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Scaling of Positive Recovered Anomaly 1%, 2%, 3% + + + 
Scaling of Negative Recovered Anomaly 1%, 2%, 3% o o 0 

Figure 11. S-wave and VpN s Resolution. Shaded squares are synthetic, 
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positive anomalies. White squares are synthetic, negative anomalties. 
Plus ( +) symbols are positive anomalies recovered using the tomographic 
method and ray geometry used to determine S-waves and VpN s 
structure. Negative (o) symbols are recovered negative anomalies. 
Both ( +) and ( o) symbols are scaled by anomaly magnitude. 
Synthetic negative and postitive anomalies have a magnitude of 3%. 
Triangles are the BANJO/SEDA stations (see Figure 1). 
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Figure 12. Qp resolution. Shaded boxes are synthetic Q anomalies. For the remainder 
of the model Q was constant. The shading shows the recovered anomalies 
that were obtained using the inversion technique and ray geometry used for 
the inversion of Qp data. Spatial resolution is good in the shallow mantle 
from the Western Cordillera into the Eastern Cordillera (the two anomalies 
on the left). There is considerable smearing from mid-way through the 
Eastern Cordillera eastward (anomaly on the right). The resolution test 
recovers only 20% of the synthetic anomaly magnitude. Therefore, anomaly 
magnitude was calculated manually (see text). 
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Figure 12. Qp Resolution Test 
15°S ~--=:::::::::::;==---=======---======---====~ 

~~Triangle~ are BANJO/SED A Stations 
~ p ~ : Depth Sltce at 110 km ~ , 

·· .. Shaded Area is Recovered Anomaly · 
• .' l 

Bolivia 

70°W 65°W 
Boxes are Synthetic Anomalies 
Anomaly Magnitude Recovery -20% 

0~----~~------------------~~--~ 

-50 ,.-, 

] -100 
'-" 
..c:: -150 
~ 

fr -200 
0 

-250 

-300 -+--___,.--~---,--~--r---.....,....----, 
-70 -69 -68 -67 -66 -65 -64 -63 

Longitude 



70 

Figure 13. Qs resolution. Shaded boxes are synthetic, low-Q 
anomalies. The shading shows the recovered anomalies that were obtained 
using the inversion technique and ray geometry used for the inversion of Qs 
data. Spatial resolution is good in the shallow mantle from the Western 
Cordillera into the Eastern Cordillera (the two anomalies on the left), with 
slightly more smearing then occurs in the Qp resolution test. There is 
considerable smearing from mid-way through the Eastern Cordillera 
eastward (anomaly on the right). The resolution test recovers only 209c of 
the synthetic anomaly magnitude. Therefore, anomaly magnitude was 
calculated manually (see text). 
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Figure 13. Qs Resolution Test 
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residuals were minimized by relocating the earthquakes using a 
velocity structure that incorporates the tested Moho topography. 
The flat Moho model has, on average, the greatest travel-time 
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residual, and inclusion of second-order Moho features (Beck et al., 
1996) further reduces average residuals. 
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The resolution tests for Qp and Qs show good spatial resolution for Qp and Qs 

tomography (Figures 12 and 13); however, recovery of anomaly magnitude is only 20% 

of the input value. This is in part due in part to Laplacian smoothing across the Q grid, 

which limits the rate at which Q can change spatially. In the results section I repon on the 

spatial pattern of the Q tomographic images, but I have determined Q anomaly 

magnitudes by using raw attenuation measurements and an approximation of the path 

length traversing anomalies. For example, I assume that the cause of a high t* (low Q) 

measurement for a ray that traverses an imaged low Q anomaly is attenuation impaned 

within the imaged low Q anomaly. I then manually calculated the value of Q in the 

anomaly that is needed to explain the high t* observation. I used several representative 

rays traversing a particular anomaly and averaged the Q estimates for each ray to obtain 

the final Q value. This method, although crude, proved to be a reliable method of 

determining anomaly magnitude (estimates of anomaly magnitude were surprisingly 

consistent). 

The best resolution in each of the inversions extends from the Western Cordillera across 

the Altiplano, and mid-way across the Eastern Cordillera (~69°W to ~65°W ). North-

south bounds on the area of good tomographic resolution is between 17.5°S and 20.5°S 

with the best resolution between 19°S and 20°S (see Figures 10-13). In this area both 

vertical and horizontal resolution allow interpretations of seismic structure on a 

wavelength of about 40 km. Significant smearing of anomalies is observed east of 

~65°W, allowing the assessment of average seismic properties. 



The choice of crustal thickness model does not change the anomaly pattern, however 

crustal models do effect the magnitude of the velocity perturbations in some areas up to 

several tenths of a km/sec. I conducted a multitude of tests with varying Moho geometry 

to assess the effect of Moho geometry on the tomography results. Test Moho geometries 

can be categorized into three end member models: 1) flat Moho; 2) thick crust under the 

Altiplano thinning under the Eastern Cordillera and Subandes (after James, 1971); 3) 

inclusion of second-order Moho topography, including crustal roots up to 70 km under 

the Eastern and Western Cordilleras, and Altiplano crustal thickness of 60-65 km (after 

Beck et al., 1996). Figure 14 shows average travel time residuals for the three end 

member models. A flat Moho (50 km depth) yields residuals that are well correlated 

with mean elevation, and thus are interpreted to be the result of unaccounted Moho 

topography. A model with 70 km thick crust under the Altiplano thinning to 40 km in 

the Chaco Plain (after James, 1971) gives a good, first-order correction for travel-time 

residuals. The addition of second order Moho topography (after Beck et al., 1996) 

further reduced the travel-time residuals (Figure 14). Using the Moho model of Beck et 

al.(1996), standard deviation for P-wave residuals range from 0.75 sec. to 1.25 for the 

stations shown in Figure 14. In the tomographic images, the overall pattern of seismic 

anomalies was little changed by the Moho model, but the magnitude of the anomalies 

were generally decreased by including a priori Moho topography. 

Figure 15 shows the reduction in travel-time residuals before and after the first inversion 

iterations and after the third (last) iteration. The important aspect of this figure is that it 

demonstrates a reduction in arrival-time residuals for the new velocity model. Most of 

the reduction in travel-time residuals is accomplished in the first iteration. Subsequent 
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iterations further cluster residuals at the expense of a few outlier data, and after 3 

iterations there is insignificant change in the inversion results. 

Results 

Tomographic images of Vp, Vs, VpA^s, Qp, and Qs are presented in Figures 16 through 

20, and seismic parameters are generalized in Figure 21. The focus is on the shallow 

mantle, from the Moho to about 200 km depth, where previous studies have little 

resolution and the resolution of this study is best. 

Western Cordillera 

The mantle wedge (between the subducted Nazca Plate and the Moho) is generally low 

velocity (Vp=7.8; Vs= 4.25), high Vp/Vs (1.84), and low Q (Qp-80; Qs~20). This 

characterization is particularly representative north of about 19°S and south of about 

20.5°S. Between 19°S and 20.5°S the velocities are higher than the other portions of the 

Western Cordillera mantle (7.9-8.01 km/s), but seismic Q remains low (Qp~100; 

Qs-40). Quaternary arc volcanism is significantly reduced between 19°S and 20.5°S 

(Davidson and de Silva, 1995), and I explore this correlation later. P- and S-waves 

recorded on BANJO station CI (Figure 1)—west of the Western Cordillera in the Pre-

Cordillera of Chile— arrive up to several seconds before predicted and have extremely 

high frequency content (path averaged Qp>500; Qs>300). These fast, high-Q rays have 

traveled in the high-velocity, high-Q subducted Nazca Plate; however, these paths are on 

the edge of the tomographic model so only path-averaged seismic properties can be 

resolved. The crust in the Western Cordillera is resolved only in the region where mantle 
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velocities are anomalously high. In this region crustal velocities are also relatively high 

(Vp~6.3; Vs~3.5 km/s) with Vp/Vs~1.80. 

Altiplano 

The shallow mantle of the Altiplano is generally high velocity (Vp=8.3-8.4 km/s; Vs=4.9 

km/s) with low Vp/Vs ratio (-1.70) and moderate Q (Qp~150; Qs~100), The base of 

the shallow mantle high velocity layer varies from -150 km depth at -18.5°S to -100 

km depth at ~20.5°S. Below the high velocity layer velocity decreases to more average 

mantle values (Vp=8.1 km/s; Vs=4.6 km/s). Observed Q in the high velocity layer is 

generally low for such high velocity (Qp-150; Qs-lOO) (discussed below). The shallow 

mantle high velocity layer is not continuous along strike. North of 19°S a low velocity, 

low Q anomaly (Vp-7.8 km/s; Vs~4.3; Qp~80; Qs-30) encroaches into the Altiplano 

from the Western Cordillera, and south of about 20.5°S Q becomes much lower. 

Although resolution is best in the portion of the model where shallow mantle is high 

velocity, resolution is sufficient to document changes in the mantle seismic properties of 

the Altiplano along strike. The changes in shallow mantle seismic properties to the north 

and south of the BANJO line are consistent with previous work (Cunningham, 1986; 

Whitman et al., 1992) (discussed below). I found average crustal velocity and Q in the 

Altiplano to be low (Vp= 6.0 km/s; Vs=3.46 km/s; Qp-80; Qs~50), which is consistent 

with previous studies (James, 1971; Wigger et al., 1994; Zandt et al., 1996; Schuessler, 

1994). 
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Figure 16. Results for the Vp inversion. Red is a reduction in velocity relative to the 
starting model (Table 1), and blue is increase in velocity (see figure for 
magnitude scale). Velocity nodes with less than 5 hit counts are blocked out 
(gray areas). Parts A, B, C of the figure are depth slices at 85 km, 125, and 
45, km, respectively. Parts D, E, F are east-west cross-sections at i9.18°S, 
18.46°S, 20.26°S. The best resolution is in the shallow mantle from the 
Moho to about 180 km depth. See text for discussion. 
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Figure 16 E Vp Tomography Cross-Section at 18.46°S 
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Figure 16 F Vp Tomography Cross-Section at 20.26°S 
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Figure 17. Results for the Vs inversion. Red is a reduction in velocity relative to the 
starting model (Table 1), and blue is increase in velocity (see figure for 
magnitude scale). Velocity nodes with less than 5 hit counts are blocked out 
(gray areas). Parts A, B, C of the figure are depth slices at 85 km, 125 km, 
and 45, km, respectively. Parts D, E, F are east-west cross-sections at 
19.9°S, 18.46°S, 20.26°S. The best resolution is in the shallow mantle from 
the Moho to about 180 km depth. See text for discussion. 
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Figure 17 E V s Tomography Cross-Section at 18.46°S 
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Figure 17 F V s Tomography Cross-Section at 20.26°S 
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Figure 18. Results for the V p f V s  inversion. Red is a reduction in V p f V s  relative to the 
starting model (Table 1), and blue is increase in Vp/Ws (see figure for 
magnitude scale). Velocity nodes with less than 5 hit counts are blocked out 
(gray areas). Upper plate is a slice at 85 km depth. Lower plate is a cross-
section at 19.54°S. The best resolution is in the shallow mantle from the 
Moho to about 180 km depth. See text for discussion. 
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Figure 19. Results for the Qp inversion. Red is a reduction in Q relative to the starting 
model (Qp=250), and blue is an increase in Q (see figure for magnitude 
scale). Upper plate is a slice at 85 km depth. Lower plate is a cross-section 
at 19.54°S. The best resolution is in the shallow mantle from the Moho to 
about 150 km depth. See text for discussion. 
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Figure 20. Results for the Qs inversion. Red is a reduction in Q relative to the starting 
model (Qs=250), and blue is an increase in Q (see figure for magnitude 
scale). Upper plate is a slice at 85 km depth. Lower plate is a cross-section 
at 19.54°S. The best resolution is in the shallow mantle from the Moho to 
about 150 km depth. See text for discussion. 



,-,. 

E ~ -100 ..._..., 
..c 
~ 

0.. 
~ -200 

Q 

Figure 20 

Qs Tomography (Cross-Section At 19.3°S) 

16 ° s ~...-=====-.... -=, ===:;::::, --========--c::=J:I . 
.£ BANJO/SED A Stations . 

Western 
Cordillera Altiplano 

Dep~ slice at 85 km 

64°W 

Eastern Cordillera 

East 
Sub

Andes 

. .· -

Absolute Change in t* · . 
Red is a Reduction in Q 

.... liiiiliiio.io;,-+-......... ~~1 

-3 00 --+----.,.--...,.....----r__..._.....,..;a--w.....w..,......w.a.w.w...__,....~~ 
-70 -69 -68 -67 -66 -65 -64 -63 

Longitude 

91 



92 

Eastern Cordillera 

At the border between the Altiplano and Eastern Cordillera, seismic velocity and Q are 

low. Between 19°S and 20°S there is a shallow mantle anomaly with particularly low 

velocity (Vp~7.8; Vs~4.1 km/s; VpA^s-1.9) and low Q (Qp~50; Qs<10). The low 

velocity and Q anomaly is strongest between the Moho and about 100 km depth, but the 

anomaly persists to at least 150 km and faindy to the depth of the subducted slab. Deeper 

parts of this anomaly are poorly resolved due to a lack of crossing rays and should not be 

over interpreted. However, the shallow anomaly is well resolved. This anomaly is 

centered below the silicic Los Frailes volcanic complex (between 19°S and 19.5°S) and 

extends faintly along the Altiplano/Eastem Cordillera boundary (particularly in the Q 

inversions) north to about 18°S and south to the edge of the inversion resolution 

(~20.5°S). East of the Eastern Cordillera/Altiplano anomaly, shallow mantle velocities 

are moderately high (Vp~8.2; Vs~4.6; VpA^s-1.78) with high Q values (Qp-250; 

Qs~150). East of about 65°W, spatial resolution decreases, but general seismic 

parameters in the mantle are; Vp~8.1 km/s; Vp-4.6 km/s; Vp/Vs~1.76; Qp-250; 

Qs~150. 

Eastern Cordillera crust adjacent to the Altiplano generally has low velocity and Q 

(Vp~5.9; Vs~3.4; Qp~80; Qs~30) and Vp/Vs is low (1.73) (Note: crustal resolution is 

in the area of the Los Frailes volcanic field). However, there is a robust, high-velocity, 

low Vp/Vs anomaly (Vp-6.5 km/s; Vs~3.8 km/s; Vp/Vs~1.71) at the boarder of the 

Eastern Cordillera and Altiplano (See Figures 16C and 16D). Although the size of diis 

feature is at the limit of resolution in this study, it persists regardless of Moho geometry 



or the exclusion of data from any station (i.e. it is not a residual of any one station). To 

the east of the Eastern Cordillera-AItiplano border region, average crustal velocities, 

VpA's, and Q increase (Vp~6.4; Vs-3.6 km/s; VpA^s~I.78 Qp~200; Qs-lOO), which 

is consistent with the results of Dorbath et al. (1996) who find increased velocity and 

Vp/Vs from the Altiplano to the Eastern Cordillera at ~16°S. Additionally, the 

reflection/refraction study of Wigger et al., (1994) found a high velocity (Vp~6.2-7.6 

km/s) lower crustal layer extending from the Subandes into the Eastern Cordillera 

(Figure 20). The lower crustal layer is not, however, detected from the region of the low 

velocity anomalies in the Eastern Cordillera across the Altiplano. The lateral change in 

bulk seismic properties and the disappearance of the lower crustal layer are discussed 

later. 

In summery, tomographic images of 3-diraensionaI variations in Vp, Vs. Vp/Vs, Qp, 

and Qs show well-resolved correlations (Figures 16 - 20), which are summarized in 

Figure 21. In the mande, low velocities areas—Eastern Cordillera/Altiplano boundary 

region and the Western CordilIera~are high Vp/Vs and low Q. In contrast, high velocity 

mantle under most of the Eastern Cordillera is low Vp/Vs and high Q. The Altiplano 

mantle is anomalous in that it is high velocity, high Vp/Vs but moderately low Q. In the 

crust, low velocity is generally associated with low Vp/Vs and low Q (Western 

Cordillera across the Altiplano and into the border region of the Eastern Cordillera). 

Crust east of the Eastern Cordillera/Altiplano border region is generally high velocity, 

high Vp/Vs and high Q. 
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Discussion 

Lithologic Implications 

I use Vp, Vs, VpA^s, Qp, and Qs to put constraints on mineralogy and physical state of 

the crust and mantle of the central Andes by comparing values to laboratory 

measurements (Christensen, 1996; Kem and Richter, 1981; Murli et al., 1974). Using 

the velocity/temperature derivatives from several published studies (e.g. Kem and Richer, 

1981; Furlong et al., 1995), the fimperature change required to produce mantle low 

velocity zones imaged in this study would far exceed the liquidus of mantle mineralogies 

(AT-1000° C). Karato (1995) discusses several mechanisms that can cause decreased 

seismic velocity and Q with increased water content. Water also decreases the solidus 

temperature. Confirming the link between water content, seismic properties and melt 

conditions, Sato et al., (1989a,b) show that velocity and Q perturbations in peridotite are 

best correlated with proximity to the solidus. It follows that increased water content can 

produce partial melt, lower seismic velocity and Q without a large increase in 

temperature. Therefore, temperature cannot be considered the only parameter affecting 

seismic velocity and Q. I believe that low velocity and Q anomalies observed in this 

study are in large part the result of local increases in the concentration of volatiles, and the 

increase in volatiles produces partial melt by lowering the solidus temperature. Due to 

the many parameters effecting solidus conditions, I choose to relate seismic parameters to 

the proximity to the solidus rather than guess at poorly constrained parameters (volatile 

concentration and temperature) that effect soUdus conditions. 
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Altiplano and Western Cordillera 

I interpret the shallow mantle seismic characteristics of the Altiplano from 19°S to 

20.5°S as mantle lithosphere. The seismic parameters (Vp~8.2-8.3 km/s; Vs~4.9 kin/s; 

Vp/Vs~1.70; Qp~150; Qs~IOO) are consistent with peridotite or eclogite mantle, and 

high velocity indicates lithospheric character. However, the reduced Q may be the result 

of mantle-wedge volatiles and/or small percentage partial melt. In support of the mantle 

lithospheric interpretation are small-volume, 24 Ma, Altiplano shoshonitic lavas, which 

are generally considered to be mantle lithospheric in origin (Rogers and Hawkesworth, 

1989; Sebrier and Soler, 1991; Kay et al., 1994). The lithospheric character persists to a 

depth of about 130 km at -19°S, giving an approximate mantle lithospheric thickness of 

60-70 km depending on the crustal thickness model. Depth to dae base of the lithosphere 

is slightly deeper to die north -150 km (18.5°S) and shallower to the south -100 km 

(~20°S). The north-south variation in lithospheric thickness is consistent with the 

interpretation of Whitman et al., (1992) and Kay et al. (1994); both studies interpreted the 

Altiplano mantle at ~20°S to be lithospheric in nature, with asthenosphere in the shallow 

mantle to the south (-23°S). Results from this study show that the transition from 

lithospheric mantle under the Altiplano to shallow mande asthenosphere under die Puna 

is gradadonal. Between 19°S and 20°S the liUiospheric mantle sits in a Moho "divot" 

where crust is thinner (55-60km) than to the east and west (Beck et al., 1996). The 

thinner crust may be due to less shortening, which in turn is the result of added strength 

from thicker mantle lithosphere. Alternatively, the Moho divot may be filled in part with 

mafic lower crust that has transformed to eclogite. Gravity modeling may discriminate 

between eclogite and peridotite, but such work has not been completed. From -19°S to 



-20.5°S Altiplano seismic ciiaracteristics extend into the Western Cordillera. This 

indicates that partial melt is less extensive than to the north and south in the Western 

Cordillera, and may explain the anomalously low Quaternary volcanic activity along this 

segment of the volcanic arc (Davidson and de Silva, 1995). 

Seismic characteristics of the Altiplano crust are indicative of felsic composition, perhaps 

down to the Moho depth of ~60km (Zandt et al., 1996). Felsic composition at such great 

depth would melt under normal geothermal gradients, and I find very low Q (Qp~80; 

Qs~50), which may imply near solidus conditions. However there is minimal volcanism 

in the Altiplano at -20°S suggesting that if melt is present in the crust it is small volume. 

I propose that 1) downward material transport of relatively cold crustal rock during 

thickening has depressed tiie geotherm and 2) the underling mantie lithosphere insulates 

the crust from high temperatures and volatiles of the mantie wedge. Shielding of the 

Altiplano crust from heat and volatiles is likely a transient situation and will ultimately 

end in pervasive volcanism. The fate of this section of the Altiplano will likely follow the 

Altiplano-Puna Volcanic complex (de Silva, 1989) south of 21°S, where extensive 

volcanism extends across tiie Altiplano. 

Shallow mantie in the northwestern portion of the Altiplano extending into the Western 

Cordillera (17°S to 18.5°S and west of ~68°W) is well-resolved with low velocity and Q 

(Vp-7.8;Vs~4.25; Vp/Vs~1.84; Qp~80; Qs~20). These results are consistent with the 

tomographic study of Cunningham et al., (1986), who found low Vp in tiie shallow 

mantie of the Western Cordillera in southern Peru (immediately north of this study). The 

low velocity and Q are likely the result of pervasive partial melting. The Altiplano and 

Western Cordillera mantie south of about 20.5°S, from the Salar de Uyuni to the 
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southern edge of tomographic resolution, has similar seismic Q as the northwestern low 

velocity and Q anomaly. However, velocity in this southern anomaly is higher than in 

the north. Both the northeastern and southern anomalies are spatially correlated with 

Western Cordillera volcanic activity, supporting an interpretation of partial melt in the 

shallow mantle. These areas are likely influenced by the dynamics of the mande wedge 

material, and I classify these shallow-mantle, low-velocity (low Q only in the south) 

regions as asthenospheric mande. 

The Western Cordillera crust is generally high velocity (Vp~6.3 km/s;Vs-3.5 km/s) with 

high VpA^s (1.8). These seismic parameters are consistent with bulk intermediate 

composite of the crust in the Volcanic arc. Wigger et al., (1994) find similar average 

velocities in the Western Cordillera crust, which they resolve into a lower crustal layer 

with Vp of 6.5 km/s, a thin mid-crustal layer with Vp of 6.8 km/s, and upper crustal Vp 

of 5.8 km/s. The Western Cordillera crustal seismic properties and implied composition 

are in contrast to the low velocity, high Vp/Vs (felsic composition) of the Altiplano crust 

(discussed above). 

Eastern Cordillera 

The bulk of the Eastern Cordillera shallow mantle is moderately high velocity; however, 

near the Eastern Cordillera/Altiplano border between 19°S and 20°S there is a strong low 

velocity, high Vp/Vs, and low Q anomaly (Vp~7.8;Vs~4.1 km/s; Vp/Vs~1.9; Qp-50; 

Qs<10). This anomaly is situated on the western flank of the Eastern Cordillera crustal 

root and extends slightly into the Altiplano. Similar to the Western Cordillera low 

velocity anomaly, I interpret this anomaly as a region of partial melt. However, there are 
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important geological and geochemical constrains indicating that the magmatic process, 

and possibly the composition of the melt is different than that of the Western Cordillera. 

First, Eastern Cordillera volcanism has occurred primarily within the last 25 Ma, whereas 

there is a semi-continuous record of volcanism from the coast to the Western Cordillera 

since -200 Ma. Second, Eastern Cordillera volcanics (see geologic background in 

chapter 4) are predominantly felsic, whereas Western Cordillera volcanics (arc 

volcanism) are intermediate in composition. Third, Eastern Cordillera volcanism occurs 

above a segment of the subducted slab that is over 200 km deep, which is rare for arc 

volcanism. Lastly, Eastern Cordillera magmas are famous for their tin and silver, 

whereas Western Cordillera magmas are synonymous with porphyry copper. Moreover, 

the temporal development and the end product of volcanism is significantly different in 

the two Cordilleras. Although the felsic composition of the Eastern Cordillera volcanics 

has been attributed to the injection of mantle melts into the lower crust with secondary 

crustal melts reaching the surface, it is not clear why equivalent crustal thickness in the 

Eastern and Western Cordilleras would cause significantly more crustal contamination in 

the Eastern Cordillera. 

East of the low velocity anomaly, shallow mantle velocities are moderately high with low 

VpA^s and high Q (Vp~8.2 km/s; Vs~4.6 km/s; VpA^s~1.78: Qp-250; Qs-150). I 

interpret these seismic properties as lithospheric mantle that is not near the solidus. 

However, in the Chaco Plain shallow mantle velocities decrease and the crust thins 

(Snoke and James, 1996; Beck et al., 1996), indicating that the lithospheric mantle may 

not be continuous from the South American craton into the Eastern CordiUera. 
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Eastern Cordillera crust immediately adjacent to the Altiplano is generally low velocity 

and Q (Vp-5.9; Vs~3.4; Qp-80; Qs~ 30) and WpfVs is low (1.73). The velocities and 

VpA^s are indicative of felsic composition while low Q and numerous volcanic centers 

indicate partial melt. There is a robust, high-velocity, low VpA^s anomaly (Vp~6.5 

km/s; Vs~3.8 km/s; VpAs-l.Tl) at the border of the Eastern Cordillera and Altiplano, 

immediately above the western half of the mantle low velocity zone and below the Los 

Frailes volcanic complex. The high velocity is indicative of intermediate composition, 

contrasting with the predominantly felsic composition of the surrounding crustal rocks. 

The anomaly could be due to distinct composition and/or mantle magmas that have 

injected into the crust, subsequently melting crustal material and forming the Los Frailes 

volcanic complex. 

To the east of the Eastern Cordillera/Altiplano border region, average crustal velocities 

and VpA'^s increase (Vp~6.4; Vs~3.6 km/s; Vp/Vs~1.78; Qp-200; Qs~100), which is 

consistent with the results of Dorbath et al., (1996), who found increased velocity and 

Vp/Vs from the Altiplano to the Eastern Cordillera at ~16°S. Additionally, the seismic 

refraction study of Wigger et al., (1994) found a high velocity (Vp-6.2-7.6 km/s) lower 

crustal layer extending from the Subandes to about the Eastern Cordillera/Altiplano 

boundary. The seismic velocity in the lower crustal layer is indicative of intermediate to 

mafic composition, and may explain the change in bulk seismic properties from the 

Altiplano to the eastern lowlands. 
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Conclusions 

I summarize the previous discussion on seismic implications for lithospheric structure in 

Figure 22. The shallow mantle characteristics from west to east are: 1) Western 

Cordillera mantle is partially melted, except from ~19°S to ~20.5°S where the mantle is 

lithospheric and melt is less pervasive; 2) the Altiplano mantle is lithospheric. The depth 

to the base of the lithosphere is about 150 km at ~18.5°S, thinning to about 100 km depth 

at ~20°S. Within the lithospheric mantle low Q is likely indicative of small volume 

wedge volatiles and/or partial melt; 3) the Altiplano/Eastem Cordillera border region is 

near the solidus and shallow mantle under the Los Frailes volcanics has a significant 

percentage of partial melt; 4) the bulk of die shallow mande under the Eastern Cordillera 

and Subandes is lithospheric, and there is no evidence for partial melt. The bulk crustal 

characteristics are: 1) Western Cordillera is intermediate composition with significant 

partial melt (Dorbath et al., 1996; Schwarz et al., 1984; Wigger et al., 1994); 2) the 

Altiplano has a bulk felsic composition (Zandt et al., 1996), and the lower crust is likely 

near sohdus conditions (Schwarz et al., 1984); 3) the Altiplano/Eastem Cordillera 

boundary is similar to the Altiplano but with localized partial melt underlying the Los 

Frailes Volcanic complex; 4) The lower crustal layer in the Eastern Cordillera, which is 

not detected under the Altiplano (Wigger et al., 1994), may account for the increase in 

average crustal velocity from the Altiplano into the eastern lowlands found in this study. 

This indicates that the lower crust of the Eastern Cordillera may be more intermediate in 

composition than the Altiplano. High Q in the Eastern Cordillera crust is indicative of 

litde or no crustal melL 
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CHAPTER 4 MANTLE PROCESSES AND TECTONIC 

MODELS 

Introduction 

In this chapter I use the seismic tomography results presented in chapter 3, and 

constraints from other studies, to determine the tectonic model that best explains 

geophysical and geological observations. I start by reviewing previous work in the 

Central Andes, which focuses heavily on the crust. Then I review the tectonic models 

that explain crustal observations. 

It is not clear whether the dominant processes effecting crustal structure are also 

dominant in mantle deformation. The fundamental question is whether a local process 

rooted below the mantle lithosphere (subduction of oceanic lithosphere) deforms the 

shallow mantle or whether deformation is driven by forces transmitted through the plate 

(shortening of continental lithosphere). I find that under most of the Central Andes 

deformation within the tectonic plate, presumably driven by plate forces, best explains 

both the shallow mantle structure determined in this study and geological observations 

from other studies. Only in the Pre-Cordillera of Chile (from the coast to the arc) and 

some areas of the volcanic arc does asthenospheric processes (from subduction) clearly 

dominate shallow mantle structure. 
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Previous Geological And Geophysical Work In The Central Andes 

The Andes reach their greatest width and crustal volume in the central Andes of Bolivia. 

The central Andes widen by splitting into two distinct ranges (the Eastern and Western 

Cordilleras) (Figure 1). Between these ranges is an internally drained basin (the 

Altiplano). East of the Eastern Cordillera is the active fold/thrust belt that forms the 

foothills of the Andes (the Subandes). The current foreland basin of the Bolivian Andes 

is east of the Subandes in the Chaco Plain. 

The Western Cordillera is an active volcanic arc with a baseline elevation of 

approximately 4200 m and many composite cones rising to over 6000 m. Western 

Cordillera volcanism is the direct result of Nazca plate subduction under South America 

(McMillan et al., 1993, Freely, 1993; Scheuber and Reutter, 1992). Low mantle 

velocities (southern Peru; Cunningham et al., 1986; Chapter 3 of this study) and low 

resistivities in the crust and upper mantle (southern Bolivia; Schwarz et al., 1984) of this 

region indicate that volcanic processes are on-going. The region is blanketed with 

volcanics, which complicates efforts to understand the tectonic history. However, time-

variant evolution of coastal plutonic rocks (Womer et al., 1992; Scheuber and Reutter, 

1992) and structural/stratigraphic analysis of sedimentary outcrops in Chile (Sempere, 

1995; Reutter et al., 1991; Hint et al., 1993) indicate that the volcanic front has migrated 

eastward since Jurassic time, likely due to tectonic erosion of the South American margin 

(Scheuber and Reutter, 1992). Despite continued subduction since the mid-Mesozoic 

(Mpodozis and AUmendinger, 1993; Coney and Evenchick, 1995; Sempere, 1995), 

variations in crustal contamination of arc magmas over time indicate that crustal thickness 
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in the Western Cordillera was less than 40 km until Miocene time fWomer et al., 1992; 

Scheuber and Reutter, 1992). Increased crustal thickness is likely the result of Cretaceous 

and younger shortening, which is documented by exposed structures throughout 

Northern Chile (Reutter et al., 1991) and near the Salar de Atacama (Hint et al, 1993). 

Additionally, angular unconformities in the Cretaceous, Eocene, and Oligocene document 

significant shortening during Andean mountain building (Richards, 1995). The 

magnitude of shortening is not known, due to limited exposure, but structure, 

stratigraphy, and the indication of normal thickness crust until the early Miocene, despite 

subduction since Jurassic time, suggest that the current crustal thickness of -65 km 

(Beck et al., 1996) is predominantly the result of Cretaceous and younger shortening. 

Between the Eastern and Western Cordilleras is the Altiplano, a Neogene sedimentary 

basin (Vandervoort et al., 1995; Kennan et al., 1995). The Altiplano is a -100 km-wide 

province of relatively subdued topography at an average elevation of 3200 m. Outcrops 

are predominantly Neogene sediments shed from the ranges to the east and west with 

scattered outcrops of tightly folded Mesozoic and some Paleozoic sedimentary rocks that 

are exposed through the Neogene sediments. Early Tertiary sedimentary rocks, 

presumably from a highland at the coastal cordillera (Sempere et al., 1997), are overlain 

by more proximal sediments from a late Eocene range at the Eastern Cordillera/Altiplano 

boundary (Sempere, 1995; Kennan et al., 1995). In late Oligocene to early Miocene time 

(-25-20 Ma) a major influx of coarse sediments came from the current Eastern 

Cordillera, and syndepositional faulting put Eastern Cordillera strata over these foreland 

deposits (Sempere et al., 1990). In the Puna of Argentina Vandervoort et al. (1995) 

determined that internal drainage was developed between 24 Ma and 14 Ma, with a 

preferred age of 15 Ma. Although timing of internal drainage development in the 
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Altiplano could be slightly different than in the Puna, the salient point is that internal 

drainage and development of the Altiplano/Puna is likely the result of uplift of the Eastern 

Cordillera in late Tertiary time. 

Although the Altiplano is a depocenter for sediments from the Eastern and Western 

Cordilleras, the Altiplano should not be considered a subsiding basin but a mountain 

range that did not get as high as that ranges to the east and west The Altiplano has been 

significantly shortened, although probably not as severely as the Eastern Cordillera. 

Several studies (Kennan et al., 1995; Baby et al., 1996) have documented Tertiary 

shortening in the Altiplano, and observations of strongly folded Cretaceous sedimentary 

rocks on the Altiplano attest to significant Andean shortening. An increase in the crustal 

component of Altiplano volcanics after 24 Ma (Davidson and de Silva, 1992,1993; Hoke 

et al., 1993) also suggests increasing crustal thickness at about the time of the late 

Oligocene/Miocene orogeny, however, shortening during earlier Andean pulses likely 

occurred in the Altiplano too. 

The Eastern Cordillera is a fold and thrust belt with similar base and peak elevations as 

the Western Cordillera. The topographic profile of the Eastern Cordillera in the east-west 

direction is asymmetric, with the peak elevations near the western edge of the range 

(Isacks 1988, Watts et al., 1995; see figure 21). Elevation decreases gradually but in 

distinct steps towards the east Although the topography in the Eastern and Western 

Cordilleras is similar, the outcrops are distinctiy different Outcrops are predominantly 

Ordovician shales (-10,000 m thickness) and Silurian sandstones and shales. These 

Paleozoic sediments were deposited in a basin whose geometry is strikingly similar to 

ciurent outline of the central Andes (Sempere, 1995), an observation that is discussed 
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later. Some continental and shallow marine sequences of Mesozoic age are exposed in 

structural lows, documenting a considerable increase in base elevation from Paleozoic 

time. An Eocene foreland basin sequence (Sempere, 1990; Kennan et al., 1995) is 

preserved east and west of the Eastern Cordillera/Altiplano boundary, evidence of an 

early Tertiary highland near the western border of the Eastern Cordillera. The Eocene 

highland is likely the result of localized shortening in the Eastern Cordillera/Altiplano 

region. Stratigraphy and structure indicate that shortening began to intensify and became 

spatially extensive in the Eastern Cordillera between 25 and 20 Ma (Sempere et al., 1991; 

Baby et al., 1992a; Sempere et al., 1990; Kennan et al., 1995). Termination of upper 

crustal shortening at ~l2Ma is evidenced by radiometric dates of undeformed volcanics 

and erosional surfaces that cap Eastern Cordillera structures (Cubbies et al., 1993; 

Kennan et al., 1995). 

Numerous volcanic centers in the Eastern Cordillera give radiometric dates in the 28 Ma 

to 3 Ma time period with peak volcanism at about 7 or 8 Ma (Figure 23) (Grant, 1979; 

Lavenu et al., 1989; Kennan et al., 1995; Allmendinger et al., 1996), documenting 

contemporaneous to post-shortening volcanism. ^0Ar/39Ar, K/Ar and fission track 

thermochronology indicate two periods of Tertiary uplift, ~40 Ma and -20 Ma (Farrar et 

al., 1988; Benjamin et al., 1987; Grant, 1979; Kennan et al., 1995), which is well 

correlated with the Eocene and Early Miocene pulses of tectonic activity. Moreover, the 

Eastern Cordillera experienced a tectonic event -40 Ma and a severe crustal shortening 

event with locally intense volcanism between -25 Ma and -12 Ma (Sempere, 1995; 

Kennan et al., 1995; Allmendinger et al., 1997). The Eocene event likely thickened the 

crust from the volcanic arc into the Eastern Cordillera, and the Oligocene/Miocene 
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tectonic pulse created tlie far more extensive crustal root which approaches 70 km under 

highest elevations of the Eastern Cordillera (Beck et al., 1996). 

After the termination of significant folding and faulting in the Eastern Cordillera (-12 

Ma), the locus of surface deformation jumped east to the current fold and thrust belt (the 

Subandes). The boundary between the Eastern Cordillera and the Subandes is marked by 

both a major fault that puts Silurian on Tertiary rocks and by an abrupt drop in average 

elevation. The elevation drop from the Eastern Cordillera is accompanied by a decrease 

in crustal thickness to about 45 km; however, the decrease in crustal thickness is not 

directly under the topographic step but -50 km to the west (Beck et al., 1996). In 

contrast to the highest pan of the Eastern Cordillera, the crustal diickness in the Subandes 

does not support the full topographic load (Lyon-Caen and Mohiar, 1985; Watts et al., 

1995; Beck et al., 1996), indicating flexural and/or dynamic support. The Subandes are 

the depocenter of a -10km thickness of foreland sediments (Roeder, 1988; Baby et al., 

1992b; Coudert et al., 1995) shed from the Eastern Cordillera, with post and syn-

depositional structures yielding estimates of shortening between 74 km and 132 km 

(Baby et al., 1996; Roeder and Chamberlain, 1995, respectively). This amount of 

shortening more than accounts for the crustal thickness in the region, probably indicating 

that the thin-skinned structures of the Subandes root under the Eastern Cordillera. 

In addition to the previously mentioned variations in crustal thickness, notable variations 

in crustal seismic properties across the Bolivian Andes have been documented in 

previous studies, which I describe from west to east. In the Pre-Cordillera of Chile, 

seismic tomography (Graeber et al., 1996) and a refraction experiment (Wigger et al., 

1994) indicate that bulk crustal Vp is 6.5 km/s. In the Altiplano average Vp and Vs are 



109 

low (6.1 km/s and 3.5 km/s, respectively) (James, 1971; Zandt et al., 1996; Schuessler 

1994), and VpA^s ratio in the Altiplano is low (Zandt et al., 1993; Zandt et al., 1996) 

compared to global averages (Zandt and Ammon, 1995). Dorbath et al., (1996) found 

that VpA'^s increases from the Altiplano to the Eastern Cordillera at -16° S, and a 

seismic refraction study in the Eastern Cordillera (Wigger et al., 1994) documents a high 

velocity lower crustal layer extending from the Subandes into the Eastern Cordillera. 

This layer is not detected from the western edge of the Eastern Cordillera across the 

Altiplano. The low Vp/Vs ratio and low velocity in the Altiplano indicates that the 

Altiplano crust is probably more felsic on average than crust in the neighboring Pre-

Cordillera and eastern low lands. The reason for the Altiplano's distinct crustal 

composition compared to neighboring tectonic provinces is enigmatic and will be 

addressed later. 
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field, under which there is a strong, low-velocity, low Q ano
maly in the crust and shallow mande. Eastern Cordillera vol
canism has a more continuous trend along strike if volcanic 
centers dating to -28 Ma are considered, but there is little or no 
seismic anomaly associated with the older volcanic centers. 
Also shown is the gap in Quaternary stratovolcanos that is 
associated with relatively high velocity shallow mantle under 
the volcanic arc. 
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Figure 24. Paleomagnetic rotations predicted by changes in the magnitude of east-west 
shortening along strike in the Central Andes. Shortening models are after 
Isacks (1988), and the difference between the models is the amount of 
shortening. Paleomagnetic representation is from Butler et al., 1995. Isacks 
preferred model (model 1) explains post 30 Ma rotations. However, model 
2 (more shortening) is a conservative model of shortening since -70 Ma. 
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Figure 24. Paleomagnetic rotations predicted 
by oroclinal bending (after Isacks, 1988). 
Estimates of Rotations From Isacks (1988). 

0 -| Paleomagnetic Data From Butler et al., (1995). 

I 

CO 
o 

U 
•o 
a 
CQ 
J 

5-

1 0 -

15-

20 -

25 -

Age 10 to 30 Ma 

l-OH Age 30 to 70 Ma 

h-O-l 

T—r 
-40 

—1— 
-20 

T—r 1—I—I—I—I—I— 
0 -20 -40 -60 

Rotation (°) 

438 

350 

262 

175 

68 

Shortening 
Model 2 

— - Shortening 
Model 1 

Shortening Models From 
Isacks (1988) 

I I I I .j—l J i_j I I I I I 
35°S 30°S 25°S 20°S 

Latitude (°) 

15°S 



1 1 3  

The Dominance Of Shortening In The Production Of Thick Crust 

Previously proposed tectonic models have, for the most part, been concerned with 

explaining the great thickness of Andean crust Mechanisms producing thick Andean 

crust can be divided into two end members: 1) crustal shortening; 2) subduction-related 

magmatic additions from the mantle into the crust. Both of these processes are clearly 

contributing to the crustal thickness of South America's western margin, as is evidenced 

by folding and faulting in the Eastern Cordillera and mantle magmas in the volcanic arc. 

However, the relative importance of each mechanism has been vigorously debated, and 

the crustal shorting explanation has been convincingly argued. 

There are several factors favoring crustal shortening as the dominant mechanism for 

crustal thickening, and some of the earliest lines of evidence came from paleomagnetics. 

Declinations of primary magnetization for Cretaceous and Tertiary rocks in the Andes 

follow the trend of the coast line (May and Butler, 1985; Kono et al., 1985; MacFadden et 

al., 1990), indicating that the west coast of South America was more linear prior to 

Andean shonening. This sparked a reinvestigation of the oroclinal bending model 

(Carey, 1958), which proposed that the central South American coast was pushed 

landward, forming the Andes. Isacks (1988) shows that to fit the paleomagnetic data 

solely by indenting the western margin of South America, Cretaceous and Tertiary 

shortening in the central Andes would be -425 km (Figure 24). Additional data (Butler 

et al., 1995) indicate that Isacks significantly underestimates the shortening needed to 

account for paleomagnetic rotations since the Cretaceous (Figure 24); however, at least 



114 

some of the paleo declination may be due to local block rotation. 1 believe that -425 is a 

conservative estimate of shortening to explain paleomagnetic measurements, considering 

that mechanisms other than oroclinal bending (i.e. local block rotations) probably effect 

paleo-declinations too. 

By using a Moho profile between 19°S and 20°S (Figure 25), I have estimated a cross-

sectional area for the central Andes. If an initial crustal thickness of 40 km is assumed, 

then crustal shonening of -380 km is estimated, far less than the shortening inferred by 

paleomagnetic data. However, it would be premature to conclude that crustal volume is 

missing, because estimates of crustal thickness prior to shortening are relatively 

unconstrained. If an initial crustal thickness of 35 km is assumed, then 540 km of 

shortening is needed to account for the crastal volume. The only constraint on the pre-

Andean crustal thickness comes from stratigraphic evidence that the sea invaded the 

Eastern Cordillera and Altiplano in early Cretaceous time (Sempere et al., 1997). This 

suggests that the crust was thin, but the Cretaceous was also a global high stand in sea 

level, indicating that the crust may not have subsided as much as the inundation would 

imply. Ultimately, pre-Andean crustal thickness remains elusive. Nonetheless, 

reasonable estimates of pre-shonening crustal thickness and the magnitude of shortening 

indicated by paleo-declinations predict the current crustal volume to within the (large) 

degree of uncertainty. 

Crustal shortening estimates have also been quantified by balancing cross-sections 

inferred from surface geological mapping. Most of these studies do not span the Andes, 

but instead concentrate on die Eastern Cordillera and Subandes, where structure is well 

exposed. Although Cretaceous, Eocene, and Oligocene angular unconformities have 
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been documented in the Pre-Cordillera of Chile (Richards, 1995), quantitative estimates 

of shortening west of and including the Western Cordillera are yet to be published. 

Additionally, there is considerable disagreement on estimates of shortening in the 

Altiplano, despite incorporation of seismic reflection data (Baby et al., 1996). Estimates 

of shortening east of the volcanic arc, reported in Allmendinger et al.. (1996), are: 230 

km (Baby et al., 1996), 215-250 km (Kley et al., 1996), 279 km (Roeder and 

Chamberlain, 1995), 230 km (Roeder, 1988), 320 km (Sheffels, 1990), 320 km 

(Schmitz, 1994). The locations of these studies is shown on Figure 26. Minimum 

estimates of crustal shortening can account for between 74% to over 100% of the crustal 

thickness east of the Western Cordillera, depending on the initial crustal model and which 

estimate of shortening is used. It is important to consider that these are minimum 

shortening estimates, and that unidentified (buries or eroded) structures are not included 

in these estimates. Minimum estimates of shortening can account for more than 50% of 

the crustal volume, demonstrating the dominance of the shortening process. Further 

supporting shortening as the dominant process producing thick crust, Kay (1996) states 

that relatively little of the Andean crustal volume was derived from the injection of mantle 

melts based on petrologic constraints on the volumetric ratio between magmatic additions 

from the mantle and the volume that would reach the surface (also discussed in 

Allmendinger et al., 1996). The above arguments strongly favor shortening as the 

dominant crustal process in the Andes. 

The timing of uplift is also an important factor to consider when evaluating tectonic 

models. Models of crustal thickening that rely on magmatic processes associated with 

oceanic subduction do not explain why significant tectonism did not occur during the first 

-150 Ma of subduction along the western margin of South America. Crustal thickening 
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is, however, well correlated temporally with the westward advance of South America as 

the Southern Atlantic opened and with periods of increased rate of convergence between 

the Nazca and South America plates (Coney and Evenchick, 1994; Pardo-Cases and 

Molnar, 1987; Russo and Silver, 1994), showing a correlation between increased 

compressional stress and crustal shortening. Lastly, oceanic subduction occurs along 

various plate boundaries world wide, yet the magnitude of Andean crustal thickness and 

topography is not observed in any of the other subduction margins. The difference 

between the Andean margin and other subduction zones is the shortening of continental 

crusL 

Various shortening mechanisms have been hypothesized: increased convergence rates 

between the South American and Nazca plates (Pardo-Cases and Molnar, 1987; Daly, 

1989); increase in the absolute plate motion of South America (Coney and Evenchick, 

1995); subduction-related lithospheric weakening of the South American plate (Isacks, 

1988); a stagnation point in asthenospheric flow around South America as the continent 

moves westward (Russo and Silver, 1994); maximum Nazca/South America 

convergence stress at the Nazca/South American equator of rotation (90° from the pole of 

rotation) (Gephart, 1994). Needless to say, there is no lack of hypotheses explaining the 

increased width and crustal volume of the central Andes. 



Figure 25. Calculation of crustal volume across the Bolivian Andes at 
-20°S. If initial crustal thickness of 40 km is assumed, then 
current crustal volume is overestimated. However, an intial 
thickness of 35 underestimates the current crustal volume. 
Shortening of 425 km is estimated by paleomagnetic 
rotations (model2 of Isacks, 1988) 
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Cross-Sectional Area (Including Moho and surface topography)= 44519 km2 
(Integrated Using Midpoint Method) 

Calculation of Crustal Shortening assuming 40 Ian Initial Thickness 
Present, average crustal thickness = 44519 km2fl30 Ian = 61 Ian* 
Initial thickness/Present thickness= 40 km/61 Ian= 0.656 = 34% shortening 
730 km/0.656 = 1113 km = Initial width 
1113 km- 730 Ian = 383 Ian =Total Shortening 

Calculation of Crustal Shortening assuming 35 Ian Initial Thickness 

Initial thickness/Present thickness= 35 km/61 Ian= 0.574 = 43% shortening 
730 km/0.574 = 1272km =Initial width 
1274 km- 730 Ian= 542 Ian =Total Shortening 

* Calculation includes Moho and surface topography 



Figure 26. Map showing BANJO/SED A, other seismic 
studies, and structural studies with estimates 
of crustal shortening. 
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Tectonic Models For The Formation Of Mantle Structure 

The dominance of cnistal shortening over magmatic processes in the explanation of thick 

Andean crust has been convincingly argued in several studies (e.g. Isacks, 1988: 

Sheffeis, 1990; Kay et al., 1996). However, the relative contribution of shonening and 

subduction processes in the formation of mantle structures is less certain. Measurements 

of shear-wave splitting in various tectonic regimes indicate that tectonic fabric can extend 

well into the mantle (e.g. Silver and Chan, 1991; McNamera et al., 1994; Savage and 

Silver, 1993; Silver, 1996), indicating that mountain building processes involve the 

mantle lithosphere. The depth of mantle processes that effect mountain-building, or 

conversely the depth to which mountain-building processes effect mantle structure, is 

unknown, yet this question is profound in the understanding of plate tectonics. If 

subduction processes can be shown to dominate the mantle structure across the Andes, 

then it could be inferred that shortening dynamics are driven by plate convergence with 

coupling in the asthenosphere. However, if shortening process can be shown to 

dominate shallow mantle structure, then it could be inferred that mountain building in the 

Central Andes is primarily due to plate convergence with dominant coupling at 

lithospheric levels. 

In order to evaluate the contribution of subduction and shortening process on the 

formation of mantle structure, I first describe several end-member processes that could 

effect shallow mantle strucmre. Then I evaluate how well each process explains observed 

shallow mantle structure and other geological constraints. Before presenting possible 

mantle processes in the Western and Eastern Cordilleras and Altiplano, I briefly describe 
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the mantle tectonics from the subduction trench to the Western Cordillera, which 1 

broadly refer to as the Pre-CordiUera. 

The Pre-Cordillera of Chile 

Seismic tomography in the Pre-Cordillera (Graeber and Haberland, 1996) shows that the 

mantle wedge from the subduction trench to the Western Cordillera is low velocity 

(Vp~7 km/s) and high Vp/Vs which is interpreted as hydrated mantle (i.e. serpentine) 

(Giese, 1996). The anomalous geophysical characteristics in the Pre-Cordillera blur the 

destinction between crust and mantle (Giese, 1996), and pervasive hydration in the 

mantle indicates that subduction processes dominate mantle (and perhaps crustal) 

structure from the subduction trench to the Western Cordillera. A transition between 

subduction-related mantle structure and structure of unknown origin takes place in the 

Western Cordillera, and a transition between low velocity crust in the Altiplano and high 

velocity crust in the Pre-Cordillera (Wigger et al., 1994; Graeber and Haberland, 1996) 

takes place in the Western Cordillera, perhaps indicating a transition in crustal evolution. 

Additionally, both mantle seismic characteristics and arc volcanism are discontinuous 

along strike (see geologic background in this chapter and description of Western 

Cordillera mantle structure in chapter 3). Therefore, subduction processes may dominant 

only some parts of the Western Cordillera mantle at the present time. Rather than 

examine the complicated Western Cordillera mantle processes and transitions, I first 

explore several mantle process that could shape the structure of the Altiplano and Eastern 

Cordillera. This allows the nature of the transition between the Pre-Cordillera and 

Altiplano to be evaluated. 
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Subduction Processes as the Dominant Influence on Mantle Structure 

I examine several subduction mechanisms that could affect strength and structure of 

upper-plate (continental) mantle lithosphere. Subduction processes can affect upper-plate 

mantle structure physically or chemically. Physical deformation would imply 

deformation during periods of flat subduction or by flow within the mantle wedge. 

Chemical alteration of upper-plate lithosphere could occur via hydration and/or 

metasomatism. 

Physical removal of the mantle lithosphere can be accomplished during periods of flat 

subdution, and periods of flat subduction have been proposed for parts of the central 

Andes (Coria et al., 1993; James and Sacks, 1996) (see below for further development of 

flat slab mechanisms). However, it is difficult to argue for the physical removal of the 

Eastern Cordillera mantle lithosphere during flat subduction, because the seismic images 

presented in chapter 3 indicate that the Altiplano mantle lithosphere is preserved 

(trenchward of the Eastern Cordillera). Alternatively, physical removal of Eastern 

Cordillera mantle lithosphere could result from entrainment by wedge circulation. Over 

time, such a circulation pattern could conceivably remove upper-plate lithosphere, 

producing melt and weakening the Eastern Cordillera lithosphere. This model has few 

detracting arguments because adjustment of model variables (viscosity, elastic 

parameters, thermal constraints, shear heating etc.) within the bounds of uncertainty allow 

widely varying circulation patterns in the mantle wedge. However, development of a 

volcanic arc over a >200 km deep segment of subducted oceanic lithosphere is rare in 

subduction zones outside of South America. Models favoring mechanical removal of the 
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Eastern Cordillera lithosphere by wedge circulation would need to address the special 

circumstances under which a double arc can develop. 

Isacks (1988) suggested diat subduction processes weakened the lithosphere in the central 

Andes, initiating crustal shortening. Particularly, Isacks (1988) purposed thermal 

weakening of the lithosphere. However, subduction of cold oceanic lithosphere generally 

cools subduction regions (Peacock, 1996). It is perhaps more likely that weakening 

would result from mantle wedge volatiles (water) invading the overlying lithosphere. 

Laboratory work (e.g. Kohlstedt et al., 1995) shows that the inuroduction of water into 

rock forming minerals substantially reduces strength. As with seismic velocity (see 

chapter 3), it is difficult to separate the rheological effect of temperature and water 

content. Ultimately, when considering the weakening of continental lithosphere caused 

by subduction, subducted oceanic lithosphere probably inU-oduces more volatiles than 

heat to the overlying plate. 

Isacks (1988) model of lithospheric weakening showed weakened lithosphere extending 

from the Western Cordillera, across the Altiplano, and into the Eastern Cordillera. This 

supposition comes from the observation that the 3000 m elevation contour in the Central 

Andes bounds the area of volcanism, implying that the most shortening occurred in areas 

effected by volcanism. The images of mantle structure in chapter 3 show mantle 

lithosphere under the Altiplano, and areas of weakening (partial melt) under discrete areas 

of the Eastern and Western Cordilleras. These spatially hmited areas of potential 

weakening are also correlated with zones of significant volcanism. It is possible that the 

Altiplano lithosphere was either thicker or less mechanically modified than the Eastern 

Cordillera, deflecting mantle wedge volatiles from the Altiplano lithosphere eastward 
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where they were able to penetrate the Eastern Cordillera lithosphere. However, the 

presence of inherited structure negates the need to weaken the lithosphere at the initiation 

of shortening. Shortening would preferentially occur in the weak area regardless of the 

introduction of wedge volatiles. If inherited structure effected the migration of wedge 

volatiles or magmas, then structural inheritance would be considered primary and wedge 

processes secondary in the tectonic evolution of the Central Andes (discussed further in 

the section on shortening processes). 

Inboard release of slab volatiles during a period of flat subduction, has been suggested as 

a weakening process for the Eastern Cordillera (James and Sacks, 1996), which could 

explain preservation of the Altiplano lithosphere . Evidence for a previous period of flat 

subduction was first suggested by Coira et al., (1993) based on radiometric age 

determinations for volcanic rocks that progress eastward from the Western Cordillera 

into the Eastern Cordillera at 27Ma to 25Ma, followed by a return to the Western 

Cordillera at -17 Ma. Coira et al. (1993) argue for slab flattening from -26 Ma to -17 

Ma south of 22°S, but they point out that north of 22°S volcanism is documented in both 

the Eastern and Western Cordilleras during late-Oligocene to mid-Miocene time, 

weakening the case for slab flattening in Bolivia. James and Sacks (1996), however, 

argue for slab flattening throughout the Central Andes between -40 Ma to -25 Ma based 

on the existence of "inner arc" (Eastern Cordillera) volcanism, despite continued 

volcanism near the coast (Scheuber and Reutter, 1992). 

The "inner arc" volcanism is a linear, north-south trend of volcanism in the Eastern 

Cordillera/Altiplano boundary region, which is dated between 28 Ma can 3 Ma (Figure 

23) (Allmendinger et al., 1996). Assuming that the slab did flatten in the 
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Bolivian Andes, then the Eastern Cordillera volcanism may indicate that the slab 

descended into the asthenosphere at that point. The gabbro to eclogite transformation in 

the subducted oceanic crust causes a major increase in density (eclogite is -3500 kg/m^), 

and this transformation is associated with dewatering (Kirby et al., 1996). The density 

u-ansformation could explain the sudden descent of the slab, and the sudden dewatering 

could explain the concentration of volatiles under the Eastern Cordillera while preserving 

the Altiplano lithosphere. Such inland arcs are documented in regions of South 

American where flat subduction is currently occurring (Kay et al., 1991; Sebrier and 

Soler, 1991), supporting the possibility of inland lithospheric weakening during flat 

subduction. In the Eastern Cordillera of Bolivia the largest volume of volcanics (Los 

Frailes) is dated at ~7 or 8 Ma (Figure 23) (Grant et al., 1979; Allmendinger et al., 1996), 

which has been postulated to result from asthenosphere flowing into contact with volatile-

rich shallow mantle under the Eastern Cordillera as the slab steepened to its current 

geometry (James and Sacks, 1996). 

The slab flattening explains the development of an inner arc and the apparent weakness of 

the Eastern Cordillera lithosphere; however, there are some discrepancies between this 

model and the tectonic evolution of the central Andes. Continued volcanism under the 

Eastern Cordillera and lack of thick lithosphere is difficult to reconcile with >100 km of 

shortening (from -100 km of shortening in the Subandes since 10 Ma) after the angle of 

slab subduction began to increase to its current position (proposed to be -25 Ma). First, 

the north-south trend of Eastern Cordillera volcanism (28 Ma to 12 Ma) is only about 50 

km wide (east-west direction) (Figure 23), and lOO-i- km of shortening would have 

presumably closed the softened, volatile-rich "window" in the lithosphere as mantle 

lithosphere from the east encroached into the Eastern Cordillera during shortening. 
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Continuing the same argument, the shallow mantle seismic anomaly under the Los 

Frailes volcanic field is approximately 100 km wide (east-west). If the weakening 

process in the Eastern Cordillera ended at -25 Ma, then the original width of the 

lithospheric "window" would be >200 km, and past volcanism does not support such a 

wide lithospheric window. Second, inflow of asthenosphere at the initiation of slab 

steepening would predict a large volume of volcanics soon afterwards, followed by a 

gradual decrease in volcanism as volatiles were consumed and mantle lithosphere 

advanced into the region by shortening. Furthermore, the crust was probably thinner at 

the time of slab steepening, and magmas would have been more likely to traverse the 

thinner crusL However, peak volcanism did not occur until almost 20 million years after 

the proposed inflow of asthenosphere. Third, weakening during a period of flat 

subduction would predict a more continuous lithospheric window along strike (north-

south) than is observed. Shortening is roughly equivalent for several hundred kilometers 

north and south of Los Frailes (see Figure 24) (Isacks, 1988), implying that weakening 

should be approximately equal along strike. However, the intensity of the shallow mantle 

anomaly (Figures 16A and 17A) and volume of volcanism are by far the greatest at Los 

Frailes. Fourth, as was previously mentioned. Western Cordillera volcanism does not 

cease during the purposed period of flat subduction (Coira et al., 1993; Scheuber and 

Reutter, 1992). In modem areas of flat subduction coastal volcanism is absent. Images 

of mantle suiicture and the documented tectonic history of the Eastern Cordillera require 

the continual removal or alteration of the lithosphere as it is fed into the area by 

shortening. If a single process is to explain Eastern Cordillera volcanism, it must satisfy 

this criterion. 
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Shortening Process as the Dominant Influence on Mantle Structure 

The Eastern Cordillera has exhibited little tectonic strength throughout the Phanerozoic. 

From periods of extension in the Ordovician and raid-Mesozoic to compression in 

Silurian and Tertiary times, the Eastern Cordillera has extended more than neighboring 

regions (accumulating the thickest sediments) and shortened the most (building regional 

highlands). Within the ,\ndean compressional episode, the highlands created in the 

Eocene and current tectonic pulses have been in the Eastern Cordillera/Altiplano 

boundary region. Even the strike of Precambrian structural trends inboard of the Andes 

are aligned with Tertiary structural trends (Litherland et al., 1985; Lidierland et al., 1989). 

The observation that thick sedimentary basins are often inverted to form mountain belts, 

was noted early in the development of the geosciences and was the basis of geosynchne 

theory. Although geosyncline theory has fallen out of favor, the fundamental 

observations that supported it have not been adequately addressed by plate tectonics. The 

link between geosyncline theory and plate tectonics may be that zones of weak 

lithosphere become the locus of extension when plate forces are extensional (extended 

areas subside and accumulate the most sediments), and the same weak areas becomes the 

locus of shortening when plate forces are compressional (shortened areas thicken and 

form mountain systems). In the case of the Bolivian Andes the lithosphere has blown 

with the tectonic wind during the Phanerozoic, suggesting little tectonic strength. All of 

these observations point strongly towards the possibility that weak Eastern Cordillera 

lithosphere and structural trends have been inherited from previous orogenic events. If 

weakening is assumed to be a prerequisite precursor to tectonism, then weakening would 

have to have repeatedly occur in the Eastern Cordillera throughout the Phanerozoic, and it 
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is difficult to understand why weakening processes would repeatedly target one area over 

such a long period of time. Assuming that Tertiary shortening occurred in zones of 

inherited weakness and lithospheric weakening did not occur, increased tectonic stress 

would have to account for the initiation of shortening in the Tertiary. 

Several studies have concentrated on the correlation between the rate of South 

America/Nazca convergence and pulses in Andean deformation. Molnar and Pardo-

Casas (1987) and Daly (1989) showed that periods of increased convergence between the 

Nazca and South American plates (reconstructed from marine magnetic anomalies) are 

well correlated with tectonic pulses documented in the Andean rock record. These are 

important indications that plate convergence is indeed responsible for tectonic stress in the 

Andes. However, convergence (subduction alone) does not necessarily result in 

mountain building. 

1 will not repeat all of the plate tectonic arguments supporting a causal effect between 

Southern Atlantic openning (westward motion of South America) and shortening in the 

Andes (presented in the section on crustal shortening); however, it is worth noting that 

subduction has occurred along the western edge of South America since late Triassic or 

Early Jurassic time, yet the western edge of South America was in extension until mid 

Cretaceous time, the initiation of active westward motion of South America. Therefore, 

subduction alone cannot be considered the driving mechanism for mountain building in 

the Andes; the westward motion of South America is better correlated with Andean 

mountain building and likely produced the compressional forces that have shortened the 

Andean lithosphere. Sebrier and Soler (1991) simplified Andean shortening into a 

simple kinematic scenario where the South American Craton has advanced westward 
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faster then the Nazca Plate has rolled back, resulting in shortening of the Andean belt. 

These observations (and the arguments discussed in the section on crustal shortening) 

support both the imponance of the absolute velocity of the overriding plate in the 

generation of tectonic stress and arguments for the importance of compression-caused 

shortening of continental lithosphere. 

Kinematic models of shortening along zones of inherited weakness are in good 

agreement with the geologic history of Central Andes. However, it is difficult to produce 

contemporaneous volcanism and lithospheric thickening with models of simple shear 

shortening. Thickening of the mantle lithosphere, which would presumably be 

proportional to crustal thickening, is generally associated with a depression of the 

geotherm (cooling). Crustal shortening in the central Andes roots into the Eastern 

Cordillera (see geologic overview), predicting the greatest shortening and thickening of 

the mantle lithosphere there, yet partial melt and volcanism are observed. Therefore, it is 

worth exploring mechanisms for melt production via shortening of continental 

lithosphere. 

If shortening is the dominant process effecting mantle structure, then an estimate of the 

missing or altered lithospheric thickness can be made. The approximate 35% to 40% 

shortening of the crust must be accounted for in the mantle. Assuming that the mantle 

lithosphere was initially thin (50 km), then the mantle lithosphere from the Western 

Cordillera into the Eastern Cordillera should be about 80 km thick. This estimate of 

mande lithospheric thickness puts the base of the lithosphere at about 140-150 km, which 

is in approximate agreement with the lithospheric thickness in the Altiplano (Figure 22). 

However, mantle lithosphere is missing or highly altered under the Western and Eastern 
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Cordilleras, where mantle deformation was likely concentrated. I describe two 

shortening processes; one that favors alteration of the lithosphere (shear heating), a 

second that favors removal of the lithosphere (delamination or subduction). 

Shear Heating 

Shear heating in areas of high strain rate has been proposed as an explanation for high 

heat flow and volcanism in tectonically shortened regions (Kincaid and Silver, 1996). 

This mechanism has the attractive feature of predicting maximum heat production, 

perhaps leading to melt, at the locus of deformation. Shear heating is also in good 

agreement with observations of syn- and post-shortening magmatism. In the case of the 

central Andes, structural analysis suggests that thrust systems root under the Eastern 

Cordillera (e.g. Baby et al., 1992, 1996), indicating that mantle deformation may be 

concentrated there. Therefore, partial melt in the shallow mantle, inferred by seismic 

properties (Figure 21 and 22), could be the result of high strain rate in the mantle 

lithosphere. If the lithosphere is defined thermally, then this model predicts the 

destruction of mantle lithosphere in highly strained areas, but if the mantle lithosphere is 

defined chemically, then this model predicts thermal alteration of the mantle lithosphere 

Assuming that the mantle lithosphere is defined chemically, shear heating predicts a 

mantle-lithospheric geochemical signature for melts derived from the mantle under the 

Eastern Cordillera. Therefore, confirmation of a lithospheric geochemical signature in 

recent Eastern Cordillera volcanics would be an important test of the shear heating 

hypothesis. Some basaltic volcanism in the eastern Altiplano is shoshanitic (Rogers and 

Hawkesworth, 1989; Kay et al., 1993), which is interpreted as lithospheric; however, in 

the Altiplano these outcrops are dated at ~24 Ma (Hoke et al., 1993), which does not 



preclude subsequent inflow of asihenosphere at the time of peak Eastern Cordillera 

volcanism and during the development of the current structure. Other studies (e.g. 

Davidson and de Silva, 1995) have interpreted the geochemical signature of recent 

Eastern Cordillera volcanics as a mixture between asthenospheric and crustal sources. 

Ultimately, the crustal overprint of mande sources in recent Eastern Cordillera volcanics 

does not allow a definitive geochemical evaluation. 

The viability of the shear heating mechanism is strongly dependent on the absolute 

magnitude of die tectonic stress, which is strongly contested. If tectonic stress is less 

than about 100 MPa, then shear heating does not provide sufficient heat to explain 

elevated heat flow in su-ained regions; however, tectonic stress >100 MPa predicts a 

significant increase in heat production for strained mantle lithosphere, which can produce 

melt in partially hydrated mande lithosphere (Kincaid and Silver, 1996). Stress indicators 

in Peru (primarily earthquake focal mechanisms) favor low compressive stress (between 

10 MPa and 75 MPa) (Richardson and Coblentz, 1994). This magnitude in stress is 

consistent with estimated plate forces, commonly referred to as ridge push, which are 

estimated to be -20 MPa (Coblentz and Richardson, 1996). Ignoring estimates from 

stress indicators, tectonic stress could be far higher than is predicted by ridge push if 

other forces (e.g. basal drag from mantle convection) are invoked. VanDecar et al. 

(1995) suggest that lithospheric and asthenospheric mantle features in South America 

(>2(X) km depth) have moved together for substantial periods of geologic time, perhaps 

implying that the lithosphere and asthenosphere move coherently in a convecuve current 

Similar to lithospheric weakening models, shear heating does not explain the localization 

of the shallow-mantle, low-velocity zone under the Los Frailes volcanic field (Eastern 
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Cordillera). Shortening is approximately equivalent north and south of Los Frailes 

(Figure 24) (Isacks, 1988), yet the shallow mantle anomaly is only weakly continuous 

along strike. Unless major complications in the strain field can be justified, shear heating 

predicts that the low velocity anomaly would be far more laterally continuous than it is. 

Additionally, the seismic results indicate that substantially increased volatile concentration 

must exist in the region of partial melt (see section on lithologic interpretation), and shear 

heating alone does not provide an explanation for increased concentration of volatiles 

under the Los Frailes volcanics. 

Delamination/Convective-instability 

The last process I will consider is the detachment and subsequent removal of a portion of 

the continental lithospheric. This process has been loosely termed delamination or 

convective-instability in various studies (e.g. Bird, 1979; 2^ndt and Carrigan, 1993). 

Although these terms have been used interchangeably in some studies, other studies 

make the distinction that delamination involves rigid mantle lithosphere and convective 

instability involves weak lithosphere. In this study I do not wish to comment on the 

strength of the lithosphere, but I use the term delamination because it is most widely 

recognized. The aspect of this process that I focus on is the time dependence of the 

process. Notably, a continuous process of lithospheric delamination (perhaps similar to 

the model of Beaumont and Quinlan, 1994), with an occasional "event" during which 

lithospheric removal is punctuated, best explains lithospheric structure and the geologic 

history of the Central Andes. Additionally, some delamination models have included 

parts of the crust in the sinking (delaminated) mass, others have not. 1 explore the 

possibility and consequences of crustal involvement in the delamination process. 
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Studies using geophysical, geochemical, and mapping techniques have independently 

concluded that mantle lithosphere, and in some instances lower crust, has delaminated 

from tectonically shortened regions (Bird, 1979; Zandt and Carrigan, 1993; Seber et al.. 

1996; Kay and Kay, 1993; Munoz, 1992). The driving force for delamination is 

gravitational instability resulting from increased density of thickened lithosphere. The 

increased density is hypothesized to be dominated by mineral phase transformations 

(Kay and Kay, 1993) and secondarily by thermal cooling, resulting from downward 

advection of lithosphere. At some threshold the thickened lithosphere becomes 

gravitationally unstable and sinks. Numerical models indicate that the lithosphere would 

detach in discreet "blobs" into the asthenosphere (Liu and Zandt, 1996), and it is possible 

that lower crust could be entrained in the delaminating mass. Or, if mafic components of 

the lower crust are transformed to an eclogite assemblage, as would likely be the case 

when crustal thickness is 60-70 km, then the dense lower crust may play an active role in 

the delamination process (eclogitic lower crust is more dense (~3500-3600 kg/m^) then 

nominal mantle density (3300 kg/m^). Asthenospheric mantle would replace the 

vacating lithosphere, and in the case of the Andes would bring in wedge volatiles too. 

Both the presence of volatiles and decompression of asthenosphere would aid in melting, 

and could produce the observed seismic anomaly (partial melt) under the Eastern 

Cordillera (Figures 6A and 22). 

The delamination process is in good agreement with both the timing of volcanism and 

observed mantle structure. During delamination of the continental lithosphere (and 

possibly the lower crust) volatile-rich mantle wedge asthenosphere would flow into the 

vacated region, producing a localized area of partial melt. If delamination occurs in 
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discrete "blobs", limited in lateral dimension, then the spatially limited seismic anomaly 

associated with die voluminous Los Frailes volcanism (Figure 23) could be viewed as the 

cite of an on-going delamination event, and the period of greatest volcanic volume (7-10 

Ma at Los Frailes) may be due to a delamination pulse. In areas of the Eastern Cordillera 

where volcanism has ended (particularly south of Los Frailes; see Figure 23) it is 

possible that delamination ceased and shortening has subsequently closed the window in 

the lithosphere. It is important to note that die proposed delamination scenario at the 

Eastern Cordillera/Altiplano boundary is a continuous (subduction-like) process, unlike 

some of the previous models of delamination that occur catastrophically. This 

mechanism provides (arguably) the best explanation for the observed shallow mantle 

structure (Figures 16A and 22), with discreet zones of partial melt and associate 

volcanism along strike in the Eastern Cordillera. 

Delamination also provides an explanation for the enigmatic observation of felsic crust in 

the Altiplano and into the Eastern Cordillera. The crust of the Central Andes reaches 

depths (>50-60 km) where mafic minerals of the lower crust would transform to eclogite 

assemblages. As mentioned before, the eclogite minerals are more dense dian the 

underlying mantle and would aid in the detachment of the lower crust during 

delamination. The preferential recycling of mafic minerals into the mantle would refine 

the crust towards a more felsic composition, perhaps providing a process of crustal 

felsification (Rudnick, 1995). Although the presence of lithosphere under the Altiplano 

precludes bulk delamination of the lower crust during the Tertiary, several cycles of 

mountain building and subsequent extension, as is documented in the Central Andes, 

could produce the felsic crust of the Altiplano. Additionally, a world-wide observation of 

seismic properties implying more felsic crust in orogenic regions (when compared to 
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cratons; Zandt and Ammon, 1994), may be explained by continual cycles of shortening 

with delamination followed by extension. For the Central Andes, the high velocity layer 

in the lower crust, traced from the Chaco Plain almost to the shallow mantle seismic 

anomaly in the Eastern Cordillera (Wigger et al., 1994), favors a mafic to intermediate 

composition in the pre-shortened lower crust. Absence of this layer from the western 

part of the Eastern Cordillera across the Altiplano may indicate that (1) it has transformed 

to eclogite and thus would be identified as mantle by seismic studies (Vp~8.2 to 8.3 

km/s) (Murii et al., 1974; Kern and Richter, 1981) (2) it has delaminated into the mantle 

or (3) it was not there at the beginning of shortening. The assumption that the high 

velocity layer was present under the Eastern Cordillera and Altiplano at some point in the 

past is justified, based on both the westward geometric projection of the high velocity 

layer underneath the high Andes (Wigger et al., 1994) and generalized crustal models that 

include such lower crustal layers (e.g. Holbrook et al., 1992). In the Eastern Cordillera, 

detachment is a strong possibility (see above). However, in the Altiplano preservation of 

the mantle lithosphere indicates that delamination has not occurred. In the Altiplano it is 

possible that the Moho "divot" (Beck et al., 1996) is filled with eclogitized lower crust 

(Figure 22). This proposition is presumptive, but it may explain the discrepancy between 

seismic models of thick felsic crust and gravity models that require more dense rock in 

the lower crust (Schmitz et al., submitted). 

Although delamination has sometimes been dismissed as ad hoc, it does explain many 

fundamental geophysical and geochemical observations in the Andes and other mobile 

belts. Delamination is currently the best explanation of the observed lithospheric 

structure and the geologic history of the Bolivian Andes. 
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Conclusions 

Preferred Model and Tectonic Implications 

It is important to consider that all of the aforementioned models of mantle dynamics, 

subduction and shortening related, are end-member processes. It is likely that any 

number of these processes or scenarios have occurred in concert to produce the currently 

observed structure. Describing the possible permutations of tectonic mechanisms will 

have to wait for another author. However, I do comment on which process I believe to 

be dominant in the development of the structure observed in this study. 

The geometry of Altiplano and Eastern Cordillera lithospheric structure (Figures 16-22) 

and geologic history of the Altiplano and Eastern Cordillera favor a delamination-type 

mechanism in that area over other processes. This implies that the shallow mantle 

structure has been most effected by shortening processes. The primary role of the 

subduction process is hydration of the asthenosphere that underlies the Altiplano and 

Eastern Cordillera lithosphere. When the lithosphere is removed through shortening 

(delamination) processes, volatile-rich asthenosphere rises and produces volcanism via 

the introduction of slab volatiles and decompression melting. 

The interpretation that shortening processes dominate in the shallow mantle of the 

Altiplano and Eastern Cordillera implies that shallow mantle processes change from the 

Pre-Cordillera in Chile (where subduction process dominate) to the Altiplano and Eastern 

Cordillera. Although describing the details of this transition are beyond the scope of this 
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work, it is important to document this transition. Study of this transition may hold 

important insights into the coupling of continental and oceanic plates in the Central 

Andes. 

Implications of Delamination on Cnistal Evolution 

The delamination mechanism describes a process that can, over several tectonic cycles, 

refine crust towards a more felsic composition. When the crust is thickened to >60 km, 

as it is in the Central Andes, mafic minerals in the lower crust are transformed to an 

eclogite assemblage, which is more dense than the underlying mantle. Dense lower crust 

would likely descend into the mantle along with the mantle lithosphere during the 

delamination/subduction process. This process preferentially recycles mafic crustal 

components into the mantle, and could over several tectonic cycles produce anomalously 

felsic crust. Anomalous seismic properties, that are consistent with bulk felsic 

composition, are observed in the Altiplano and into the Eastern Cordillera (Zandt et al., 

1996; and this study), supporting the delamination process. More generally, Zandt and 

Ammon (1995) find seismic properties consistent with anomalously felsic crust 

(compared to cratons) in Phanerozoic orogenic systems around the world. These 

observations indicate that lower crustal delamination may be a common occurrence 

during mountain building, refining the crust towards a more felsic composition. 
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Figure 27. Proposed lithospheric evolution of the Central Andes. Magnitude and timing 
for shortening are based on studies of surface geologic structure and 
stratigraphy (balanced cross-sections) and paleomagnetic rotations. The 
locus of deformation is derived from current structure from this and other 
studies, and studies of stratigraphy, thermochronology, and volcanism. See 
text for discussion. 
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Figure 27. Tectonic Evolution of the Central Andes. 
See text for disscussion. 
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Structural Evolution of the Bolivian Andes 

Figure 25 is a proposed model of lithospheric structural evolution during the formation of 

the Bolivian Andes. These snap-shots are based on "un-shortening" bulk structure 

derived from tomographic images presented in chapter 3, but also include the shortening 

estimates from geologic mapping and paleomagnetics as well as stratigraphic and 

thermochonologic evidence for the timing of tectonic events (see references in geological 

review section). Estimates of shortening shown for the time steps in Figure 25 are 

derived from observed shortening in the Subandes (present to late-Miocene 

reconstruction), observed shortening in the Eastern Cordillera (late-Miocene to early-

Oligocene) and the remainder of the shortening (early-Oligocene to mid-Cretaceous) was 

determined using estimates from paleomagnetic data (Figure 24). The cross-sections are 

semi-balanced in that the amount of shortening accounts for the crustal volume, but the 

location of thickening is taken from inferences suggested by the current structure, 

stratigraphy, volcanism, and thermochronology. 

At the initiation of Andean shortening the volcanic arc was considerably further west then 

its current position, and the crust and lithosphere in the (future) Eastern Cordillera were 

thinned due to early Cretaceous extension. Some shortening occurred in and west of the 

Western Cordillera in late-Cretaceous time, and shortening propagated landward during a 

period of increased rate of convergence between the South American and Nazca plates in 

the Eocene. During the Eocene tectonic pulse, the Altiplano was significantly shortened 

and a highland was established at the western edge of the Eastern Cordillera. However, 

volcanism was minimal to non-existent in the Eastern Cordillera during this time. The 
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end result of the Eocene tectonic event is portrayed in the second (from the top) cross 

section. In late-Oligocene, convergence rate increased again, further thickening the 

Eastern Cordillera crust and expanding the crustal root laterally. Early in this tectonic 

pulse, volcanisra began, which suggests the initiation of delamination under the Eastern 

Cordillera. Although some shortening occurred in the Altiplano, most Miocene 

sediments in the Altiplano are only broadly folded, indicating that the locus of 

deformation was further east At about 15 Ma uplift of the Eastern Cordillera tectonically 

dammed Altiplano drainage, and infill of sediments produced the subdued topography 

observed today. The end result of this tectonic pulse is shown in the third cross-section. 

Since -10 Ma surface deformation has jumped from the Eastern Cordillera into the 

Subandes. Surface deformation in the Subandes is thin-skinned and roots under the 

Eastern Cordillera, which continues to concentrate mantle deformation under the Eastern 

Cordillera. Continued shortening in the Eastern CordUlera mantle has further facilitated 

delamination of the mantle lithosphere, as is evidenced by the observed seismic structure 

and increased volcanism since 10 Ma. The current structure, based on tomography 

(chapter 3), is shown in the last (fourth) cross-section of figure 25. 

In summery, my preferred model for the formation of the Andes is one of lithospheric 

shortening along pre-existing lines of structural weakness, initiated by forces stemming 

from the active westward advance of the South American Plate over the Nazca plate 

during the opening of the Southern Atlantic. Delamination of thickened continental 

lithosphere following shortening best explains observed shallow mantle structure, 

geologic evolution of the Bolivian Andes, and bulk felsic composition in the Altiplano 

and Eastern Cordillera crust. 
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