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 Identification of depth phase precursors has allowed the illumination of the 

lithospheric structure of the Andes.  Such precursors are here interpreted as being 

underside reflections from the Lithosphere Asthenosphere Boundary (LAB), the Moho 

and intracrustal fluids.  

 The Cal-Tech/Terrascope array was utilized in recording teleseisms from large 

events underneath the Andes. These stations were utilized as an array for events 

stretching back to 1990. Significant use of the EarthScope transportable array was also 

done from 2005 onwards. EarthScope has allowed significant improvements to be 

made regarding the resolution and identification of these weak phases.  

 Results show the Moho to be fairly deep whilst also displaying a high 

variability in terms of thickness. Similarly the LAB is identified as being deep, 

ranging from 140 to 190 km underneath the central Andes. The use of the 

transportable array has also allowed for relatively high resolution profiling of the 

Moho. This profiling indicates the Moho’s reflectivity varies considerably across 

distances in the range of tens of kilometers. The identification of the crustal structure 

is important as it allows for the verification or refutation of postulated geodynamic 

processes – specifically lithospheric delamination.  

 Additionally, receiver function analysis has been performed to elucidate the 

lithospheric structure of Taiwan.  Evidence for the presence of both the Eurasian Plate 

and the Philippine Sea Plate is observed, documenting the complex 3-d interactions 



 

impacting this tectonic boundary.  This result, while preliminary, reveal the location of 

a tear within the EUP and help identify of the predominant geo-evolutionary processes 

at the margin. 
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CHAPTER 1 

 

AN INTRODUCTION TO THE THESIS 

 

              Interactions at plate-boundaries provide an unparalleled opportunity to observe 

the natural laboratory of the Earth and its geo-evolutionary development.  The focus of 

this thesis is aimed at the processes which predominantly operate at subduction zones.  

More accurately, this dissertation is pointed specifically at obtaining a clearer 

understanding of two of these types of tectonic margins: that is, the subduction zones of 

the Central Andes and Taiwan.  Despite the complexity of these regions, careful 

observation and interpretation of their associated seismicity can help to illuminate the 

physical characteristics of the tectonic margins.  Further analysis of these properties 

allows for an increase in our understanding of the processes involved with these 

subduction zones and their associated geodynamic processes. 

Although crustal thickness is a critical constraint for geodynamic models of 

Andean orogenesis, relatively few measurements exist from local seismic studies. In this 

study, we examine the depth-phases from intermediate-depth, teleseismic earthquakes.  

We are especially interested in any signal which shows up in the time window between P 

(the first arrival) and pP (the source-side surface reflection).  We interpret these precursor 

energy arrivals as reflections from the underside of the Moho (pmP) and use them to 

provide new estimates of crustal thickness for the central Andes.  Although relatively 

small in amplitude, the pmP phase is often clear even on single seismograms.  Less 

obvious pmP phases were enhanced by stacking traces from arrays.   
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In some Andean locations, despite favourable earthquake conditions, there is no 

apparent precursor reflection.  This phenomenon seems to points toward crustal 

heterogeneity at the Moho.  By measuring the amplitudes and calculating the ratios of P, 

pmP and pP for all traces from a single earthquake, it is possible to estimate the 

reflectivity variance at the Moho.  Given that Earthscope’s Transportable Array in North 

America has an abundance of instruments (~250-450 operating at any one time) this 

effective Mega-Array allows for the remote teleseismic analysis of Moho variability with 

an unprecedented resolution.  By calculating this variation in reflection amplitudes of the 

closely grouped Moho bounce points we hope to be able to focus not just on evaluating 

crustal thickness but also on the more fundamental questions about the nature of the 

Moho.  In addition, we will evaluate some precursors which appear to correspond to 

intracrustal (magma?) and lithospheric mantle discontinuities.   

One further utility of examining depth-phase precursors lies in the possibility that 

the technique gives the ability to image the Lithosphere-Asthenosphere Boundary (LAB).   

An accurate understanding of lithospheric structure would be important in allowing the 

correct identification of the geodynamic processes that occurred in the past.  In pursuit of 

this, a cross-correlation technique was used on teleseismic recordings from the deeper 

Andean earthquakes(>100km) in order to magnify any depth-phase precursor energy.  

This energy is interpreted as reflected from the underside of lithospheric discontinuities; 

primarily the Moho, but also a deeper boundary consistent with what others report as the 

Lithosphere-Asthenosphere Boundary (LAB). Analysis of precursor LAB reflection 

waveforms allows for the refining of geodynamic models for the region 
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Whilst the Andes are a main focus of the thesis, the last chapter pivots towards 

Asia – specifically Taiwan.  Taiwan is the product of a three-dimensionally complex 

interaction between the Eurasian Plate (EUP) and the Philippine Sea Plate (PSP).  The 

EUP is subducting eastward beneath the PSP in southern Taiwan whilst the PSP 

simultaneously subducts northward beneath the EUP in northern Taiwan. The structural 

emplacement of Philippine Arc lithosphere onto Eurasian passive margin lithosphere is 

an example of continental amalgamation.  There are, however, relatively few constraints 

on the geometry of this lithosphere at depth. We have used teleseismic data recorded by 

the Broadband Array for Taiwan Seismology (BATS) to compute S to p receiver 

functions for the Taiwan region.  These provide new constraints on the aforementioned 

deep lithospheric geometries.  Moho conversions provide independent confirmation of 

estimates of crustal thickness from previous P to s receiver function and P wave 

tomographic studies. Evidence of a deep seismic converter seems to confirm significant 

subduction of Asian continental lithosphere beneath southern Taiwan. The apparent 

along-strike variation in the depth of the base of the lithosphere can be attributed to the 

decapitation of the Eurasian continental plate during the transition to northward 

subduction of the Philippine Sea plate.  

This introduction intends to help illustrate the common theme of this dissertation.  

That is, that by utilizing the abundant seismicity with the use of innovative seismic 

techniques, it is possible to image the large-scale first-order structure of both the crust 

and lithosphere of the Central Andes and Taiwan.  Doing this allows for the unraveling of 

the complicated tectonic structure at these margins and facilitates the understanding of 
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which associated geodynamic processes were at work to help create these subduction 

margins. 

 The techniques utilized in this study are relatively new additions to the seismic 

toolbox and, as such, offer unique opportunities to observe lithospheric structure at an 

unprecedented level.  Due to this, the results derived from this study offer valuable 

insights into the current geodynamic processes occurring in the tectonic framework of 

these similar, yet disparate locations.   

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 5 

CHAPTER 2 

 

CRUSTAL THICKNESS IN THE CENTRAL ANDES FROM TELESEISMICALLY 

RECORDED DEPTH PHASE PRECURSORS 

 

 

Introduction  

The Andes are the type example of a mountain range constructed by crustal 

thickening and shortening that result from a non-collisional, subduction zone orogen.  

Extending some 8000 km from Venezuela to Tierra del Fuego, they are the dominant 

morphological feature of South America (Figure 2.1). The Andes include the earth’s 

second greatest (after Tibet) continental plateau (in terms of height and areal extent), the 

highest active volcanoes (> 6800 meters), the highest peaks outside of the Himalayas (> 

7000 meters), and some of the thickest crust reported anywhere (> 80 km; e.g., Zandt et 

al., 1996; Yuan et al., 2002). 

The Central Andes also serve as a natural laboratory for associating surface 

tectonics with such deep processes as changing subduction dip, lithospheric delamination 

and subduction erosion.  The history of the Andes is the product of a complex overlay of 

magmatism, uplift due to contractional deformation, intervening episodes of oblique 

extension, collision of oceanic terranes (in the north), formation of sedimentary basins, 

mineralization, loss of continental crust by forearc subduction erosion and ultimately 

removal of the base of thickened crust by delamination (see reviews in Allmendinger et 

al., 1997 and Kay et al., 1999). The geodynamic mechanisms responsible for this history 

of complex crustal reworking and thickening, and the amount, timing and fate of 

removed continental crust and mantle lithosphere are the focus of ongoing debate. 
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Figure 2.1.   Previous seismic investigations in our study area: Dorbath et al. 1993 

(turquoise); SEDA (light blue); BANJO (dark blue); ANCORP (green); CINCA (red); 

CALAMA (purple); PAMB (Pink); PISCO (light purple); REFUCA (light green); PUNA 

(yellow); and CHARGE (Orange).  
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The crustal thickness of the Andes is amongst the greatest in the world (e.g. Beck and 

Zandt, 2002; Yuan et al., 2002).  Isacks (1988) argued for a relatively simple relationship 

in which the high crustal thickness in the Central Andes could principally be explained by 

east-west shortening. Assuming that Airy isostatic balance applies to most of the modern 

Altiplano-Puna and Eastern Cordillera, the geologic record of shortening should serve as 

a proxy for surface elevation through time.  Kley and Monaldi (1998; 2002) argue, 

however, that there are anomalous regions where the estimates of shortening and 

thickening cannot account for the observed elevation solely based on isostasy.  Various 

geodynamic processes have been proposed to account for such discrepancies including, 

but not limited to, lower crustal channel flow (Isacks, 1988; Gerbault et al., 2005; Clark 

and Royden, 2000), and crustal and mantle lithospheric delamination (Kay and Kay, 

1993).  A key test of many of these models is crustal thickness, which is still poorly 

known in parts of the central Andes. For example, no data are yet available between the 

latitudes 26 and 30°S. 

 Defining crustal structure, especially thickness, has been the goal of a number of 

geophysical surveys in the Andes.  These studies (Figure 2.1) include the SEDA and 

BANJO experiments (Zandt et al., 1996; Swenson et al., 2000; Beck and Zandt, 2002), 

the PISCO array (Schmitz et al., 1999; Graeber and Asch, 1999), the CALAMA 

experiment (Graeber and Asch, 1999), the ANCORP line (ANCORP Working Group, 

1999; 2003), the CHARGE study (Fromm et al., 2004), the PAMB array (Chmielowski et 

al., 1999, Zandt et al, 2003), the PUNA arrays (Yuan et al., 2000, 2002), a study of the 

northern Altiplano (Dorbath et al., 1993) and the REFUCA experiment (Heit et al, 2006).  

These experiments have involved a variety of active (controlled source) and passive 
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(receiver function) seismic methods. Two significant findings to date are that: i) Moho 

topography is surprisingly variable with depths ranging from ~60 to 80 km beneath the 

Puna-Altiplano to ~50 to 60km above the Chilean flat-slab crust, and ii) the Andean crust 

is expectedly felsic in composition (Zandt et al, 1996; Yuan et al. 2002; Swenson et al, 

2000).  Although field experiments in the Andes will undoubtedly continue to provide 

additional coverage, here we use the extensive existing teleseismic recordings to 

substantially expand the number of crustal thickness measurements in the central Andes, 

without the expense of a local field campaign.  

 

Method 

 Our study builds upon a method pioneered by Zhang and Lay (1993), which was 

subsequently reconfigured and applied to the Andes by Zandt et al. (1994). The method is 

based upon the identification of reflections from the underside of the Moho of seismic 

waves originating from intermediate to deep (sub-Moho) earthquakes (Figure 2.2). 

Zhang and Lay (1993) focused on S wave reflections (specifically SH).  Zandt et 

al. (1994) used both P and S waves.  In this study, we concentrate on the analysis of P 

waves because their higher frequencies yield greater resolution and their arrival times can 

be more accurately measured than those of the later S-waves.  We began by extracting the 

portion of the seismic recording that spans the onset of P and pP, as estimated by the 

seismic travel time program TauPtime using the ak135 earth model (Crotwell et al, 

1999).  This program generates arrival times for the main phases expected from an 

earthquake, including P, pP, PcP, for given focal depths and distances.  Distinct energy 

arrivals between P and pP that could not be associated with conventional phases such as 
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Figure 2.2.   Illustration of reflection of up going P-wave reflecting from the underside 

of the Moho (pmP) and surface (pP).  Note that the ray paths for all three are virtually 

identical away from the source/reflecting area, eliminating receiver and distal paths 

effects as an explanation for the differential characteristics of these phases. 
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PcP were provisionally interpreted as reflections from the Moho (pmP).  Although such 

arrivals are often clear on individual traces (e.g. Figure 1.4; Kind and Seidl, 1982) signal 

stacking (e.g. Figures 2.5 & 2.6; Zandt et al., 1994) was utilized to enhance weaker 

arrivals. 

 The measured delay time between P and pP (tpP and tpmP) was converted to crustal 

thickness using the formula: 

 

                                                    
222 PVhtt PcpmPpP  

      

 

where h is the thickness of the crust, VPc is the velocity of the P-wave in the crust and P is 

the approximate ray parameter for the phases. Like Zhang and Lay (1993) and Zandt et al 

(1994), we assumed that the ray parameter for the incident pP phase is identical to that of 

the pmP phase. The crustal velocities used for conversion were based upon the limited 

measurements from field experiments reported in the literature (see below) and our own 

analysis of Pg travel times from the ISP database (Figure 2.7). 

 The method takes advantage of the recent proliferation of digital seismic networks 

and single stations over the globe, but especially in North America. Earthquakes of 

sufficient depth and magnitude are needed to provide an energetic up going P wave.   A 

minimum magnitude of 6 (Mw) was found to be desirable, although some useful results 

were obtained from events as small as Mw = 5.8, depending upon the epicentral distance 

to the recording station. A minimum depth of 100 km is needed to allow enough time 

separation to distinguish the seismic phases P, pmP and pP from each other and their 

respective codas. We used the vertical component of seismograms from stations between 
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30 and 85 degrees from the source to avoid triplication effects and possible interactions 

of arrivals with the D’’ layer at the core-mantle boundary.  Ray paths for pP and PmP 

were assumed to be sufficiently similar that propagation delays away from the region of 

reflection could be ignored.  

The points where upward traveling pP waves reflect off the Earth’s surface or 

Moho are referred to below as bounce points.  The bounce points that correspond to the 

measurements in this study are shown with their accompanying calculated depth in 

Figure 2.10.  Over 8000 individual seismic traces originating from 57 events spanning the 

Andes from 16°S to 40°S were examined (e.g. Figure 2.3). The reflection (bounce point) 

locations, projected to the surface, for the pmP phases were calculated using the 

relationship between the ray parameter P (calculated using the TauPtime 

program(Crotwell et. Al., 1999)), the angle of incidence I and the mantle velocity V. 

 

P = sin I/V 

 

Stacking and Phase Move-out 

 The key to this study is the identification of pmP.  Although distinct pmP 

waveforms were evident on a number of individual station records (e.g. Figure 2.4), the 

pmP phase is usually weak.  Therefore confident identification often requires signal 

enhancement before picking   Stacking is a common means of enhancing minor precursor 

signals (e.g. Zhang and Lay,  (1993); Zandt et al., (1994); Shearer, (1991, 1993); and  
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Figure 2.3.   Epicentral locations of the 69 intermediate to deep earthquakes used in 

this study.  Events are all greater than Mw 5.8 
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Flanagan and Shearer,  (1998).   The Terrascope/Caltech network in southern California 

is particularly useful for signal stacking.  This network has operated almost continuously 

for the past 15 years and has had a varying, but always significant, number of stations 

situated sufficiently close together to produce robust stacks.  Ray paths for particular 

earthquakes at differing stations are so similar that the pmP reflection bounce points can 

be assumed to be from the same crustal area and thus are justifiably stacked and summed.  

We also took advantage of several temporary seismic deployments in the western United 

States with relatively small interstation separations which “caught” suitable events from 

the Andes.  

Effective stacking requires alignment of the seismic arrivals of interest. Zandt et 

al. (1994) used slant-stacking techniques to correct for linear move out effects.  We 

calculated the estimated arrival times of pP for the various Terrascope stations using the 

program TauPtime and found the time differential between the closest and furthest 

bounce points to be only 0.2 seconds.  Assuming that pP is a suitable proxy for pmP in 

this context, such differentials are insignificant compared with the signal periods of over 

2 seconds, and thus were neglected. 

The data recorded by Terrascope from a Mw 6.3 earthquake that occurred on 8 June 1993 

at 31.56°S, 69.24°W at a depth of 112 km is shown in Figure 1.5.  Although this event 

shows clear pmP energy on single traces at various back-azimuths, the amplitude of the 

phase can be greatly enhanced by stacking.  Assuming an average P velocity of 6.5 

km/sec, a crustal thickness of 57 km was calculated at the bounce point corresponding to 

this event.  The assumed P velocity is close to a Pg velocity reported from the nearby 

CHARGE experiment (Alvarado et al., 2005).   



 

 14 

Figure 2.4.  Seismograms illustrating examples of precursor phases.  These events 

occurred on: a) 8
th

 June 1993, (b) 17
th

 March 2004, (c) 23
rd

 January 1997, (d) 8
th

 October 

1998, (e) 15
th

 September 1999 and (f) 20
th

 July 1997.  Examples (a), (b), (d) and (e) all 

show clear Moho reflection reflections (pmP) as well as surface reflections (pP). 

Example (c) contains an early arrival (indicated) interpreted to come from a deeper 

interface (the Hales discontinuity?).  The two traces in example (f) are from the same 

event recorded at two different stations. Both show arrivals from a deeper interface 

(indicated in orange and red) that could mark the lithosphere-asthenosphere boundary. 

The top trace (i) also shows an intracrustal reflector (pink) which we suggest could mark 

a magma layer. 
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Figure 2.5.  Top:  Terrascope array recordings from an earthquake occurring on 8 June 

1993, Mw 6.3, in the shallow subduction zone beneath the Calingasta valley, Argentina 

(31.6°S, 69.2°W). Bottom: Straight stack of array seismograms, showing substantial 

enhancement of reflected Moho phase.   
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Another example is detailed in Figure 1.6 which shows the results from the analysis of an 

Mw 7.2 earthquake that occurred on 12 May 2000 at 23.5°S, 66.4°W at a depth of 225 

km.  This event was recorded by five different arrays, including the Terrascope/Caltech 

network, the Ristra deployment, North and South Colorado (CDROM) and Montana. 

Data from each array were stacked and Pp-PmP times measured. The times were 

converted to depth using an average crustal velocity of 6 km/s, which has been widely 

reported as the average crustal velocity for the Altiplano plateau (Zandt et al., 1996; 

Schurr et al., 1999; Beck and Zandt, 2002).  In spite of the diverse distribution of 

recording arrays, the corresponding bounce points cluster within 30 km of each other, and 

the resulting crustal thickness estimates are similar, only varying from 59 to 62km 

(Figure 2.6).  The consistency among the results from these arrays, despite the variations 

in signal strength of pmP, shows that the technique is relatively robust.  

 

Crustal Velocity 

 The primary ambiguity in converting pP-pmP time delays to crustal thickness lies 

in assuming a conversion velocity for the crustal travel path for an event.  Many authors 

have argued that the Altiplano-Puna plateau is anomalously felsic in composition, and 

various studies have reported average crustal P-wave velocities as low as ~6 km/s (Zandt 

et al., 1996; Schurr et al., 1999; Beck and Zandt, 2002).  Crustal velocity studies for the 

remainder of the Andes are limited, but recent work by Alvarado et al. (2005) above the 

Chilean flatslab between 28°S and 33°S indicates a Pg ~ of 6.3km/s in that region.  As an 

independent guide, time-travel plots were created based on first-arrivals from low 

magnitude local earthquakes listed in the ISC bulletin in two areas where earthquakes 

were used in this study:  20-25°S and 28-33°S.  An example of this study is detailed in  
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Figure 2.6.   Fortuitous recordings of a Mw 7.2 earthquake occurring on 12
th

 May 2000 

by temporary arrays in New Mexico, northern and southern Colorado and Montana, as 

well as Terrascope, all about 80° from the epicenter (c).  Individual traces (a) from 

Terrascope, summed to yield the composite in (b).  Comparison of stacked composites 

(d) from the four arrays (top to bottom: Montana, California, New Mexico, northern 

Colorado and southern Colorado).   The map at right shows the epicentral locations, the 

azimuth to the arrays and the bounce points for the Moho reflections for the various 

arrays.  
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Figure 2.7. Plot of Pg travel times versus distance for stations between 28 and 33°S 

from the ISC bulletin. The slope of this plot provides a crude estimate of crustal velocity 

(6.2km/s), which we have used to convert measured pP-pmP travel times to depth.  
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Figure 2.7.  Although broad in scope and lacking in azimuthal coverage, these gross 

travel time curves suggest a Pg velocity of ~6 km/s in the northern zone and ~6.5 km/s in 

the southern zone.  These values are generally consistent with previously published 

results and were used for depth conversions in the two regions although it should be 

noted that using the crustal velocity reported by Alvarado et al. (2005) for events around 

the Chilean  (Pampean) flatslab will result in a reduction of crustal thickness on the order 

of ~1 km.  

 

Cross-Calibration 

 In order to assess the consistency of the results obtained here with those from 

other techniques, we compiled a comparison for all areas where independent crustal 

thickness estimates were available. For the comparison, our estimates of crustal thickness 

were averaged over the same 1° squares as those for the receiver function and wide angle 

reflection estimates reported by Yuan et al. (2002).  As seen in Figure 2.8 (i) the results 

from these different methods are very similar.  This agreement is even more impressive 

given that the receiver function thicknesses are strongly dependent on estimates of 

average shear wave velocity, whereas the results reported here are dependent on assumed 

average compression wave velocity.  Thus the differences in thicknesses that do exist 

could be attributable to lateral variations in Poisson’s ratio. 

 In Figure 2.8 (ii), the estimates of crustal thickness derived from the pmP method 

are compared against those of the ANCORP group (2003) in a crustal cross-section.  The 

ANCORP study calculated crustal thicknesses based on receiver function and deep 

reflection profiling. Except for two outliers, the pmP-derived estimates agree well with  
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Figure 2.8.   (i) Comparison of crustal thickness estimates from this study with those 

from the receiver function study of Yuan et al., (2002), demonstrating the general 

agreement between the two independent datasets. (ii) A Cross section through the central 

Andes showing Moho topography inferred from receiver functions (modified from 

ANCORP 2003).  Crustal thicknesses from this study represented by crosses, again 

exhibiting general agreement.   

 

 

 

 

 

 

 

  



 

 21 

those on the ANCORP profile. The outliers raise the issue of whether the Moho as  

delineated by pmP marks the same interface “seen” by surface source seismic or receiver 

function techniques. There is room for ambiguity between the methods given the very 

different seismic frequencies involved between the deep reflection profiling and this 

technique.  For this study, it was observed that the best underside Moho reflections were 

obtained using frequencies between 1 and 0.2Hz.  Thus there exists the possibility of a 

gradational velocity variation across the Moho preferentially reflecting these differing 

wavelengths. 

 

Non-Reflective (?) Moho 

  Although the method used in this study was successful in extracting estimates of 

crustal thickness at a number of locations in the Central Andes, a large fraction of the 

seismic records examined showed no discernible precursor phase.  Compare, for 

example, the seismogram in Figure 2.9a with those in 2.9b and 2.9c. Only the former is 

sufficiently clear to be reliably incorporated into this study.  Since both P and pP are 

equally strong in all three cases, we suggest that the amplitude difference in pmP is most 

likely due to variability in the reflectivity of the Moho itself.  The reflection character of 

the Moho has long been recognized as being highly variable from surface controlled 

source experiments (e.g. Prussen, 1989; Oliver et al., 1983; Cook, 2002).  There have 

also been reports of “weak” Moho reflections above subduction zones in western North 

America from passive source receiver function studies (Bostock et al, 2002; Zandt et al., 

2004).  In the receiver function studies, the lack of a Moho was interpreted to be caused 

respectively by (i) serpentinization of the mantle forearc mantle due to dewatering of the  
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Figure 2.9.  Recordings for an event on 29
th

 June 2001 (blue circle) by stations  a) PAS 

– Pasadena, California; b) TAM – Tamanrasset, Algeria; c) TSUM – Tsumub Namibia. 

The bounce points (pink circles) for the pmP phase sample distinctly different areas of 

the Moho (the Fresnel zone for pmP phase is approximately 1 km in each case).  The 

variation in the strength of the Moho reflection either implies azimuthal anisotropy or 

lateral heterogeneity at the Moho. We suggest that the latter is the most likely explanation 

for the full range of variations in Moho reflectivity observed in this study. 

 

 

 

 

  



 

 23 

subducted oceanic crust and (ii) an episode of crustal delamination.  The lack of a clear  

Moho signal from the pmP technique may also be indicative of significant mineralogical 

variations in the lower crust or upper mantle – especially when contrasted with adjacent 

highly impulsive reflections from the same source.  However, quantification of these 

variations is beyond the scope of this study. 

 

A New Crustal Thickness Compilation for the Central Andes: Tectonic implications 

 Summaries of the new crustal thickness estimates reported here along with those 

previously reported from receiver function technique and controlled-source seismic 

refraction studies (Yuan et al. 2000, 2002; Fromm et al. 2004; ANCORP Working Group, 

2003) are shown on a Digital Elevation Model (DEM) of the Andes in Figure 2.10.  The 

new results greatly expand the area thus far sampled for crustal thickness. For example, 

no previous measurements were available between 26°S and 30°S where a crustal 

thickness of 70 kilometers was obtained near the Incapillo ignimbrite complex (28°S, 

69°W).  Likewise, a new crustal thickness estimate of 45 kilometers is reported at the 

western margin of the Sierras Pampeanas.   New crustal thickness estimates of 60-70 km 

in Figure 1.7 are the first to be reported for the area east of the southern margin of the 

Peruvian flat-slab (18°S - 14°S) 

 In the northern Puna and southern Altiplano region, our crustal thickness 

estimates of 49-66 km using the pmP method agree well with the crustal thicknesses of 

42-67 km reported by Yuan et al. (2002).  Under the main Altiplano plateau, Yuan et al. 

(2002) obtained a crustal thickness of 80 km compared with 82 km from the pmP 

method.  Further south, strong pmP reflections from the Calingasta Valley in the  
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Figure 2.10.   Crustal thickness, in km, calculated from this study (red dots), compared 

with those from Yuan et al (2002) (figure A) and Fromm et al. (2004), (green dots in 

figure B). The results from Yuan et al. (2002) are presented as averages within one 

degree square blocks. 
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Precordillera over the Chilean flat slab region yield Moho depths of 55-60 km that are in 

good agreement with nearby crustal thicknesses determined from receiver functions 

(Fromm et al 2004) in the CHARGE experiment. 

 One of the most interesting results of this study is the corroboration of the results 

of Yuan et al. (2002) that a marked topography exists on the Moho beneath the relatively 

flat Altiplano-Puna plateau, with depths varying from >80 km beneath the Altiplano to 

~45 km beneath the northern Puna.  Such a variation seems inconsistent with a relatively 

uniform surface topography, which has an average elevation of ~4km (Isacks, 1988; 

Whitman et. al, 1994).  Given isostatic equilibrium, a relatively flat plateau suggests that 

the Moho should be at an average depth of 60-65km throughout.  The fact that this is not 

the case raises some interesting questions about the nature of the Moho.  One is that in 

the Andes, and very likely other active-margin orogenic belts, isostasy is not always an 

accurate method for gauging crustal thickness.  A combination of geodynamic processes 

allow for perturbation in the natural isostatic response making isostatic based estimates 

unreliable.   

Alternatively, the various seismic techniques utilized in the Andes may be 

detecting a seismic discontinuity, but that is not the conventional crust-mantle boundary.  

Authors like Griffin and O’Reilly (1987) have highlighted the existence of a difference 

between the continental lithologic and seismic Moho.  This difference can be greatly 

exacerbated by orogenic events where the creation of thickened crust causes 

eclogitisation of the lower portion.  Given the fast mantle-like seismic velocities of 

eclogites, an impedance contrast reflection for the Moho would occur at much shallower 

depths than the lithologic crust-mantle boundary.  Thus varying levels of eclogitisation in 
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the crust can account for changes in Moho depth.  The presence of eclogite in the Andean 

crustal root has been postulated in a large number of studies (e.g., Kay et al, 1994; James 

and Sacks, 1999; Beck and Zandt, 2002). 

However, while eclogitization may explain limited discrepancies in crustal depth, 

it seems unlikely to explain large-scale differences observed between the central 

Altiplano and the northern Puna.  Figure 2.10 displays the prominent crustal maxima and 

minima: a high value of >80 km in the Altiplano and a low value of ~45km in the 

northern Puna.  As previously stated, crustal seismic velocities in the crust of the 

Altiplano are anomalously felsic, thus a deep crust with mantle-like P-wave velocities in 

unlikely. It seems likely, therefore, that to explain these differences a significant portion 

of the Moho topography must have been physically modified by geodynamic processes.  

The two primary candidates are lithospheric delamination and lower crustal flow.  The 

details of the possible effects of these processes follow. 

 

Puna-Altiplano Plateau 

Estimates of crustal shortening rates in the central Andes provide one 

straightforward explanation for the large crustal thickness in this region.  Calculations of 

over 350 km of total shortening for the Altiplano (e.g., Kley and Monaldi, 1998) allow 

for the presence of sufficient crustal material to compensate for large crustal thicknesses.  

However, although the Altiplano basin is relatively flat, elevations do range from ~3.7 to 

~ 4.1 km.  This difference, while significant, is not nearly enough to explain why large 

thickness deviations (82 - 57km) appear to exist in the supporting crustal root between 

adjoining areas.  One explanation of how the regions which appear to have a thick crust 
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were formed requires that the thick mantle lithosphere under the Altiplano (Whitman et 

al, 1996) be tightly coupled to the overlying crust, resulting in a basal sinking force.  This 

would result in the elevation of the Altiplano being artificially depressed despite the 

presence of a thick crust (e.g. Gerbault et al, 2005).  Another effect could be that the thick 

lithospheric root of the Altiplano exerts a gravitational pull significant enough to open a 

planar channel within the lower crust.  This would allow lower crustal material to flow 

through this channel thereby creating differences in the crustal thickness in adjacent 

regions and, given models like that of Beaumont et al. (2001), such flow would be 

unimpeded by topography on the Moho.  Further, the fact that topography exists on the 

Moho precludes the possibility of lower crustal flow along the Moho discontinuity as 

ponding would occur under thinner sections of the crust, and thereby re-equilibrate the 

crustal thickness.  

 The area in the Puna centered on 25°S, 68°W is worth noting because here an 

unusually thin crust of ~45 km is observed.  This region of thinner crust is peculiar 

because despite the apparent lack of a very thick crust, the region is at an elevation of ~ 

4000 m, again violating the isostatic relation between elevation and thickness.  Yuan et 

al. (2002) derived an average crustal thickness of 42 km in this region and also pointed 

out that this block may not be in isostatic equilibrium.  They further observed that 

isostatic equilibrium could not be obtained even if the crust is purely felsic and the 

lithosphere is 50 km thick.  Yuan et al. (2002) suggest a solution would be to 

mechanically couple this region with an adjacent region of thickened crust.  The physical 

properties of a thin crust at high elevation combined with the presence of a thin mantle lid 

(Whitman et al, 1996) could be explained in another way.  The dynamic nature of this 
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area strengthens the argument for attributing these features to an episode of lower crustal 

delamination (e.g., Kay and Kay 1993; Kay et al. 1994; Schurr et al. 2006). 

 

Southern Peru 

Further north, the Moho results for Peru reveal a thick (60-70 km) crust at the 

southern margin of the Peruvian flat-slab indicating that a deep Moho is not limited to the 

highest elevations of the Altiplano plateau.  There is also a divergence in this region 

between the crustal thicknesses expected from isostatic thickness based on elevation and 

that recorded by the precursor technique. 

 

Chilean Flatslab 

New crustal thicknesses for the area above the Chilean flatslab are in accord with 

thickened crust under the Andes extending eastward under the Pampean ranges of 

northern Argentina (Figure 10).  These data are in agreement with crustal thicknesses 

from the CHARGE experiment (Fromm et al., 2004; Calkins et al., 2006; Gilbert et al., 

2006) as well as those of Regnier et al. (1994) based on earthquake data, and Introcaso et 

al. (1992) from gravity data.  Taken together, these data indicate a crustal thickness of 

~60 km under the Main Cordillera, an eastward shallowing to between 60 and 50 km, and 

another change to between 40 and 30 km to the east of 67°W. 

Gilbert et al. (2006) and Calkins et al. (2006) used the results from the CHARGE 

experiment to argue for the presence of eclogite at the base of the crust under the 

Argentine Precordillera and Pampean ranges.  The occurrence of eclogite and garnet 

granulite was inferred from weak Ps wave conversions recorded at the Moho that were 
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explained by the small impedance contrast that would result at a boundary between upper 

mantle peridotite and lower crustal eclogite.  The presence of a mafic root in the deep 

crust of this region might be supported by the presence of garnet-granulite xenoliths in 

eastern Precordillera in Miocene volcanic rocks (Kay et al., 1996), although these 

xenoliths could alternatively be from the Precambrian crust beneath the Precordillera.  

General elevations in the Sierras Pampeanas near 1 km and locally over 2 km in a region 

of a deep crustal root can then be attributed to eclogite in the lower crust acting as a dense 

sinker mechanically depressing the region.  A similar explanation has been used to 

explain the relatively low elevation (0.9 – 1.2km) of the southern Ural mountains in 

central Russia.  There, the explosive-source deep seismic reflection profile of the 

URSEIS experiment confirmed the presence of a thick (~55 km), mafic, seismically fast 

eclogitic root (Knapp et al, 1996; Carbonell et al, 1996; Steer et al, 1998).   

 

Other Lithospheric Discontinuities 

The general agreement between depth estimates for the Moho from the pmP 

technique and those from independent studies give us confidence that the precursors that 

have been identified generally correspond to reflections from the Moho.  However, some 

precursory arrivals may correspond to discontinuities other than the Moho.  For example, 

in the vicinity of Tarija in the SubAndean ranges, Yuan et al (2002) report the Moho to 

be at ~ 45km. Yet the most prominent depth-phase precursor we identify suggests a 

discontinuity at a depth of around 80 km (Figure 2.4c). While such a large value might be 

expected beneath the Altiplano, such a thick crust seems inconsistent with both the 

geology and the relatively low average elevation of the Subandean region. These arrivals 
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could be reflections from the Hales discontinuity, an intermittently observed feature of 

the continental lithospheric mantle initially reported from a  P wave  control-source study 

(Hales, 1969).  Subsequent studies have argued that the Hales discontinuity may be  a 

zone of enhanced seismic anisotropy (Park and Levin, 2001) or a relict mantle fabric that 

indicates the minimum thickness obtained by the stiff mantle lid during orogenic events 

(Levin and Park, 2000).  Although it is premature to generalize based on a single new 

observation, this underside reflection would suggest that the Hales discontinuity, if that is 

what is being detected, is a rather abrupt transition in bulk modulus or density and not 

merely a contrast in anisotropy.   

 In addition, other traces from the dataset appear to depict reflections from 

intracrustal discontinuities at a depth of ~20 km (Figure 2.4f (i)).  Such arrivals are 

analogous to those defining the “bright spots” observed in Socorro, New Mexico 

(Brocher, 1981) and Tibet (Brown et al., 1996) that have been interpreted to be magma 

bodies.  The presence of intracrustal magma bodies in the Andes has previously been 

inferred from both seismic and petrologic data.  In particular, seismic data were used in 

defining the Altiplano Puna Magma Body (Chmielowski et al., 1998), the existence of 

crustal melts on the ANCORP seismic line (ANCORP, 2003) and beneath Tuzgle 

Volcano (Schurr et al,. 2003, 2006).  Coira and Kay (1993) used petrologic observations 

combined with geophysical results from the local seismic network of Cahill et al. (1992) 

to infer magma accumulation at ~ 20 km at an inferred crustal decollement beneath 

Tuzgle Volcano.  The approximate 20 km depth observed by all of these techniques 

indicates that this is a preferred depth for upwardly ascending magmas to pool and 

initiate fractionation.  The poor lateral resolution of the pmP method and the discrete 
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nature of the crustal melt horizons place limits on the pmP technique as a tool in spatial 

mapping of these crustal discontinuities.   

Figure 2.4f also displays other subMoho reflections. While ambiguous, these 

reflections occur at depths comparable to those attributed to the Lithosphere 

Asthenosphere Boundary (LAB) (Heit et al., 2007). 

 

Conclusions 

Identification and mapping of teleseismic precursors to pP for intermediate to 

deep earthquakes beneath South America presents a rich new source of information on 

lithospheric structure beneath the Andes. Such precursors have allowed us to map crustal 

thickness variations over a large area without having a time-consuming field campaign.  

This technique is eminently suited to areas where field conditions are prohibitive and 

deep earthquakes plentiful.  Where our results overlap previous findings using other 

techniques, they compare favorably. Most importantly, our results extend coverage over a 

large region where previous estimates are lacking. The success of the technique is due to 

the availability of significant numbers of seismic records from experiments conducted in 

the western U.S. that are at the appropriate epicentral distance from South America.   

 The results obtained using the pmP technique combined with those from other 

studies show the crustal thicknesses under the Central Andes are more variable than 

expected from purely isostatic considerations. We infer that one or a combination of 

geodynamic processes such as lower crustal flow, lower crustal delamination as well as 

possibly mantle/crustal lithospheric coupling can explain the highly variable topography 

on the Moho.  With this technique we have also found evidence of intracrustal (i.e. 
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magma) and subMoho heterogeneity, indicating that the technique has uses well beyond 

mapping Moho topography.  
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CHAPTER 3 

 

LITHOSPHERIC STRUCTURE OF THE CENTRAL ANDES FROM THE CROSS-

CORRELATION OF DEEP TELESEISMICALLY RECORDED DEPTH-PHASE 

PRECURSORS 

 

Introduction 

 The Andean Cordillera contains the second highest plateau on Earth, the Puna-

Altiplano, which is known to be supported by crustal thickness of ~40–80 km (e.g., 

James, 1971; Beck et al., 1996; Beck and Zandt, 2002; Yuan et al, 2002; McGlashan et 

al., 2008).  Identifying mechanisms of crustal thickening in the Andes remains a vital yet 

debatable endeavor. Estimates of shortening values from 2D cross-sections have shown 

there to be an insufficient volume of crust to fully explain the observed thicknesses (Kley 

and Monaldi, 1998).  As such, other processes, including addition of melt (James, 1971), 

tectonic underplating of material through subduction erosion (Schmitz, 1994), lower 

crustal flow (Baby et al., 1997; Gerbault et al., 2005), crustal delamination (Kay and Kay, 

1993; Kay et al., 1994) and lateral crustal extrusion (Hindle et al., 2005) have been 

invoked to explain the discrepancy. 

 The orogen also offers a valuable opportunity to associate surface tectonics with 

deep processes such as subduction erosion, lithospheric delamination and variations in 

slab dip.  There is a complex history of crustal reworking, thickening and removal (e.g., 

Kay and Kay, 1993; Allmendinger et al., 1997; Sobolev et al., 2006; Kay and Coira, 

2009).  The amount, timing and outcome of removed continental crust and mantle  
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Figure 3.1.   This schematic illustrates the lithospheric structure and the subsequent ray 

paths for the various underside reflections from a deep earthquake.  Finding the pLP 

phase (a reflection from the underside of the LAB) is the core purpose of this study.  The 

trace on the right, taken from an event on the 20
th

 July 1997, depicts the seismically 

recorded response to the structure on the left.   
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lithosphere as well as the dynamic mechanisms involved are the subject of debate.  In 

such a context, we regard the definition of the lithosphere as a key parameter in 

determining  the geodynamic evolution of the Cordillera.  This study attempts to do so by 

utilizing a technique refined by McGlashan et al. (2008) which examines teleseismic 

depth-phase precursor arrivals and interprets them as underside reflections from 

lithospheric discontinuities.  In the study of the Moho, McGlashan et al., (2008) observed 

many traces that also displayed a second distinct energy arrival within the time window 

between the P and pP phases (Figure 3.1).  This implies the existence of another, earlier 

(deeper) boundary.  While discernible on some traces, these secondary energy reflections 

are more ambiguous and less pervasive than the pmP reflections and we seek here to fully 

explore both their occurrence and meaning.   

 

Method 

 There are subtle, yet crucial, differences between the method used here to 

highlight the deeper LAB boundary reflection (pLP) and the method used in Chapter 2, 

which focused primarily on the underside reflection from the Moho (pmP).  The main 

difference is that this method  involves a more complicated processing technique, which 

is explained in this section.  Once more, the data analyzed concentrates solely on the use 

of vertical component P-waves and examines the portion of the seismic recording that 

spans the onset of the P and pP phases. Although precursor arrivals are often clear on 

individual traces (e.g. Figure 3.1), the majority are indistinct or swamped by background 

noise.  In an effort to maximize the available precursor energy, a cross-correlation routine 

is performed.  In signal processing, the cross-correlation technique is a measure of the 
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similarities of two signals and is commonly used to find features in an unknown signal by 

comparing it to a known one. It is especially appropriate to this study because it is a 

function of the relative time between the signals.    

 For discrete functions fn and gn the cross-correlation is defined as: 

 

                            

 In this study, we take an individual trace and isolate the P-wave to be taken as g in 

the above formula.  This small wavelet is then integrated over the length of the original 

trace, at each time interval, from before the P-wave arrival to the end of the depth phases. 

The resultant cross-correlated trace shows a spike in places where g (the P-wave snippet) 

is a good match in form and frequency to f (the original trace) (Figure. 3.2).  Any random 

noise or anomalous energy is minimized. Crucially, the processing also differentiates 

between times when positive areas (peaks) and negative areas (troughs) align allowing 

for distinctions in the polarity of signals to be assessed. 

 This correlation analysis is useful because if the deeper arrival is the pLP, it will 

have a reverse polarity compared to the Moho.  The cross correlated phase will reflect 

this by also having a reversed spike. Once cross correlation has been performed on all the 

traces from a particular event, they are aligned and summed together using a slant-stack 

procedure.  This helps to further increase the signal to noise ratio of the precursor energy.  

The measured time between the phases is then used to determine the associated depths of  
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Figure 3.2.   An example the cross-correlation process.  The P-wave is separated from 

the original trace and cross-correlated against the full trace.  On the bottom is the 

resultant cross correlation.  Note that the pLP phase (LAB) shows a reversed polarity in 

comparison to pmP and pP. 
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the particular precursors given that they occur in the time window between the slab (i.e. 

the direct P wave) and the earth’s surface (pP reflection). 

Data 

 The precursor technique relies on deep earthquakes underneath the Andes being 

recorded at seismic stations in North America.   

This is because the robustness of the method relies on being able to stack a considerable 

numbers of traces for each event and, as such, requires that there be a significant number 

of azimuthally consistent receivers.  The Caltech/Terrascope array in conjunction with 

the Transportable array aspect of Earthscope serves this purpose.  The power and utility 

of Earthscope’s Transportable array provides, for a single event, the ability to view up to 

470 traces covering a reflection footprint area of ~40-50km thus providing greater 

reliability to the results obtained.   As in chapter 2, this analysis requires an energetic, 

deep earthquake at the appropriate distance.  A minimum magnitude of 5.8 Mw was 

found to be necessary.  Also, a minimum depth of 100 km allows enough time separation 

for observers to distinguish between the seismic phases P and pP and the precursors 

present in this time window. We use the vertical component of seismograms from 

stations between 30 and 90 degrees from the source to avoid triplication effects and 

possible interactions of arrivals with the D’’ layer at the core-mantle boundary.  Ray 

paths for pP and other up going precursor reflections were assumed to be sufficiently 

similar that propagation delays away from the region of reflection could be ignored. In 

total there were 83 suitable seismic events for use in this study (Figure. 3.3). 
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Results 

 Unfortunately many of the shallower events yielding a Moho precursor reflection 

do not appear to generate a second, deeper precursor that can be interpreted as LAB.  

This is primarily because the time separation between the phases in the slab-surface time 

window is inadequate to allow for the accurate, reliable detection of the lower boundary.  

That is, the side lobes of the cross-correlated P-wave spike merge with the expected 

arrival of  pLP energy, creating a seismic response observed as an amalgamated packet of 

energy.   

For deeper seismic events, however, there are many clear energy arrivals that can be 

interpreted as a pLP phase.  Figure 3.4 illustrates an example of the utility of  cross-

correlation in this study.  The traces are aligned on the P-wave and then cross correlation 

is performed.  These cross correlated traces are then aligned on the spike, which 

corresponds to the P-wave and summed. The resulting summation trace reveals a clear 

pLP phase, which was previously indistinct and hidden in the noise.  Once the respective 

Moho and/or LAB phases have been identified, the respective arrival times are measured 

and used to determine the depths of these boundaries.  For the Moho depth, the time from 

pmP to pP is   converted to depth  using 

a   seismic velocity for the region estimated from the literature.  For the deeper boundary, 

interpreted as the LAB, the time is measured between the pLP reflection and the P-wave.  

This is used to calculate a LAB depth based on the difference between the given 

hypocenter depth and the distance calculated which is based on the measured P-pLP time 

interval using a standard velocity model for the mantle (Crotwell et al. 1999).  This  
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 Figure 3.3.   Location map showing the events analyzed in this study.  Suitable 

events were deeper than 100 km and were greater in magnitude than Mw5.8.  Green 

earthquakes are between 100-150 km depth, blue are between 150-275 km depth, purple 

are between 275-400 km depth and red are at depths greater than 400 km . Profiles 1,2,3 

and 4 refer to cross sections dealt with in more detail below. 



 

 45 

 

 

 

 

Figure 3.4.   An example of the cross correlation technique for an event on 8th June 

1993..  The red traces depict a standard alignment and stack which reveals a prominent 

Moho reflection.  The blue traces are from the same records but have had cross-

correlation applied before stacking.  The blue summation clearly depicts another energy 

arrival which was indistinct in the original.  This arrival is interpreted as the underside 

LAB reflection, pLP.   
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process is then carried out for all of the data available from the suitable seismic events 

and a framework of calculated LAB depths is built for the Andean region.   

To aid in viewing the overall results of the study, summations of cross-correlated 

traces for all the individual events analyzed in the study were spatially grouped together 

to create four lithosphere-scale cross-sections of the Andes.  These coarse time-domain 

sections effectively depict a reflection profile across the region.  In addition, the 

calculated depths for the discontinuities were also grouped in similar fashion to create 

analogous depth profiles for the region.  For consistency, the cross sections are all aligned 

on the pP reflection, which effectively represents the Earth’s surface.  The P-wave thus 

represents the location of the slab for a particular event and any energy arrivals between 

the P-pP envelope are interpreted to be lithospheric discontinuities such as pmP or pLP.   

 As verification, the P-wave (slab) locations are checked for accurate depths and 

times using both the TauP software of Crotwell et al., (1999) and the slab contours of 

Cahill and Isacks (1992).  The time-domain cross sections are then converted to the depth 

domain using the two-tier velocity model discussed above.  The cross sections include 

two N-S trending lines across the northern Puna and Altiplano, a E-W trending line over 

the Chilean (Pampean) flatslab, and  a N-S oriented line  in the main shield.     

 

Northern Puna and Altiplano at 67W 

 Cross section A-A’ shown in Figure 3.5 stretches from almost 25-19S with the 

elevation of the Cordillera here being ~4000m.  When viewed individually, not every 

summation trace used in this section has an apparent underside Moho or LAB reflection.  

When placed alongside others, however, it is possible to ascertain a consistent trend.  
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From south to north a general steepening and thickening trend of the lithospheric 

boundaries (LAB and Moho) can be observed.  These reflections translate to a Moho 

discontinuity ranging from between 58-82km.  It is important to note here that since we 

are inherently utilizing the pP surface reflection, the depth to the Moho is measured as 

being from the surface level at ~4km.  Also apparent is the presence of the secondary, 

deeper, reflection that is consistent with interpretation as a seismic reflection from the 

LAB.  This boundary also steepens to the north ranging from depths of 135-175km.  The 

northernmost points of both cross sections A-A’ and B-B’ are located on the BANJO 

experiment transect.  In comparison to the values generated in this study (175-190km) 

,Myers et al. (1998) contend that the lithosphere is in the range of 150km deep.  This is 

based on the observance of high Vp and moderately high values of Q at these depths.   

 

 Northern Puna and Altiplano at 66.5-65W 

 This second section (Figure 3.6) is located just to the east of the profile in figure 

3.5.  Once more it is observed that when viewed individually, not every summation trace 

used in this section reveals an  obvious underside Moho or LAB reflection . However 

trace to trace coherence often suggests a distinct, if weak, arrival.  It can be seen along 

the transect that the topography lessens significantly to the north.  Despite this, the same 

south-north thickening trend is again observed.  Moho values range from 62km at the 

southern margin of the transect and are as deep as 75km to the north.  A deeper boundary, 

again consistent with a discontinuity  which others have interpreted as the LAB, is also 

apparent.  This thickens from 140km in the south to 190km in the north.  In this 

location numerous seismic stations have been deployed by the GeoForschungsZentrum.   
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Figure 3.5.   The image shows cross-correlated, summed and aligned traces for events 

between A-A’.  The colored circles are for help locating the summed trace to a map 

location of the earthquake which generated the data.  The same cross section is shown 

both with and without interpretation to limit biasing the reader.  In addition there is also a 

depth converted cross-section illustrating the interpreted lithospheric structure of the 

Andes.   
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Figure 3.6.   The image shows cross-correlated, summed and aligned traces for events 

between B-B’.  The colored circles are for help locating the summed trace to a map 

location of the earthquake which generated the data.  The same cross section is shown 

with and without interpretation.  A depth converted cross-section is also shown to help 

illustrate the interpreted lithospheric structure of the Andes.   
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Schurr et al (2006) use data from these stations to measure the attenuation, P-wave 

velocities and the ratio of Vp/Vs for the lithosphere and display them in cross sections.  It 

is noteworthy that their results show evidence for piecemeal delamination, which would 

impact the extent of contiguous lithosphere shown in cross sections for figure 3.5.   

Argentine Shield at 63W 

 Between 24S and 28S, 200km to the east of the cordillera lies a swarm of deep 

(~600km) earthquakes.  These very deep events are of great value in that they allow for a 

comparison between the lithospheric structure of the stable cratonic environment with 

that of the Andean margin (Figure 3.7).  The topography is negligible with an overall 

elevation between 100-300m.  Between C and C’, it is obvious that the northward 

thickening trend has disappeared being replaced by horizontal layering.  On this section, 

more than any other, it is clear that not every trace depicts each lithospheric discontinuity 

and that, even when it does, the strength of reflection is highly variable between traces. 

 Nevertheless, it is clearly possible to identify the Moho and LAB and interpolate 

these discontinuities through  areas where corresponding reflections are either weak or 

absent.  The crust varies in thickness between 35-42 km, whilst the LAB is observed to 

range from between 170-190 km.  Interestingly, there are also a number of deep 

reflections with arrival times of around 25 seconds after the initial P-wave.  Once aligned 

and with the depths calculated, it is clear that this energy comes from reflections off the 

underside of the 410 discontinuity.  Recent work by Heit et al (2007) utilized the S-wave 

receiver function technique to generate values for lithospheric thicknesses of the South 

American continent.  While they have no values in the vicinity of section C-C’, their 

results are still of interest as a comparison.  For areas of stable continent in a variety of 
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Figure 3.7.   The image shows cross-sections of cross-correlated, summed and aligned 

traces for events out in the main shield between C-C’.  The colored circles are for help 

locating the summed trace to a map location of the earthquake which generated the data.  

Sections are shown with and without interpretation.  The interpretation is of the Moho 

(red) and LAB (blue) with, for this section, the 410 (orange) discontinuity also appearing.   
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locations in Brazil and Argentina, the lithosphere was calculated to be between 90-160 

km , which is an envelope of values with which the results of this study are comparable. 

Chilean flat-slab at 31S 

 This cross section represents the only truly E-W trending profile presented in this 

study. From west to east (between D and D’),  the profile samples the lithosphere from 

the Argentine Precordillera into the Sierras Pampeanas.  It is encouraging to note that the 

variable topography of this profile is persistently reflected  in the structure of the Moho.  

Crustal thickness ranges from 62 km underneath the Calingasta valley to 35 km east of 

Pie de Palo and into the southern extension of the Sierra de Valle Fertil in the Pampean 

ranges (Figure 3.8).  In addition to Moho reflections, two of the cross-correlated 

summation traces exhibit strong pLP reflections..   The LAB is first identified at a depth 

of 80 km beneath Pie de Palo and appears to thicken to the east, mirroring the trend of the 

Chilean (Pampean) flat-slab as it begins to steepen.  At the easternmost observation of the 

LAB the lithospheric thickness is calculated as being 105 km.  In an S-wave receiver 

function study by Heit et al (2008), the lithospheric thickness was calculated using data 

from the CHARGE experiment almost 100 km north of section D-D’.  These values show 

an excellent agreement when compared to those of this study.  At 30S, the receiver 

functions show the lithosphere to be thickening to the east from 90 to125 km. 
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Figure 3.8.   The image shows cross-sections of cross-correlated, summed and aligned 

traces for events between D-D’ which lie under the Argentine Precordillera and Chilean 

(Pampean) flatslab.  Sections are shown with and without interpretation.  The 

interpretation shown is of the Moho (red) and LAB (blue) with a depth converted cross-

section also shown to help illustrate the interpreted lithospheric structure of the Andes. 
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Discussion 

 A number of other studies have generated estimates of lithospheric thickness in 

the Andes.   To the south, over the Chilean (Pampean) flatslab, Heit et al. (2007)  

calculated a  S-wave receiver function lithospheric thickness of 80-125 km , which 

corresponds nicely with the precursor calculation of 80-100 km.  This is shown in figure 

3.9 where a very clear correlation is observed between the results of the two different 

studies.  In the central Andes, around 20S, Myers et al (1998) used tomographic analysis 

to calculate a lithospheric thickness of 125 -150 km.  At this location. the precursor 

technique calculated thickness values of between 170 km and 180 km (Figure 3.10),  

which is  a fairly substantial difference.   

 As noted above, the results of lithospheric thickness determinations from the 

precursor study are significantly higher than those reported previously by Myers et al 

(1998).   This discrepancy can be explained by the differences inherent in the techniques 

used in the different studies.  The tomographic study samples a whole portion along the 

travel path of the lithosphere and  its properties are averaged with all other travel paths 

for the various events.  The precursor technique  samples only a very localized portion of 

the LAB discontinuity itself.   As such, the two techniques sample the mantle lithosphere 

in a completely different way and any differences in results can be attributed to this.  In 

addition, McGlashan et al. (2008) clearly illustrated that the Moho discontinuity 

portrayed a varying aspect to its reflectivity.  It seems possible that the LAB would also 

exhibit this property and that the depth discrepancy between the results may 
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Figure 3.9. A comparison of the results between the precursor technique and S-wave 

receiver function analysis for the Chilean (Pampean) flatslab.  Where the two datasets 

coincide there is a remarkable degree of agreement between the two concerning the 

Lithospheric structure. 
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Figure 3.10.   A comparison of results from various studies illustrating the lithospheric 

structure of the Central Andes and South America.  The upper right cross-section is 

modified from Beck and Zandt (2002) and compares the Moho and LAB results from the 

precursor technique against theirs.  The bottom center figure is of S-wave receiver 

function results and is compared with an actual trace from the precursor study.  Although 

the comparison is done in different domains it is still interesting to note the differences in 

signals which the interpretations are made from. 
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have its cause rooted in this.  The differences may say more about the nature of the LAB 

rather than the efficacy of the techniques. 

 Heit et al. (2007) also calculated some lithospheric thickness values for other  

areas around the South American continent.  Although none of these locations can be 

used as a direct comparison to the results in this study, it is still useful to observe other 

values of lithospheric thickness for the continent.  Additionally, globally reported values 

of lithospheric thickness have been arranged and grouped by Devlin and Isacks (2008). 

When compared to these values, the lithospheric thickness for the Altiplano is at the top 

end of the scale with only stable cratons being thicker.  This result is at odds with 

propositions from recent studies that have invoked the widespread occurrence of 

lithospheric delamination (Molnar and Garzione, 2007; Garzione et al., 2008).  Indeed, 

one would expect a very limited amount of lithosphere to be left considering the extreme 

volume  (~32000 km³) that Molnar and Garzione (2007) propose is lost through  

delamination of the Altiplano at 10 - 6.8 Ma.  These episodes of  voluminous 

delamination are used to explain  rapid late Miocene uplift of the Andes  (Molnar and 

Garzione, 2007). 

 Kay et al. (1994), Beck and Zandt (2002) and Kay and Coira (2009) also contend 

that crustal delamination has occurred in the past.  Their estimates of the total volume and 

extent, however, are much more conservative and more  work summarized by 

Allmendinger et al. (1997) suggests that the rapid Andean uplift can be explained through 

shortening with no need for a catastrophic delamination event.  A further argument 

against wholesale catastrophic crustal delamination comes from  Hoke and Lamb (2008) 

who point to the problem of creating and maintaining a ~40 km thick mafic eclogitic root 
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at the base of a ~100 km thick crust throughout the periods of  Miocene mafic and silicic 

volcanism.  Furthermore, voluminous delamination is not needed to explain the apparent 

uplift and crustal thickness discrepancies from shortening estimates because these can 

also be explained through the presence of crustal flow (Gerbault et al., 2005; Husson and 

Sempere, 2003).  Another argument contends that observations made from Vs dispersion 

curves indicate that the mantle lid underneath the Altiplano is cold (Baumont et al., 

2003). This is important because it buttresses the argument against catastrophic 

delamination since ~6 My is too short a time for wholesale re-equilibration of the 

lithosphere to occur. Thus, based on these arguments, along with the clear observation 

from precursor reflections of a ~180 km thick lithosphere it seems doubtful that a 

catastrophic delamination event could have occurred, although smaller events are 

reasonable.   

 

Velocities and Errors 

 The primary uncertainty involved in the precursor technique is velocity.  The use 

of an accurate velocity for travel times between the reflected phases is essential for the 

accurate determination of their depths.  Studies have shown that the central Andean crust 

is anomalously felsic with depressed P-wave velocities of ~6 km/s (Zandt et al., 1996; 

Swenson et al., 2000).  In the region of the Chilean (Pampean) flatslab, Alvarado et al 

(2005) show the average crustal velocity  in the region to be  6.3 km/s.  Unfortunately no 

previous studies have been performed near section C-C’, so a globally average velocity of 

6.5 km/s is assumed.  For the mantle velocities, we also assume globally averaged 

velocities in the absence of data from locally operated experiments.  This velocity was 
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8.8 to 8.1 km/s taken from the ak135 velocity model.  An indication of the sensitivity and 

possible error margins involved when dealing with incorrect velocities follows.  For the 

Andean region between 28-32ºS, a general crustal velocity model was created by plotting 

local Pg arrivals taken from the Bulletin of the ISC.  This velocity of 6.4 km/s differs in 

being slightly higher from the 6-6.2 km/s velocity measured by Alvarado et al. (2005).  

When crustal thickness is calculated using both velocities we observe a difference of 

between 1-2 km.  Considering the average period of the precursor waveforms examined 

in the study (0.5 Hz), such a difference is well within the range of the Fresnel zone of the 

technique itself (2-3 km) and therefore only a minor detail.  

 

S-waves 

 An attempt to utilize S-wave precursors was also made during this study.  This 

was an important issue because the ability to compare Vp/Vs for the same crustal ray 

path would give valuable insight into the composition of the crust (Zandt et al, 1994).  

Due to the greatly increased noise and less impulsive, lower frequencies of the S-waves, 

their analysis proved difficult.  On a handful of traces, it was possible after cross-

correlation to discern the existence of a precursor energy arrival.  However, identification 

of this arrival was problematic due to the possibility of confusing the Moho reflection 

from an S-wave with a pS surface conversion (see figure 3.11) .  It has been observed 

(Gubbins et al, 2001) that pS conversions can be clearly observed on the vertical 

component of seismograms.  A travel-time study indicates that the depth-phase surface 

conversion, pS, would arrive at almost the same time as smS - varying slightly in arrival 

time between 3 seconds before or after smS depending on the depth of the Moho  
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Figure 3.11.   Traces from an event on 21
st
 July 2007.  The top one shows the slant-

stacked cross-correlated traces focused on the S-waves.  The occurrence of a sS precursor 

is ambiguous due to the possible occurrence of pS in the same time frame as smS.  The P-

wave trace on the bottom shows that sP is strong and therefore pS cannot be discounted. 

The right hand image illustrates the S-wave ray paths. 
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beneath the event (Figure 3.11).  Due to the long period of these signals these phases will 

be indistinct from each other and thus no conclusive findings can be made regarding the 

examination of S-wave precursor phases. 

Other Interpretations 

 Our findings hinge on the interpretation that the precursor energy arrivals are best 

explained as underside reflections from discontinuities above an earthquakes hypocenter 

in the slab.  In order to fully justify this interpretation as correct, other possible 

explanations are explored below and rejected. 

 

Slab Conversions 

 Precursors from deep Andean teleseisms were previously observed by Kind and 

Seidl (1982).  Traces they examined clearly depict a phase arrival between the P and pP 

phases.  The interpretation favored by them was that the energy was due to an S to P 

conversion from the base of the down-going slab (Figure 3.12a).   The main reason for 

discarding this option is that the arrival times of the precursors are wrong.  Assuming a 

slab thickness in the region of 50km (Heit et al., 2007) and also assuming that the 

earthquakes can occur at any point within the slab, we would see the arrival time of the 

precursor varying from 0 to 14 seconds after the P-wave.  For the shallower earthquakes, 

this could be counted as a valid explanation.  For deeper events, however, where we 

observe two or even three distinct precursors, this explanation fails.  In order to account 

for these other precursors, a reverberation would be required in the slab and for the  
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Figure 3.12.  The left hand image (A) illustrates the possibility of a slab conversion 

occurring either from a direct wave or a slab reverberation and compares them with the 

ray paths of the preferred interpretation for precursor signals.  Slab conversions are 

limited in their ability to separate themselves from the initial P-wave due to the finite 

thickness of the slab and as such cannot explain why precursors from deep events take 

longer to appear.  On the right (B) is a depiction of a crustal multiple.  Again this 

interpretation relies on the Moho being the same value across the entire recording array - 

otherwise the slant-stack procedure would cause it be removed through destructive 

interference.  In addition, neither of these hypotheses can explain the occurrence of a 

secondary precursor phase arrival with a reversed polarity. 
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majority of the events (section C-C’ excluded), there is not enough time in the P-pP 

window to allow for this.  A slab multiple would reappear in the region of at least 45 

seconds after the first P-wave assuming a slab thickness of 50 km.  In addition, the pLP 

phase, interpreted here as an underside LAB reflection, clearly exhibits a reversal in 

polarity compared to the Moho reflection.  A slab conversion cannot account for this 

effect.   

 

Crustal Multiple Effect 

 Another explanation for the observation of depth-phase precursor energy involves 

the possible occurrence of crustal multiples underneath the recording station.  This refers 

to P-wave energy arriving at a location just to the side of the station and reverberating in 

the crust before being recorded at the station (Figure 3.12b).  The main argument against 

this interpretation lies in the timing involved for these crustal multiples to appear.  The 

delay time on the reverberation would be primarily influenced by the thickness of the 

crust under the station.  For example, under the US Earthscope Stations, the crust varies 

from 20-50 km depth (Chullick and Mooney, 2002) which, using an average crustal 

velocity, translates to between 6-17 seconds of travel time.  Thus, when viewing 

Earthscope-recorded seismic traces a vast divergence in precursor arrival times would be 

observed.  Instead, the opposite is seen - a remarkable consistency in the precursor energy 

arrival times.  An additional supporting argument occurs from the processing workflow.  

The final results used in the cross sections are traces for each event which are 

summations of many individual aligned and cross-correlated seismograms.  For a 

particular event, if the precursor arrival energy was not closely situated on each 
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individual trace, the signal will be cancelled through destructive interference.  This, then, 

illustrates that the precursor energy identified on our traces must be from an underside, 

source-side lithospheric reflection.   

 

Synthetic Modeling 

 In an attempt to further improve the efficacy of the precursor technique, a 

synthetic modeling process was refined by Chen et al. (2013).  By applying multichannel 

coherency filters and also through the use of stacking the data in discrete reflection-point 

bins the signal-to-noise ratio was improved.  Precursor arrivals were enhanced allowing 

for more detailed analysis of Andean lithospheric structure and its associated genesis.  In 

addition to this, a travel-time calculation was utilized to predict the arrivals of various 

underside reflections from the Moho, LAB, 410 discontinuity and even intracrustal 

magma bodies.  The results show that, given the constraints of Andean geology, it is 

possible to very accurately predict the arrival of these various precursor phases .Chen et 

al. (2013) found that there are multiple paths that can mimic the arrival times of an 

expected LAB convertor. However,  for the reasons given above, we believe the deep  

arrivals described here are  more likely to be  true LAB conversions than exotic multiple 

phases.   

 

Conclusions 

 The depth-phase precursor technique provides valuable insight into the 

lithospheric structure of the Andes.  Underside LAB reflections offer a unique 

opportunity to define the lithospheric thickness of the Andes, which is an important step 
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in understanding the geodynamic evolution of the Andean cordillera.  The lithosphere is 

observed to be thickest underneath the Central Andes, where it ranges between 135-195 

km.  Cross-sections show a marked N-S trend underneath the Puna-Altiplano, where the 

southern section is noticeably shallower.  Out in the continental shield the lithosphere 

reaches depths of 190 km with the Moho ranging from between 35-42 km.  Although it is 

faint, we also interpret another inconsistent energy arrival as indicating the presence of 

the 410 km discontinuity.  The lithosphere thins underneath the Chilean (Pampean) flat 

slab region where we observe it to be 80-100 km, steepening from west to east.  In the 

central Andes, the lithospheric thicknesses are substantial, indicating that in these areas 

there has been significant shortening and thickening as well as an absence of processes, 

such as catastrophic wholesale delamination, which remove massive amounts of mantle 

lithosphere.  The precursor technique is an important and agile method of obtaining quick 

results for lithospheric structure.  It is especially effective in terms of the low expenditure 

of time and money to generate results for remote and inaccessible regions. 
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CHAPTER 4 

THE REFLECTIVITY AND NATURE OF THE ANDEAN MOHO 

 

Introduction 

 Examination of teleseisms from deep Andean earthquakes reveals distinct energy 

packets occurring as precursors to the depth-phase pP.  As previously stated these are 

interpreted as reflections from the underside of lithospheric discontinuities.  Such 

precursors are not universally prevalent.  A particular earthquake may generate 

precursors on only a small portion of all available traces whilst another event may yield 

traces where the precursor phase is either universally present or absent (Figure 4.1).   

During initial studies using the precursor technique, earthquakes which displayed poor or 

absent underside Moho reflections were felt to imply a weakness of the technique itself.  

However, recent examination – primarily through utilizing the vastly increased USArray 

instrument pool - has shown the precursor technique to be extremely robust.    Thus, 

observations of an absent precursor must reflect upon the actual nature of the lithospheric 

boundary itself and not the technique.  It is important to note that while observations of 

Moho variations and reflectivity are not new (Cook, 2002; Bostock et al., 2002; Griffin 

and O’Reilly, 1987; Prussen, 1984) the precursor reflection technique provides new 

insight into its nature and occurrence (Zandt et al, 1994; McGlashan et al., 2008).   
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Figure 4.1.   Recordings of an event on 29
th

 June 2001 by stations  a) PAS – 

Pasadena, California; b) TAM – Tamanrasset, Algeria; c) TSUM – Tsumub, Namibia. 

Despite coming from the same event the traces display a marked variation in the strength 

of Moho reflection.  The bounce points for the pmP phase sample distinctly different 

areas of the Moho and so either implies interaction with an attenuating feature in the 

upper lithosphere along the differing ray paths or lateral heterogeneity at the Moho. 
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 In the Western US between the years 1990 and 2002 the number of teleseismic 

stations available for use in an analysis using the precursor technique was less than thirty.  

This equates to a reflection footprint with an area in the region of 32 km².  With the 

advent of the Earthscope deployment the number of stations available for analysis has 

increased from ~30 to anywhere up to ~450.  As such the underside reflection footprint 

has increased in area to almost a quarter of a square degree with an increased density in 

bounce point coverage.  This has given rise to an opportunity afforded by Earthscope’s 

Transportable Array which is unique to the precursor technique (Figure 4.2).  The vastly 

increased bounce point density allows us to track the small-scale variations in the 

strength of the precursor reflections over the area of the reflection footprint.  As such, we 

can map the actual variations in the reflectivity of the Moho at a localized scale and 

attempt to evaluate the cause and meaning of such discrepancies here. 

 

Method 

This study was an investigation of traces from the same earthquake which display 

marked differences in the intensity of their underside Moho reflection.  When a seismic 

wave encounters a boundary between two materials with different velocities, some of the 

energy in the wave will be reflected at the boundary, while some of the energy will 

continue through the boundary. The amplitude of the reflected wave is determined by the 

impedance contrast between the two materials.  For a wave impinging perpendicularly on 

a boundary, the expression for the reflection coefficient R is simply 
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Figure 4.2.   Comparison of the distribution of underside Moho reflection bounce 

points available prior to (bottom) and after (top) the deployment of the EarthScope 

Transportable array.    
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, 

where Z0 and Z1 are the impedance of the first and second medium, respectively.  By 

observing changes in the strength of any reflected phases it is possible to infer changes in 

the seismic impedances.  These in turn suggest values of the properties of the mediums at 

the interface, such as their density, elastic modulus and fluid content.  The reflection 

coefficients govern the signal strength (amplitude) at each reflector. Thus by measuring 

the amplitudes of the various phases it is possible to determine the reflection coefficient 

across a particular boundary.   

Amplitudes of the respective phases, P, pmP and pP were measured and compared 

against each other.  The calculation of the amplitudes of pmP/P theoretically revealing 

what percentage of energy is reflected from the Moho.  The comparison between all 

traces thus represents the spatial variation of Moho reflective strength.  However, 

variations in reflection intensity may not only be caused by differences at the Moho.  The 

strength of the upwardly propagating P-wave phases may also be affected by traveling 

through zones of partial melt such as the Altiplano-Puna magma body (Chmielowski et 

al., 2000).  In order to correctly ascribe the amplitude variation as being due to the Moho 

and not any other crustal variation a further analysis of pP/P was carried out.  The depth-

phase pP involves the surface of the earth and therefore should be extremely consistent in 

terms of its reflectivity because the boundaries impedance contrast remains essentially 

constant.  Thus if pP/P amplitude ratios for the separate traces display a marked variation 

in reflective strength it can be assumed that some upper lithospheric attenuating feature is 

in effect (Figure 4.3).  If such is the case it is inappropriate to assume that calculated 
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pmP/P ratios are solely attributable to differences at the Moho.  However, if the 

corresponding pP/P ratios are consistent it is valid to assume that the upper crustal traces 

are either unaffected by any attenuation or are all affected to the same extent so as to 

require other factors to explain reflectivity variations.  In such cases of a homogenous 

upper lithosphere, pmP/pP ratios were confidently interpreted as illuminating the 

reflection co-efficient of the Moho. 

Identification of the Moho reflector was done utilizing the cross-correlation and 

slant-stacking techniques outlined in Chapter 3.  Once identified a seismic code 

calculated the maximum amplitude of pmP on all traces as well as those of P and pP.  

This was done by choosing defined windows of time wherein the desired phases are 

known to occur and then calculating the maximum amplitude in that window.  These 

values were collated and their various ratios calculated and the results were loaded into 

ArcGis with their associated bounce point co-ordinates and station name. The values 

were plotted allowing for the direct spatial comparison of the values that helps  

identification of any trends.  For the pP/P ratio an average value was calculated for all 

traces and then the difference between this average value and the real value for a 

particular trace was measured.  This is illustrated in Figure 4.4, which shows surface 

bounce points for two separate events.  Dots with large circumferences represent a greater 

difference from the average value whilst small circles indicate the opposite.  Thus the 

pronounced changes between the dots in Figure 4.4a reveal that some upper lithospheric 

feature has attenuated the traces whilst 4.4b displays a consistent pattern representative of 

a homogenous lithosphere. 
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Figure 4.3.   Ray-paths for the various phases used in the study.  A illustrates the fact 

that heterogeneities within the crust and upper lithosphere can cause a differential 

attenuation between the varying upward propagating ray-paths of pmP and pP.  B shows 

that receiver side effects are unimportant because the ray paths for the various phases are 

identical and thus they are either all attenuated to the same effect or not at all.  Source-

side attenuation is primarily attributed to zones of partial melt in the upper lithosphere.   
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Figure 4.4.   A and B illustrate the value difference in the pP/P ratio between the 

various traces for two different events.  The larger dots in A illustrate that the ratios here 

differ greatly from the average normalized values and are thus indicative of upper 

lithospheric heterogeneity.    Figure B, however, shows that when pP is normalized 

against P it displays a consistency which indicates that there  is no variation in the 

properties of the upper lithosphere.   
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Data 

To generate any meaningful results the availability of a large teleseismic array is 

necessary since small-scale variations may be missed with a limited data set (e.g. Figure 

4.2).  Due to this only earthquakes that occurred after Earthscope’s Transportable Array 

component had started recording were used.  The events examined involved the same 

magnitude and depth criteria used in previous precursor studies (McGlashan et al., 2008).  

Due to the presence of a highly variable pP/P amplitude configuration only four out of a 

total of eleven suitable events could be said to reveal a reflectivity pattern attributable 

purely to the Moho.   

 

Results and Interpretation 

The four earthquakes that yielded useful results are shown in Figures 4.5-4.8 

which illustrate the nature of Moho reflectivity variation at these particular sites.  The 

various Moho bounce point locations are weighted in terms of their reflection coefficients 

and are plotted to allow for the spatial analysis of the reflection co-efficient distribution.  

Traces from the areas where the Moho has a markedly increased impedance contrast were 

grouped, slant-stacked and summed in order to compare against the original trace used in 

chapter 2. From the four events used, the reflectivity of the Moho is revealed to be highly 

variable.  This buttresses first-order observations of the variability  of pmP amplitudes 

and their attribution to the complex nature of the Moho discontinuity itself (McGlashan et 

al., 2008).  Such a result, however, is not unique (e.g. Cook, 2002; Bostock et al., 2006).  

The scale of variance across the boundary represents only a quarter of a square degree.  

Thus such disparities are difficult to attribute to any one tectonic feature but, rather, are a  
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Figure 4.5.   Earthquake on 21
st
 July 2007.  5A shows a close-up of the pattern of the 

reflection bounce points.  Their size represents the strength of the respective reflection 

amplitudes with larger circles indicating a strong reflection from the underside of the 

Moho.  5B locates the location of the earthquake and the resultant bounce points.  5C 

illustrates the inferred spatial patterns of the Moho reflectivity by grouping similar 

reflection amplitudes together.  The Yellow represents weak Moho reflection phases, 

Orange is intermediate and Red is strong.  This allows us to revise the summation trace in 

order to maximize the pmP reflection by using only traces with strong to intermediate 

pmP reflections.  The result can be seen by comparing (i) the original summed trace using 

all available data and (ii) the newly summed trace which incorporates only the strongest 

events.. 
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Figure 4.6.   Earthquake on 17
th

 September 2006.  6A shows a close-up of the pattern 

of the reflection bounce points.  Their size represents the strength of the respective 

reflection amplitudes with larger circles indicating a strong reflection from the underside 

of the Moho.  6B locates the location of the earthquake and the resultant bounce points.  

6C illustrates the general trend of the Moho by grouping similar reflection amplitudes 

together.  The Yellow represents weak Moho reflection phases, Orange is intermediate 

and Red is strong.  This allows us to re-tool the summation trace in order to maximize the 

pmP reflection by using only traces with strong to intermediate pmP reflections.  The 

result can be seen by comparing images (i) the original summed trace using all available 

data and (ii) which incorporates only the best ones. 
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Figure 4.7.   Earthquake on 22
nd

 September 2006.  7A shows a close-up of the pattern 

of the reflection bounce points.  Their size represents the strength of the respective 

reflection amplitudes with larger circles indicating a strong reflection from the underside 

of the Moho.  7B locates the location of the earthquake and the resultant bounce points.  

7C illustrates the general trend of the Moho by grouping similar reflection amplitudes 

together.  The Yellow represents weak Moho reflection phases, Orange is intermediate 

and Red is strong.  This allows us to re-tool the summation trace in order to maximize the 

pmP reflection by using only traces with strong to intermediate pmP reflections.  The 

result can be seen by comparing images (i) the original summed trace using all available 

data and (ii) which incorporates only the best ones. 
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Figure 4.8.   Earthquake on 16
th

 February 2008.  8A shows a close-up of the pattern of 

the reflection bounce points.  Their size represents the strength of the respective 

reflection amplitudes with larger circles indicating a strong reflection from the underside 

of the Moho.  8B locates the location of the earthquake and the resultant bounce points.  

8C illustrates the general trend of the Moho by grouping similar reflection amplitudes 

together.  The Yellow represents weak Moho reflection phases, Orange is intermediate 

and Red is strong.  This allows us to re-tool the summation trace in order to maximize the 

pmP reflection by using only traces with strong to intermediate pmP reflections.  The 

result can be seen by comparing the images (i) which is the original summed trace using 

all available data and (ii) which incorporates only the strongest ones.  
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testament to the complex and heterogeneous nature of the lithosphere and the boundaries 

within it.  Koulakov et al. (2006), illustrate this by analyzing P and S-waves from local 

seismic waveforms.  Their resulting velocity and attenuation results also confirm the  

variability of   lithosphere.  

 

Conclusions 

The precursor technique has revealed pronounced variations in the amplitude of 

the pmP phase.  Careful analysis using recordings from the Transportable Array 

component of Earthscope has shown that these variations are attributable to the 

complexity of the Moho itself.  These procedures represent a novel new means of  

mapping  systematic variations in Moho character which can be then evaluated as 

indicators of lower crustal composition and tectonics. This is particularly valuable in 

remote areas where traditional local surveys are either in effective or logistical 

unfeasible.   
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CHAPTER 5 

 

LITHOSPHERIC STRUCTURE OF TAIWAN FROM S-WAVE RECEIVER 

FUNCTIONS 

 

 

 

Introduction 

The island of Taiwan is located in one of the world’s most tectonically active 

regions, straddling the boundary between the Eurasian plate (EUP) and the Philippine Sea 

plate (PSP), as shown in Figure 5.1 (modified from Angelier, 1986).  The relative 

convergence rate of more than 8 cm per year (Yu et al., 1999) is accommodated by 

collision and active subduction of both the EUP and the PSP. In northern Taiwan, the 

PSP subducts northward beneath the oceanic lithosphere of the Eurasian Plate at the 

Ryukyu trench, while under central and southern Taiwan, the Eurasian continental 

margin collides with the PSP.  Further south, oceanic crust of the EUP subducts eastward 

beneath the PSP.  The transition between these two opposing subduction systems has 

been ascribed to a tear fault in the EUP, which allows for this reversal in subduction 

direction (Lallemand et al., 2001).  The oblique nature of collision between the two plates 

results in a southward propagating system, with early subduction off the southern coast of 

Taiwan evolving to mature subduction and collision in the central and northern parts of 

the island. 

Constraints on crustal structure beneath Taiwan are still relatively few. Key 

results to date include those from the TAICRUST onshore-offshore experiment (e.g. 

McIntosh et al., 2005), tomographic inversion using local earthquake sources (Rau and 

Wu, 1995; Wang et al., 2006) and P to s receiver functions from teleseismic events (e.g. 
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Kim et al., 2004). Seismicity distributions have also been used to support particular deep 

structural models.  Carena et al. (2002) used new hypocenter distributions to argue for a 

major crustal décollement at a depth of 10 to 15 km beneath central Taiwan, an extension 

of the  

 

 

 

 

Figure 5.1.  Block model of the Taiwan collisional system (modified from Angelier, 

1986) which illustrates the northward subduction of the Philippine Sea Plate as well as 

the eastward subduction of the Eurasian continental margin.  Inset: map illustrating the 

plate boundaries of the region 
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previously interpreted thin-skinned deformation inferred from classic reconstructions of 

foreland basin structure in western Taiwan (e.g. Suppe, 1988). In contrast, Wu et al. 

(2004) have cited the presence of crustal seismic activity at depths of almost 40 km 

beneath western Taiwan as evidence of a more distributed (e.g. thick-skinned) 

deformational process (Wu et al., 2004). Constraints on sub-crustal structure are fewer 

still. Teleseismic tomography by Lallemand et al. (2001) indicated substantial subduction 

of the Eurasian Plate in southern Taiwan, in spite of the lack of a well-defined Benioff 

zone. 

In this paper we report some new constraints on both crustal and lithospheric 

structure from a study of S to p converted phases recorded by the BATS array in Taiwan. 

This study was a precursor to a more comprehensive investigation of converted phases 

now being recorded by the more extensive broadband array recently deployed in Taiwan 

as part of the TAiwan Integrated GEodynamics Research (TAIGER).   

 

Technique 

Receiver function analysis of P to s wave conversions (Figure 5.2) has become a 

staple technique for identifying crustal discontinuities such as the Moho (Ammon, 1991; 

Kind and Vinnik, 1988; Langston, 1978; Yuan et al., 1997) and intracrustal magma 

bodies (Chmielowski et al., 1999; Zandt et al., 2003).  The technique identifies and 

separates converted energy from primary energy, using the time difference between an 

initial P wave and the converted S phase to calculate the depth of the discontinuity which 

caused the conversion.   
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Figure 5.2.  Schematic representation of the refraction and conversion of seismic waves 

at major velocity discontinuities such as the Moho and the Lithosphere-Asthenosphere 

boundary (LAB). 
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Deeper lithospheric discontinuities may also be mapped using receiver functions. 

For example, data collected in North America by the Missouri to Massachusetts 

(MOMA) array resulted in P to s receiver functions that indicated a deep (~100 km) 

discontinuity which was interpreted by Rychert et al. (2005) as the Lithosphere-

Asthenosphere boundary (LAB).  However, identifying sub-Moho lithospheric 

discontinuities with P to s receiver functions can be problematic because such 

conversions are usually masked by energy from crustal reverberations of shallower 

conversions (Yuan et al., 2006).  The MOMA example was successful primarily due to 

the large aperture of the array, which allowed discrimination of the lithospheric 

discontinuity from crustal multiples using arrival time move out (Rychert et al., 2005).  

An alternative approach, one in which multiples are not an issue, is to use S to p 

conversions (e.g. Faber and Muller, 1980). S to p receiver functions have been used to 

identify a deep converter usually interpreted as the base of the lithosphere at a number of 

locations worldwide, including Hawaii (Li et al., 2004), Tibet (Kumar et al., 2006), 

Turkey (Angus et al., 2006), China (Sodoudi et al., 2006b) and the Aegean (Sodoudi et 

al., 2006a).   

An S to p conversion study is similar in mechanics to the P to s technique but with 

significant differences and benefits.  The S-wave conversions utilized by the receiver 

function method are generated in an identical manner to P-wave conversions; that is, 

upcoming wave energy from a teleseismic source penetrates a discontinuity beneath a 

seismic station causing a small portion of wave energy to be converted into the opposite 

phase of the initially incoming wave (Figure 5.2).  However, the increased velocity of the 

converted P-phase results in this converted energy arriving before the main S-phase.  This 
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eliminates the possible misinterpretation of crustal multiples as deeper lithospheric 

discontinuities (Yuan et al., 2006).  One disadvantage of the S-wave receiver functions is 

that they are much noisier than their P-wave counterparts since the S arrivals lie within 

the main body of the earthquake wave train and the accompanying noise coda.  Despite 

the noise factor, it is still possible to extract lithospheric discontinuities interpretable as 

the Moho and LAB by stacking data from multiple sources.  Another relative weakness 

of the S to p technique is that it has lower resolution for crustal structure than P to s 

receiver functions because of the lower frequencies involved (Yuan et al, 2006). 

The receiver function method used here involves rotating the traces before 

performing a deconvolution to reveal the S to p converted phases.  We would expect 

conversions from the Moho and LAB to have opposite polarity due to the juxtaposition of 

lower velocity material over higher velocity material, and vice versa (Yuan et al., 2006).  

Positive amplitudes on the receiver function indicate increasing velocity with depth 

across a discontinuity (Moho) and negative amplitudes denote decreasing velocity with 

depth (LAB).   

 

Data 

The Institute of Earth Sciences at the Academia Sinica in Nankang, Taipei, 

Taiwan, has operated the Broadband Array in Taiwan for Seismology (BATS, Figure 5.3) 

since 1996. For this study, suitable earthquakes were those of Mw > 6.0 which occurred at 

epicentral distances of 55-85° from Taiwan.  We selected all earthquakes in this range 

which occurred between January 1, 2000 and May 31, 2006.  Earthquakes which 

occurred prior to January 2000 were not included in our study as the BATS network  
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Figure 5.3.  A Digital Elevation Model of Taiwan depicting the locations of the BATS 

stations used in this study.  The Black lines a-d represent transect locations where results 

will be displayed in future cross-sections.  
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records prior to this time are largely incomplete and do not provide sufficient datasets.  

These criteria resulted in 31 usable events which were downloaded from the BATS 

database and are shown in Figure 5.4a.  Unfortunately, during the study period the 

operational status of various stations changed periodically so that many stations did not 

record enough events to be included in this analysis.  In fact only seven stations were 

operational over a sufficient time length to record enough events to perform S receiver 

functions.  These stations are TATO, SSLB, TPUB, TWKB, TWGB, YULB and NACB.  

To make it easier to compare the dataset all traces were normalized by filtering with a 6s 

low-pass filter and their various move-outs were corrected to a reference slowness of 6.4 

s/degree. The times in the traces or individual phases were converted into the depth 

domain using the reference velocity model (IASP91) (Kennet and Engdahl, 1991). 

Although the number of stations available is small, and the number of suitable 

events also limited, we believe they provide significant new indications of lithospheric 

structure in this complex region.  Because the converted energy of receiver functions is 

only a small fraction of the main phase, it is necessary to use stacking techniques in order 

to produce a usable receiver function (Ryberg and Weber, 2000).  Also, errors and poor 

data quality often result in traces on which Moho and LAB conversions are 

indistinguishable.  The stacking procedure is therefore vital in imaging the lithospheric 

structure because it enhances the signal-to-noise ratio and averages the information of 

many single traces over a specific area.  Calculation of the time to depth conversion was 

done using the IASP91 (Kennet & Engdahl 1991) velocity model.  

It should be noted that there is a heavy azimuthal bias in terms of the earthquake 

sources used in this study.  There are effectively two groups of earthquake locations: one  
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Figure 5.4.  Map centered on Taiwan showing the epicenters of the teleseismic events 

used in this study.  Included earthquakes were located between 55º and 85º from Taiwan, 

had a magnitude ≥6.0 and occurred between the 1
st
 of January 2000 and 31

st
 of May 

2006. (b) Individual event receiver function traces (left side) and stacked traces (right 

side) for station SSLB, showing a positive deflection at approximately 50km, which is 

interpreted as the Moho.  The stacked trace also shows a negative deflection at 

approximately 100km, interpreted as the LAB.  (c) Individual event receiver function 

traces (left side) and the summation trace (right side) for station NACB.  In this case, the 

positive deflection marking the Moho is only convincing on the summed trace. (d) 

Stacked and summed traces from each of the BATS stations used in this study which 

represents all traces from all stations used in the study.  This final summation gives a 

clear indication of the upper mantle as it depicts the 410km and what could be inferred as 

the 660km global mantle discontinuities. 

 



 

 93 

is a broad group almost directly south-southwest of Australia, the other is a tight cluster 

from the Fiji-Tonga region, continuing to the east-southeast.  This means that the 

earthquake ray path piercing points are also clustered into two groupings near the 

stations.  For stations SSLB and YULB, enough receiver function traces existed to make 

a distinct, competent stack for each of the two groups, whereas for the other stations, the 

traces were all combined to make a broader, average depiction of the lithospheric 

discontinuities.  

Figures 5.4b-d gives examples of both un-stacked (individual) and stacked S to p 

receiver functions. In Figure 5.4b, one can clearly see, on both stacked and un-stacked 

traces, the positive deflection at ca 50 km for station SSLB. This conversion is most 

logically associated with the Moho. However, the negative deflection at ca 110 km, 

which we suggest marks the LAB, is less obvious on the individual traces and only 

convincing on the stack. The traces from station NACB in Figure 5.4c show that stacking 

is necessary even to obtain a useful Moho estimate in some cases. As a check on our 

computations, Figure 5.4d confirms that a relatively clear conversion exists for the 410 

km global discontinuity.  Surprisingly it appears that another deeper boundary is visible 

coinciding with the expected appearance of the 660 km mantle discontinuity  

 

 

Results 

Moho 

In Figure 5.5 we present the results in the form of schematic cross-sections of 

lithospheric structure. Our first step in interpreting these results was to compare our S to 
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p receiver functions to previously reported P to s receiver functions at Moho depths. To 

provide some sense of calibration for this technique, the results for Moho depth from the 

BATS stations were compared against results from P to s receiver function studies such 

as those of Tomfohrde and Nowack (2000) and Kim et al. (2004).  To make the S 

receiver function dataset more easily comparable to previous P-wave studies, we reversed 

the polarity of the calculated S to p receiver functions upon plotting and used a similar 

velocity structure to that used for the P to s receiver functions so that Moho conversions 

from both P and S waves should appear at the same time.  Because the Kim et al. (2004) 

study also used data from the BATS array, their results were ideal for use as a corollary.  

Our results indicate a crustal thickness of 30-35 km at the TPUB station in western 

Taiwan, with a thickening to between 45 and 55 km at stations TWGB, YULB, and 

NACB in the Central Range.  Results for TATO, in northern Taiwan, and TWKB, on the 

Hengchung Peninsula, indicate a crustal thickness of approximately 30 km in both 

locations.  These estimates agree with those from the 2004 study performed by Kim et al., 

as shown in Table 1 and Figure 5.5.  Additionally, our Moho depth estimates compare 

favorably with the velocity models from the tomographic study of Rau and Wu (1995).   

There are, however, some significant sources of error involved when using this 

technique.  The main source of errors is inherent to the technique in that the S waves used 

in the study have a relatively long period (≥6 seconds).  This results in a maximum depth 

resolution of ~6 km for the Moho and ~15km for the LAB.  In addition lateral 

heterogeneities, scattering and noise all contribute uncertainties to the results obtained  
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Figure 5.5.  Schematic cross-sections illustrating the presence of the Moho and LAB.  In 

the East-West sections (a,b), the Moho results from Kim et al., (2004) are marked by 

small rectangular boxes and agree well with our results.  The positions of each of the 

cross-sections are given in figure 5.3. 
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Station Lat, °N 

Long, 

°E elev. (m) this study 

Kim et al. 

(2004) 

NACB 24.17 121.59 130 48-50 50-52 

SSLB 23.79 120.95 450 46-48 44-46 

TATO 24.98 121.49 90 30 36 

TPUB 23.30 120.63 370 30-35 30-32 

TWGB 22.82 121.08 195 45-55 / 

TWKB 21.94 120.81 90 30 30-32 

YULB 23.39 121.30 340 45-55 / 

 

 

Table 5.1.  Estimated Moho depths from the S receiver function analyses performed here 

are compared against the results of a P-wave receiver function analysis detailed in Kim, 

et al., (2004). 
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from the data.  Due to these effects, LAB conversions were not observed on each 

individual receiver function trace, again illustrating the necessity of stacking the traces to 

image the lithospheric structure.  

 

Lithosphere-Asthenosphere Boundary 

The agreement in Moho depth estimates between the previous P to s receiver 

functions and our S to p receiver functions gives us confidence in our deeper results. Our 

first order results indicate a lithospheric thickness of the Eurasian Plate of at least 100 km 

beneath Taiwan.  These results are consistent with S to p receiver function results from 

regions of thinned continental lithosphere (including the Indian sub-continent) and 

continental margins (Kumar et al., 2007).  While some oceanic lithosphere may reach a 

thickness of 100 km, it more commonly varies between 90 and as little as 30 km thick 

(Kumar et al., 2007).  We take this as affirmation that it is continental margin, rather than 

oceanic, lithosphere that is involved in collision in southern Taiwan.   

The west to east cross-sections reveal an eastward deepening of the LAB, from ca 

110 km to ca 170 km, that is suggestive of subduction of this continental lithosphere 

beneath the Philippine Sea plate.  As shown in Figure 5.6, the depth of our P to s 

converters are at least comparable to the inferred base of the lithosphere suggested by 

velocity variations mapped by teleseismic tomography (Wang et al., 2006). 

Unfortunately, there is a notable lack of a well-defined Benioff zone in southern Taiwan 

to provide an additional check. 

When the receiver function data are viewed as profiles along strike of Taiwan 

(Figure 5.5c), a more complex pattern is suggested. The western south to north profile  
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Figure 5.6.  Teleseismic tomography modified from Wang et al., (2006) which agrees 

well with the S-receiver function results from nearby stations SSLB, TPUB and TWGB.  

The Moho is marked by the blue line and white circles represent local seismicity above 

50km obtained from the IRIS database. 

 

 



 

 99 

suggests an LAB at approximately 150 km in the south and north, but with pronounced 

thinning to ca 110 km in central Taiwan. Since this “topography” hinges on the results at 

one station (SSLB), we are reluctant to over-interpret this variability. However, we note 

that it coincides spatially with the Puli Basin, an enigmatic topographic and gravity 

feature of central Taiwan (Rau and Wu, 1995).  

The S to N profile along the east side of Taiwan is even more intriguing (Figure 

5.5d). At first glance it would seem to show the LAB at about 150 km beneath both 

southern and northern Taiwan and significant variation in the central portion. While this 

could perhaps be interpreted as LAB topography at the base of a single lithospheric plate, 

we suggest another interpretation (Figure 5.7b). Station YULB is located in the transition 

zone between the eastward subduction of the Eurasian plate in the south and the 

northward subduction of the Philippine Sea plate in the north.  Thus we propose that we 

are detecting the LAB from two different lithospheric plates: the EUP in the south and 

the PSP in the north. Moreover the apparent shallow depth estimate of the LAB beneath 

station NACB may mark the transitional thinning of the subducted PSP toward the south. 

We also suggest that a negative polarity converter just beneath the Moho found on station 

YULB is the feathered edge of the PSP lying above laterally delaminating EUP below.  

 

Discussion 

Lallemand et al. (2001), Chemenda et al., (1997), and others have addressed the 

spatial concerns that are implied by the geometry of a double subduction zone beneath 

Taiwan, concluding that it requires a tear in the Eurasian slab (e.g. Figure 5.7). For the 

EUP to be subducting eastward beneath the PSP, while further north the PSP subducts  
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Figure 5.7.  The upper cross-section (A-A’) is modified from Lallemand et al., (2001), 

with T2 indicating a potential tear fault and D2 indicating a detachment of part of the 

Eurasian slab.  The Taiwan crust is shown in Blue, the Eurasian mantle lithosphere in 

Red, and the mantle lithosphere of the Philippine Sea Plate is Green.  The lower cross-

section (B-B’) is drawn from the results of this study and further illustrates the need for a 

tear in the EUP to accommodate the northward subduction of the PSP.  The same color 

scheme is used, with the addition of the Moho (dashed Blue line) and the LAB (dashed 

Red line and dashed Green line for the Eurasian and Philippine Sea plates respectively). 
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beneath the EUP, there must be some break in the EUP given the collision direction and 

the shape of the EUP.  Figure 5.7 shows that this tear must be propagating from roughly 

the position of station YULB, and it is this station which yields the anomalous receiver 

function results.  Again, it is noteworthy that the presumably torn EUP contains a full 

thickness of continental lithospheric mantle. 

The lithospheric thicknesses suggested by our results have important geodynamic 

implications for Taiwan. They argue against the suggestion that continental under-

thrusting beneath Taiwan is aided by the decreased buoyancy of a thinned lithosphere 

along the Eurasian continental margin.  Note that other estimates of lithospheric thickness 

from Easter Island and the Falkland Islands are reported as 80 and 140 km respectively 

(Heit et al., 2007).  The nearest lithospheric measurement from SRF comes from 

mainland China, over 1000 km away in the Dabie Shan which are reported to be 

approximately 60 km (Sodoudi et al., 2006b). While this point of comparison may be too 

far away to be of much relevance, the tomographic results of Wang et al. (2006) are not. 

As previously noted, our estimates of LAB thicknesses for the Eurasian plate match those 

inferred from tomography quite well and are consistent with S to p receiver function 

estimates from studies of other regions (Figure 5.6).  

 

Conclusions 

Taiwan has a unique and complex tectonic environment which includes the 

subduction of continental lithosphere beneath oceanic lithosphere and the existence of an 

interactive double subduction geometry. The results presented here, albeit sparse, provide 

some important new constraints for geodynamic models of the evolution of this arc-
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continent collision zone. Our results suggest that the Eurasian mantle lithosphere 

subducting beneath southern Taiwan is of normal thickness. We also suggest that we can 

trace the base of the lithosphere through the transition from eastward subduction of the 

EUP beneath PSP in the south to the northward subduction of the PSP beneath the EUP 

in the north. These results suggest that analysis of data from the much more extensive 

TAIGER deployment (Figure 5.3) now underway should provide compelling 3D 

constraints on lithospheric interactions in this unique region. 
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CONCLUSIONS 

 

Andes 

We conclude that the identification and mapping of teleseismic precursors to pP 

for intermediate to deep earthquakes beneath South America presents a rich new source 

of information on lithospheric structure beneath the Andes. Such precursors have allowed 

us to map both crustal and lithospheric thickness variations over a large area without 

having an expensive and time-consuming field campaign.  This technique is especially 

suited to areas where field conditions are prohibitive.  Where our results overlap previous 

findings using other techniques, they compare favorably. Most importantly, our results 

extend to cover large regions where previous estimates are lacking. The success of this 

technique is due to the availability of teleseisms from significant numbers of seismic 

stations used in experiments conducted in the western U.S. These stations are critical 

because of their preponderance and also because they are located at the appropriate 

epicentral distance from South America.  The availability of Earthscope project has been 

especially fortuitous.   

 Much of the importance of this work also lies in its ability to illuminate 

the dynamic and variable nature of the lithosphere.  Our results go some way to providing 

insight into which geomechanical models are at work in tectonically active tectonic 

margins.  Whilst inconclusive on its own, this thesis adds to the growing body of work 

which can explain Andean orogenic uplift through a combination of geodynamic 

processes such as lower crustal delamination 

 The results obtained using the pmP technique combined with those from other 
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studies show the crustal thicknesses under the Central Andes are more variable than 

expected from purely isostatic considerations. In addition, the precursor technique 

revealed that there are pronounced variations in the reflection amplitude of the pmP 

phase and that these variations are attributable to the complexity of the Moho itself.  Such 

systematic variations in Moho character are evaluated as indicators of lower crustal 

composition and tectonics.  From these results we infer that one or a combination of 

geodynamic processes such as lower crustal flow, lower crustal delamination as well as 

possibly mantle/crustal lithospheric coupling can explain the highly variable topography 

on the Moho.  The pmP technique also found evidence of intracrustal (i.e. magma) and 

subMoho heterogeneity, indicating that the technique has uses well beyond mapping 

Moho topography.  

The depth-phase precursor technique provides valuable insight into the 

lithospheric structure of the Andes.  Underside LAB reflections offer a unique 

opportunity to define the lithospheric thickness of the Andes, which is an important step 

in understanding the geodynamic evolution of the Andean cordillera.  The lithosphere is 

observed to be thickest underneath the Central Andes (135-195km) with a marked N-S 

trend underneath the Puna-Altiplano - the southern section being noticeably shallower.  

Out in the continental shield the lithosphere reaches depths of 190 km with the Moho 

ranging from between 35-42 km.  The lithosphere thins underneath the Chilean 

(Pampean) flat slab region where we observe it to be 80-100 km, steepening from west to 

east.  In the central Andes, the lithospheric thicknesses are substantial, indicating that in 

these areas there has been significant shortening and thickening as well as an absence of 

processes, such as catastrophic wholesale delamination, which remove massive amounts 
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of mantle lithosphere.  The precursor technique again shows itself to be an important and 

agile method of obtaining quick results for lithospheric depth structure.  Again, the same 

arguments are made here for its efficacy in terms of the low expenditure of time and 

money used to generate results for these remote and inaccessible regions. 

 

Taiwan 

Taiwan has a unique and complex tectonic environment.  This complexity 

includes the subduction of continental lithosphere beneath oceanic lithosphere and the 

existence of an interactive double-subduction geometry. Our results provide some 

important new constraints for the geodynamic models of the evolution of this arc-

continent collision zone. We suggest that the Eurasian mantle lithosphere, which is being 

subducted beneath southern Taiwan, is of normal thickness. We also suggest that we can 

trace the base of the lithosphere through the transition from eastward subduction of the 

European Plate (EUP) beneath Philippine-Sea Plate (PSP) in the south, to the northward 

subduction of the PSP beneath the EUP in the north.  From this we infer the possibility 

and location of a slab tear.  The unfortunate paucity of data used here underlines the 

importance of the TAIGER initiative.  We suggest that analysis of data from this much 

more extensive deployment should provide compelling 3D constraints on lithospheric 

interactions in this unique region. 
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APPENDIX I 

CODES AND PROCESSES 

 

 

Workflow 

 In order to replicate the work involved in this thesis a workflow detailing the 

programs used and how to access the data will be given.  The main program used here is 

called Seismic Handler written by Klaus Stammler.  It is freely available on the web and 

can be installed on any machine.  However the version used here and which is installed 

on Larry Brown’s  Maya computer has been significantly altered by Xiahoui Yuan of the 

GeoForschungsZentrum in Potsdam.  Seismic Handler is a very competent seismic 

viewer and process package containing many prewritten routines which are commonly 

used in the seismic community. 

 Before any analysis can be done, however we must first get the data.  All of the 

earthquakes analyzed in this study were downloaded from the IRIS website using the 

WilberII package.  This simple program is linked to a database of all the largest 

earthquakes which have occurred in the world since 1990 which, since we are only 

interested in ones greater than Mw6, is ideal for our purposes.  Once WilberII is started 

simply select the required year and quarter on the opening screen and then, after the 

screen has refreshed with all available events, click on the earthquake of interest.  This 

will bring up a screen detailing the exact location and depth of the event as well as all of 

the available networks which recorded data from the event and sent it to be catalogued at 

the IRIS Data Center.  Simply select the network of interest – which for purposes here 

entailed the Caltech/Terrascope and USArray networks – and go to the next page.  This 
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next page allows us to view the individual stations which recorded the event and also 

allows the option to filter any stations out using parameters such as azimuth and distance.  

A preliminary view of the exact waveform is also available.  For our purposes recording 

stations further than 85 degrees distance were discarded.  We also are only interested in 

the Vertical component and so an option to just select these is available.  Once you have 

filtered the data you need to select the data format you wish it to be delivered in.  There 

are a few options but having it delivered as a SEED file is the correct one.  Give the file a 

name and pick yourself a user name for downloading and click next.  You will see a list 

of your request and it will begin being processed by the Data Management Center and 

will take between 2-5 minutes depending on the size of your request and how busy the 

server is.  Once ready it will automatically flick to a new page where you can select the 

SEED file for downloading.  Simply repeat this process until you have all the data you 

need.   

 Once a SEED file has been downloaded it needs to be converted into an 

appropriate format for analysis.  SEED data can be converted using the rdseed program.  

Simply navigate to the folder with your SEED file and then type rdseed which brings up a 

prompt asking you to enter the exact name of the file to be converted.  Enter it and press 

return whereon you will be asked 8 options only two of which matter.  Skip the first 

(press return) enter “2” for the next and then press return until you are asked which data 

format you want.  A list of seven is available including SAC format which is useful if you 

want SAC files.  However, the format we are interested in is AH (option 2).  Cycle to the 

end of the questions by pressing return and you will see the program run and extract the 

individual waveforms to populate your folder with a vertical component AH file for each 
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station.   

 However, Seismic handler does not use AH format but rather Q-FILE format and 

so a subsequent conversion is needed between the two.  For this a .DAT file is required 

which lists the events date, time, co-ordinates, depth and magnitude.  It needs to be in the 

exact form,(yymmdd tttt ss.ss xx.xx yyy.yy ddd mm mm mm) or it will not run.  Once the 

DAT file has been created run a program called ahtoqfileevent (press ah TAB) and type 

*AH to run this program on all the AH files present in the folder.  Once done this creates 

a QFILE which is now ready for analysis.  What this program does is looks at the time, 

location and depth of the earthquake and then for each AH file calculates values such as 

expected phase arrival times, azimuth, angle of incidence for the particular station that 

the AH file is from and writes these values to the headers in the QFILE.  In doing this it 

accesses a file called stations.dat which is a database of stations with their names, 

codenames, associated location co-ordinates and elevations.  If you have an AH file for a 

station not in the stations.dat file the program will run but will not write any data to the 

headers after it encounters the first missing station from the file (it runs through them 

alphabetically).  To change this simply navigate to the stations.dat file and add the station 

info and then run the program again.  The location of this is /usr/local/sh/shc/stations.  

For recent data this can be quite laborious as often (as with USArray data) there are many 

new stations all of which need their data entered.  It is important to note that this step is 

important and will make your data processing much easier especially if more detailed 

work is going to be carried out on the waveforms.  However, for a quick and dirty look at 

the data this can be skipped and then gone back to since you don’t want to waste a bunch 

of time having beautifully detailed headers for a dataset that is useless (e.g. it might be 
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too noisy to identify pmP or pLP). 

 Now you are ready to use Seismic Handler.  To start it type “shc” whereon it will 

open up seismic handler.  Type “xopen;;” and it will open up a viewing window.  Now 

you should see that you have a command window to type commands and a viewing 

window wherein you will see those commands operate on your data.  Type “read qfile 

all” to load the qfile and you are ready to start processing and analyzing the data.  The 

utility of Seismic Handler is immense and, like any package, takes a bit of time to 

become familiar with.  The most commonly used commands are documented in a folder 

for help in becoming accustomed to using them.  Simply type “help” to see the list 

followed by “help xxxx” where xxxx is the command you wish to know more about.  A 

thorough browsing of this list will help get you on your feet using the software.  

Additionally there is some limited documentation on the web from Klaus Stammler 

himself.  Our package comes complete with many prewritten filter and instrument 

response packages written by the GFZ folk which make life much more simple.  Xiahoui 

Yuan and Ben Heit can be contacted and are always immensely helpful. 

 Additionally, all files, codes, images and documents have been saved to a hard 

drive for future reference should anyone wish to revisit this work.  This Drive has been 

left with Larry Brown and will be available upon request. 
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APPENDIX II 

EARTHQUAKES AND STATIONS 

 

 The techniques used in this thesis involved the use of many earthquakes.  

Following are two tables containing all of the events and stations used in this study 

although some of these were unused due to either recording problems or the earthquake 

not having sufficient energy. 

 

Events  

Year 

Mont

h 

Da

y 

Time(hhmmss.mm)UT

C 

Latitud

e 

Longitud

e 

Magnitud

e 

Dept

h 

 

1990 5 17 110324.75 -18.08 -69.63 5.8 105 

1990 9 4 231511.35 -31.26 -69.06 5.8 112 

1990 10 10 10005.5 -19.5 -66.62 6.4 266 

1991 5 24 205055.84 -16.51 -70.7 6.3 127 

1991 6 23 212228.94 -26.8 -63.35 7.3 558 

1992 1 27 95258.81 -21.48 -68.03 5.8 144 

1992 4 16 183305.38 -20 -68.48 5.8 122 

1993 2 24 222137.83 -24.93 -68.39 5.9 118 

1993 3 30 52357.95 -22.09 -67.32 5.8 184 

1993 5 24 235120.83 -23.24 -66.63 6.2 221 

1993 5 24 235128.24 -22.67 -66.54 7 221 

1993 6 8 231741.44 -31.56 -69.23 6.5 112 

1993 10 19 40221.9 -22.38 -65.97 6 272 

1993 10 30 175902.77 -31.7 -68.23 6.3 107 

1993 11 14 15920.24 -22.57 -68.57 5.8 112 

1994 4 29 71129.68 -28.3 -63.25 6.9 561 

1994 5 10 63628.38 -28.5 -63.1 6.9 600 

1994 6 16 184128.28 -15.25 -70.29 6 199 

1994 8 19 100251.83 -26.64 -63.42 6.5 563 

1994 10 20 11516.18 -39.19 -70.81 6 161 

1994 11 11 84829.97 -15.63 -72.54 5.8 120 

1994 12 7 33754.83 -23.42 -66.64 6 235 

1994 12 12 74155.41 -17.48 -69.6 6.3 148 

1995 2 14 155355.71 -23.37 -67.69 6 147 

1995 8 3 81853.92 -28.28 -69.24 5.9 104 
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1995 9 19 33153.91 -21.19 -68.67 5.8 112 

1997 1 23 21522.97 -22 -65.72 7.1 276 

1997 4 1 183332.2 -18.3 -69.53 6.2 113 

1997 4 1 184214.06 -18.35 -69.35 6.2 115 

1997 7 20 101422.8 -22.98 -66.3 6.1 256 

1998 6 7 161046.25 -31.52 -67.83 5.9 113 

1998 10 8 45142.89 -16.12 -71.4 6.4 136 

1998 12 14 162524.98 -38.21 -71.03 6 138 

1999 3 2 174555.19 -22.72 -68.5 5.9 110 

1999 3 5 3346.99 -20.42 -68.9 5.8 110 

1999 5 25 164205.35 -27.93 -66.93 5.8 169 

1999 9 15 30124.34 -20.93 -67.28 6.4 218 

1999 11 21 35114.45 -21.75 -68.78 6.1 101 

1999 11 30 40153.22 -18.9 -69.17 6.6 128 

2000 4 23 92723.32 -28.31 -62.99 7 608 

2000 4 23 170117.47 -28.38 -62.94 6.1 609 

2000 5 12 184318.12 -23.55 -66.45 7.2 225 

2000 6 14 31918.14 -24.03 -66.75 5.9 196 

2000 6 16 75535.39 -33.88 -70.09 6.4 120 

2001 3 16 43608.73 -20.41 -68.74 5.8 115 

2001 4 21 181546.83 -29.1 -67.52 5.8 127 

2001 6 19 93224.71 -22.74 -67.88 6 146 

2001 6 29 183551.98 -19.52 -66.25 6.1 273 

2002 3 28 45622.4 -21.66 -68.33 6.5 125 

2002 9 24 35722.28 -31.52 -69.2 6.3 119 

2003 1 7 5451.56 -33.76 -70.05 6 110 

2003 7 27 114127.05 -20.13 -65.18 6 345 

2003 9 17 213447.17 -21.47 -68.32 5.9 127 

2004 2 4 51844.82 -26.13 -63.46 5.8 558 

2004 3 17 32107.91 -21.12 -65.59 6.1 289 

2004 11 12 63616.76 -26.7 -63.32 6.1 568 

2004 11 13 73318.23 -26.75 -63.36 5.8 573 

2005 3 21 122354.09 -24.98 -63.47 6.9 579 

2005 3 21 124312.36 -24.73 -63.51 6.4 570 

2005 4 16 224116.04 -17.65 -69.66 5.8 118 

2005 6 2 105601.65 -24.22 -67 6.1 196 

2005 6 13 224433.9 -19.99 -69.2 7.8 115 

2005 7 26 141136.39 -15.35 -72.96 5.9 110 

2005 8 14 23940.37 -19.78 -68.98 5.8 113 

2005 9 9 112606.64 -31.68 -69.14 5.8 112 

2005 11 17 192654.49 -22.36 -67.89 6.8 147 

2006 8 25 4446.16 -24.4 -67.03 6.6 184 

2006 9 12 133055.66 -28.94 -68.9 6 114 

2006 9 17 93413.58 -31.73 -67.14 6.2 137 

2006 9 22 23225.64 -26.87 -63.15 6.1 598 

2006 9 30 162656.12 -15.59 -73.16 6 107 
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2006 10 17 40237.34 -21.04 -68.28 5.9 140 

2006 10 23 210042.47 -21.85 -65.6 5.8 261 

2006 11 7 132536.31 -21.73 -68.2 5.8 121 

2006 11 13 12635.87 -26.05 -63.28 6.8 572 

2007 5 25 174731.26 -24.22 -67.03 5.9 180 

2007 7 21 153452.6 -22.15 -65.78 6.4 289 

2007 11 18 54012.04 -22.64 -66.32 6 246 

2007 11 21 125505.6 -24.81 -68.47 5.8 115 

2007 12 25 162052.56 -19.44 -69.05 5.8 112 

2008 3 24 203907.47 -20.01 -68.86 6.1 119 
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Stations 

Station 

Code Geographic Location State Longitude Latitude 

Start Data 

Flow 

      IM-NV32 Mina  NV  118.3 W 38.3 N 8/13/2003 

IM-ATTU Attu Island  AK  173.2  E 52.9 N 9/10/2003 

IM-PD31 Pinedale  WY  109.6 W 42.8 N 9/10/2003 

IM-TX31 Lajitas  TX  103.7 W 29.3 N 9/10/2003 

US-JCT Junction  TX  99.8 W 30.5 N 1/15/2004 

US-MIAR Mount Ida  AR  93.6 W 34.5 N 1/20/2004 

US-

GOGA Godfrey  GA  83.5 W 33.4 N 1/27/2004 

US-BLA Blacksburg  VI  80.4 W 37.2 N 1/29/2004 

US-

WMOK Wichita Mountains  OK  98.8 W 34.7 N 2/2/2004 

CI-ADO Adelanto  CA  117.4 W 34.5 N 4/1/2004 

CI-BBR Big Bear Lake  CA  116.9 W 34.3 N 4/1/2004 

CI-BC3 Desert Center  CA  115.5 W 33.7 N 4/1/2004 

CI-BEL Twentynine Palms  CA  116.0 W 34.0 N 4/1/2004 

CI-BFS Mount Baldy  CA  117.7 W 34.2 N 4/1/2004 

CI-CIA Avalon  CA  118.4 W 33.4 N 4/1/2004 

CI-CWC Lone Pine  CA  118.1 W 36.4 N 4/1/2004 

CI-DAN Needles  CA  115.4 W 34.6 N 4/1/2004 

CI-DEC Sunland  CA  118.3 W 34.3 N 4/1/2004 

CI-DNR Anza  CA  116.6 W 33.6 N 4/1/2004 

CI-DVT Ocotillo  CA  116.1 W 32.7 N 4/1/2004 

CI-EDW Rosamond  CA  118.0 W 34.9 N 4/1/2004 

CI-FMP San Pedro  CA  118.3 W 33.7 N 4/1/2004 

CI-FUR Furnace Creek  CA  116.9 W 36.5 N 4/1/2004 

CI-GLA Glamis  

 

114.8 W 33.1 N 4/1/2004 

CI-GOR Vista  CA  117.2 W 33.2 N 4/1/2004 

CI-GRA Death Valley  CA  117.4 W 37.0 N 4/1/2004 

CI-GSC Barstow  CA  116.8 W 35.3 N 4/1/2004 

CI-HEC Ludlow  CA  116.3 W 34.8 N 4/1/2004 

CI-IRM Desert Center  CA  115.1 W 34.2 N 4/1/2004 

CI-ISA Lake Isabella  CA  118.5 W 35.7 N 4/1/2004 

CI-LGU Port Hueneme  CA  119.1 W 34.1 N 4/1/2004 

CI-LRL Ridgecrest  CA  117.7 W 35.5 N 4/1/2004 

CI-MPI Frazier Park  CA  119.1 W 34.8 N 4/1/2004 

CI-MPM Trona  CA  117.5 W 36.1 N 4/1/2004 

CI-MPP Los Olivos  CA  119.8 W 34.9 N 4/1/2004 

CI-NEE Needles  CA  114.6 W 34.8 N 4/1/2004 

CI-OSI Osito Adit  

 

118.7 W 34.6 N 4/1/2004 

CI-PDM Lake Havasu City  AZ  114.1 W 34.3 N 4/1/2004 

CI-RCT Farmersville  CA  119.2 W 36.3 N 4/1/2004 



 

 117 

CI-RRX Barstow  CA  117.0 W 34.9 N 4/1/2004 

CI-SBC Santa Barbara  CA  119.7 W 34.4 N 4/1/2004 

CI-SCI2 

 

CA  118.5 W 33.0 N 4/1/2004 

CI-SDP Lompoc  CA  120.5 W 34.6 N 4/1/2004 

CI-SDR El Cajon  CA  116.9 W 32.7 N 4/1/2004 

CI-SHO Shoshone  CA  116.3 W 35.9 N 4/1/2004 

CI-SMM Simmler  CA  120.0 W 35.3 N 4/1/2004 

CI-SNCC San Nicolas Island  

 

119.5 W 33.2 N 4/1/2004 

CI-SWS Westmorland  CA  115.8 W 32.9 N 4/1/2004 

CI-TIN Big Pine  CA  118.2 W 37.1 N 4/1/2004 

CI-TUQ Baker  CA  115.9 W 35.4 N 4/1/2004 

CI-VES Richgrove  CA  119.1 W 35.8 N 4/1/2004 

CI-WER Wheeler Ridge  CA  119.0 W 35.1 N 4/1/2004 

AZ-

MONP Monument Peak  CA  116.4 W 32.9 N 4/15/2004 

AZ-PFO Pinon Flats Observatory  CA  116.5 W 33.6 N 4/15/2004 

BK-CMB Columbia  CA  120.4 W 38.0 N 5/1/2004 

BK-CVS Sonoma  CA  122.5 W 38.3 N 5/1/2004 

BK-FARB Farallon Islands  CA  123.0 W 37.7 N 5/1/2004 

BK-HOPS Hopland  CA  123.1 W 39.0 N 5/1/2004 

BK-

HUMO Hull Mountain  OR  123.0 W 42.6 N 5/1/2004 

BK-JCC Bayside  CA  124.0 W 40.8 N 5/1/2004 

BK-JRSC Stanford  CA  122.2 W 37.4 N 5/1/2004 

BK-KCC Kaiser Creek  CA  119.3 W 37.3 N 5/1/2004 

BK-

MNRC McLaughlin Mine  CA  122.4 W 38.9 N 5/1/2004 

BK-MOD Modoc Plateau  CA  120.3 W 41.9 N 5/1/2004 

BK-ORV Oroville  CA  121.5 W 39.6 N 5/1/2004 

BK-PACP Pacheco Peak  CA  121.3 W 37.0 N 5/1/2004 

BK-PKD Parkfield  CA  120.5 W 35.9 N 5/1/2004 

BK-POTR Fairfield  CA  121.9 W 38.2 N 5/1/2004 

BK-WDC Whiskeytown  CA  122.5 W 40.6 N 5/1/2004 

BK-

WENL Livermore  CA  121.8 W 37.6 N 5/1/2004 

BK-YBH Yreka  CA  122.7 W 41.7 N 5/1/2004 

TA-109C Miramar  CA  117.1 W 32.9 N 5/10/2004 

TA-Y22C Socorro  NM  106.9 W 34.1 N 5/10/2004 

TA-V04C Paso Robles  CA  120.9 W 35.6 N 6/7/2004 

CI-EDW2 Rosamond  CA  118.0 W 34.9 N 6/14/2004 

CI-BCC Bear Creek Country Club  117.3 W 33.6 N 6/23/2004 

CI-SCZ2 

 

CA  119.6 W 34.0 N 6/24/2004 

CI-ARV Arvin  CA  118.8 W 35.1 N 7/19/2004 

TA-HAST Carmel Valley  CA  121.6 W 36.4 N 7/21/2004 

TA-I05A Bend  OR  121.3 W 44.2 N 7/21/2004 

TA-D03A Wishkah  WA  123.8 W 47.1 N 9/16/2004 
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TA-A04A Lummi Island  WA  122.7 W 48.7 N 9/19/2004 

US-

HAWA Hanford  WA  119.5 W 46.4 N 9/20/2004 

US-ISCO Idaho Springs  CO  105.6 W 39.8 N 9/30/2004 

TA-Y12C Blythe  CA  114.5 W 33.8 N 11/17/2004 

TA-U04C Idria  CA  120.8 W 36.4 N 12/5/2004 

TA-T06C Friant  CA  119.7 W 37.0 N 12/6/2004 

TA-

LAVA Placerville  CA  120.7 W 38.8 N 12/10/2004 

TA-Q04C Lincoln  CA  121.4 W 38.8 N 12/10/2004 

TA-R04C Ione  CA  120.9 W 38.3 N 12/13/2004 

TA-S04C Westley  CA  121.3 W 37.5 N 12/20/2004 

TA-U05C Five Points  CA  120.1 W 36.3 N 1/5/2005 

BK-BDM Antioch  CA  121.9 W 38.0 N 2/10/2005 

TA-HELL Miramonte  CA  119.0 W 36.7 N 2/12/2005 

TA-T05C Dos Palos  CA  120.7 W 36.9 N 2/15/2005 

TA-V03C Hunter Liggett MR Jolon  CA  121.2 W 36.0 N 2/23/2005 

TA-V05C Kettleman City  CA  119.9 W 35.9 N 4/11/2005 

TA-O03C Los Molinos  CA  122.0 W 40.0 N 4/19/2005 

TA-S05C Merced  CA  120.3 W 37.3 N 4/19/2005 

TA-BNLO 

Ben Lomond (Santa Cruz 

Mountains)  CA  122.2 W 37.1 N 4/20/2005 

TA-O05C Quincy  CA  120.9 W 40.0 N 4/20/2005 

TA-SUTB Sutter Butte  CA  121.8 W 39.2 N 5/17/2005 

TA-ELFS Susanville  CA  120.7 W 40.6 N 5/20/2005 

TA-HATC Hat Creek  CA  121.5 W 40.8 N 5/22/2005 

TA-O04C Chester  CA  121.1 W 40.3 N 5/25/2005 

TA-P05C Truckee  CA  120.6 W 39.3 N 6/7/2005 

US-AAM Ann Arbor  MI  83.7 W 42.3 N 6/10/2005 

US-ACSO Alum Creek State Park  OH  83.0 W 40.2 N 6/10/2005 

TA-M06C Likely  CA  120.5 W 41.2 N 6/28/2005 

TA-Q03C Winters  CA  122.0 W 38.6 N 6/28/2005 

TA-M05C Lookout  CA  121.1 W 41.4 N 6/29/2005 

TA-M04C Macdoel  CA  121.8 W 41.8 N 6/30/2005 

TA-O02C Red Bluff  CA  122.8 W 40.2 N 7/20/2005 

US-

WVOR Wild Horse Valley  OR  118.6 W 42.4 N 7/25/2005 

TA-M03C McCloud  CA  122.1 W 41.3 N 7/31/2005 

TA-N02C Big Bar  CA  123.3 W 40.8 N 7/31/2005 

TA-S08C Bishop  CA  118.2 W 37.5 N 8/2/2005 

TA-R07C Lee Vining  CA  119.0 W 38.1 N 8/3/2005 

TA-R06C Coleville  CA  119.5 W 38.5 N 8/6/2005 

TA-R05C Kirkwood  CA  120.1 W 38.7 N 8/11/2005 

TA-M02C Callahan  CA  122.9 W 41.4 N 8/13/2005 

TA-P01C Willits  CA  123.3 W 39.5 N 8/24/2005 

BK-GASB Alder Springs  CA  122.7 W 39.7 N 9/22/2005 
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US-LONY Lake Ozonia  NY  74.6 W 44.6 N 10/6/2005 

TA-S06C Mather  CA  119.8 W 37.9 N 10/10/2005 

CI-MUR Murrieta  

 

117.2 W 33.6 N 10/12/2005 

CI-MLAC Mammoth Lakes  CA  118.8 W 37.6 N 10/14/2005 

TA-C03A Forks  WA  124.6 W 47.9 N 10/20/2005 

TA-B04A Port Angeles  WA  123.5 W 48.1 N 10/21/2005 

TA-C04A Brinnon  WA  123.0 W 47.7 N 10/22/2005 

TA-D04A Lacey  WA  122.8 W 47.1 N 10/24/2005 

TA-F04A Amboy  WA  122.4 W 45.9 N 10/25/2005 

TA-E04A Onalaska  WA  122.7 W 46.6 N 10/27/2005 

TA-E05A Randle  WA  121.8 W 46.6 N 10/29/2005 

TA-E03A Lebam  WA  123.6 W 46.5 N 11/2/2005 

TA-F03A Seaside  OR  123.6 W 45.9 N 11/8/2005 

TA-H04A Detroit Lake  OR  122.2 W 44.7 N 11/9/2005 

TA-H03A Albany  OR  123.3 W 44.7 N 11/10/2005 

TA-H02A Toledo  OR  124.0 W 44.7 N 11/16/2005 

TA-I03A Eugene  OR  123.3 W 44.0 N 11/19/2005 

TA-F05A White Salmon  WA  121.5 W 45.9 N 11/20/2005 

TA-O01C Redway  CA  123.8 W 40.1 N 11/26/2005 

TA-D05A Enumclaw  WA  122.0 W 47.2 N 11/27/2005 

TA-G04A Mulino  OR  122.5 W 45.2 N 11/27/2005 

TA-I02A Mapleton  OR  123.8 W 44.0 N 11/27/2005 

TA-B05A Bryant  WA  122.1 W 48.3 N 12/1/2005 

TA-A05A Maple Falls  WA  122.1 W 49.0 N 12/5/2005 

TA-H05A Madras  OR  121.2 W 44.6 N 12/12/2005 

TA-G05A Wamic  OR  121.3 W 45.2 N 12/14/2005 

TA-J02A Umpqua  OR  123.6 W 43.4 N 12/25/2005 

TA-K01A Sixes  OR  124.5 W 42.8 N 12/27/2005 

US-NEW Newport  WA  117.1 W 48.3 N 1/30/2006 

TA-K06A Valley Falls  OR  120.3 W 42.8 N 1/30/2006 

TA-J06A Christmas Valley  OR  120.2 W 43.3 N 2/1/2006 

BK-

MCCM Marshall  CA  122.9 W 38.1 N 2/3/2006 

TA-I06A Prineville  OR  120.2 W 43.9 N 2/3/2006 

TA-M08A Winnemucca  NV  118.4 W 41.4 N 2/16/2006 

TA-M07A Soldier Meadows  NV  119.2 W 41.4 N 2/17/2006 

TA-N07A Gerlach  NV  119.0 W 40.8 N 2/24/2006 

TA-O07A Toulon  NV  118.9 W 40.2 N 3/2/2006 

TA-O08A Lovelock  NV  118.2 W 40.3 N 3/2/2006 

TA-W14A Seligman  AZ  113.1 W 35.2 N 3/10/2006 

TA-W15A Williams  AZ  112.3 W 35.2 N 3/12/2006 

TA-X14A Yava  AZ  112.9 W 34.5 N 3/13/2006 

TA-X13A Yucca  AZ  113.8 W 34.6 N 3/15/2006 

TA-Y13A Salome  AZ  113.8 W 33.8 N 3/16/2006 

TA-Z14A Wintersburg  AZ  112.9 W 33.4 N 3/17/2006 

TA-O06A Flanigan  NV  119.8 W 40.2 N 3/18/2006 
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TA-P07A Fallon  NV  118.9 W 39.5 N 3/19/2006 

TA-R08A Mina  NV  118.1 W 38.3 N 3/19/2006 

TA-116A Eloy  AZ  111.7 W 32.6 N 3/20/2006 

TA-Q07A Schurz  NV  118.8 W 38.9 N 3/21/2006 

TA-N08A Mill City  NV  118.1 W 40.8 N 3/22/2006 

TA-X15A Humboldt  AZ  112.2 W 34.5 N 3/22/2006 

TA-115A Stanfield  AZ  112.2 W 32.7 N 3/23/2006 

TA-Q08A Gabbs  NV  117.9 W 38.9 N 3/23/2006 

TA-C05A Tolt Reservoir  WA  121.7 W 47.7 N 3/24/2006 

TA-P08A Dixie Valley  NV  118.1 W 39.7 N 3/24/2006 

TA-Y14A Wickenburg  AZ  113.0 W 33.9 N 3/24/2006 

TA-L02A Cave Junction  OR  123.6 W 42.2 N 3/25/2006 

TA-W12A Cal Nev Ari  NV  114.9 W 35.3 N 3/25/2006 

TA-W13A Kingman  AZ  113.9 W 35.1 N 3/28/2006 

TA-J03A Ideyld Park  OR  123.0 W 43.4 N 3/29/2006 

TA-S09A Goldfield  NV  117.2 W 37.7 N 4/12/2006 

TA-Q09A Carvers  NV  117.2 W 38.8 N 4/14/2006 

TA-P09A Austin  NV  117.1 W 39.6 N 4/15/2006 

TA-N09A Golconda  NV  117.5 W 40.9 N 4/24/2006 

TA-O09A Battle Mountain  NV  117.2 W 40.2 N 4/24/2006 

TA-L09A McDermitt  NV  117.7 W 42.0 N 4/25/2006 

TA-M09A Paradise Valley  NV  117.4 W 41.4 N 4/26/2006 

TA-N07B Gerlach  NV  119.0 W 40.8 N 4/27/2006 

CI-GMR Granite Mountains Research Center  115.7 W 34.8 N 5/3/2006 

TA-N10A Dunphy  NV  116.5 W 40.7 N 5/3/2006 

TA-M10A Tuscararo  NV  116.5 W 41.5 N 5/5/2006 

TA-N11A Elko  NV  115.7 W 40.8 N 5/5/2006 

TA-M12A Wells  NV  114.9 W 41.4 N 5/6/2006 

TA-M11A North Fork  NV  115.8 W 41.4 N 5/7/2006 

TA-M13A Montello  NV  114.2 W 41.4 N 5/8/2006 

TA-N12A Wells  NV  115.0 W 40.9 N 5/10/2006 

TA-P06A Stead  NV  119.9 W 39.7 N 5/15/2006 

US-ECSD Sioux Falls  SD  96.6 W 43.7 N 5/19/2006 

TA-N13A West Wendover  NV  114.2 W 40.9 N 5/19/2006 

TA-K04A Chilquin  OR  121.7 W 42.6 N 5/26/2006 

TA-L04A Klamath Falls  OR  121.9 W 42.2 N 5/26/2006 

TA-M01C Crescent City  CA  124.1 W 41.8 N 5/26/2006 

TA-O12A Currie  NV  114.7 W 40.3 N 5/28/2006 

TA-K02A Glendale  OR  123.5 W 42.8 N 5/29/2006 

TA-P12A McGill  NV  114.9 W 39.5 N 6/1/2006 

US-KSU1 

Kansas State University--Konza 

Prairie  KS  96.6 W 39.1 N 6/2/2006 

US-SCIA State Center  IA  93.2 W 41.9 N 6/2/2006 

TA-K07A Frenchglen  OR  119.2 W 42.7 N 6/3/2006 

TA-O11A Jiggs  NV  115.7 W 40.1 N 6/11/2006 

TA-P11A Eureka  NV  115.8 W 39.6 N 6/11/2006 
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TA-Q11A Duckwater  NV  115.7 W 38.8 N 6/11/2006 

TA-O10A Crescent City  NV  116.5 W 40.3 N 6/14/2006 

TA-Q12A Ely  NV  114.8 W 39.0 N 6/14/2006 

TA-V11A Goodsprings  NV  115.4 W 35.8 N 6/16/2006 

TA-P10A Eureka  NV  116.5 W 39.6 N 6/17/2006 

TA-R09A Tonopah  NV  117.1 W 38.2 N 6/18/2006 

TA-L07A Adell  OR  119.3 W 42.0 N 6/19/2006 

US-KVTX Kingsville  TX  97.9 W 27.5 N 6/20/2006 

TA-L05A Lakeview  OR  120.8 W 42.0 N 6/20/2006 

TA-L08A Fields  OR  118.3 W 42.2 N 6/20/2006 

TA-U10A Armagosa  NV  116.3 W 36.4 N 6/20/2006 

TA-V12A Nelson  NV  114.9 W 35.7 N 6/20/2006 

TA-R10A Warm Springs  NV  116.3 W 38.3 N 6/21/2006 

TA-U12A Overton  NV  114.5 W 36.4 N 6/21/2006 

TA-U11A Corn Creek  NV  115.4 W 36.4 N 6/22/2006 

TA-J07A Hines  OR  119.3 W 43.4 N 6/23/2006 

US-CNNC Cliffs of the Neuse  NC  77.9 W 35.2 N 6/26/2006 

TA-J08A Crane  OR  118.5 W 43.4 N 6/30/2006 

TA-K08A Princeton  OR  118.5 W 42.7 N 6/30/2006 

US-PKME Peaks-Kenny State Park  ME  69.3 W 45.3 N 7/6/2006 

TA-N06A Empire  NV  119.8 W 40.7 N 7/14/2006 

US-BRAL Brewton  AL  87.0 W 31.2 N 7/17/2006 

TA-G03A Yamhill  OR  123.3 W 45.3 N 7/17/2006 

TA-J05A Fort Rock  OR  121.2 W 43.3 N 7/18/2006 

US-TPNV Topopah Spring  

 

116.2 W 36.9 N 7/21/2006 

US-JFWS Jewell Farm  WI  90.2 W 42.9 N 7/22/2006 

TA-H08A Prairie City  OR  118.7 W 44.5 N 7/28/2006 

TA-I07A Izee  OR  119.5 W 44.1 N 7/28/2006 

TA-I08A Drewsey  OR  118.6 W 43.9 N 7/28/2006 

TA-I09A Westfall  OR  117.7 W 44.0 N 7/28/2006 

TA-F08A Pendleton  OR  118.8 W 45.8 N 7/31/2006 

TA-H09A Durkee  OR  117.7 W 44.7 N 7/31/2006 

CI-NEE2 Needles  CA  114.6 W 34.8 N 8/1/2006 

TA-K09A Rome  OR  117.7 W 42.7 N 8/6/2006 

TA-K05A Summer Lake  OR  120.9 W 42.7 N 8/9/2006 

US-GLMI Grayling  MI  84.6 W 44.8 N 8/12/2006 

TA-G09A Cove  OR  117.8 W 45.3 N 8/12/2006 

US-EGAK Central Alaska  AK  141.2 W 64.8 N 8/18/2006 

TA-G06A Grass Valley  OR  120.6 W 45.2 N 8/21/2006 

TA-H06A Mitchell  OR  120.3 W 44.7 N 8/21/2006 

TA-F09A Elgin  OR  117.9 W 45.7 N 8/22/2006 

TA-G08A Pilot Rock  OR  119.0 W 45.3 N 8/22/2006 

TA-J09A Harper  OR  117.8 W 43.3 N 8/22/2006 

US-HDIL Hopedale  IL  89.3 W 40.6 N 8/24/2006 

TA-G10A Joseph  OR  117.1 W 45.3 N 8/24/2006 

TA-G07A Heppner  OR  119.7 W 45.3 N 8/25/2006 
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TA-H07A Kimberly  OR  119.6 W 44.6 N 8/25/2006 

TA-F06A Goldendale  WA  120.8 W 45.8 N 8/26/2006 

US-

WRAK Southeastern Alaska  AK  132.3 W 56.4 N 8/28/2006 

TA-D07A Quincy  WA  120.0 W 47.2 N 9/4/2006 

TA-E06A Yakima  WA  121.0 W 46.5 N 9/4/2006 

TA-E07A Sunnyside  WA  119.9 W 46.6 N 9/4/2006 

TA-F07A Prosser  WA  119.9 W 45.9 N 9/4/2006 

US-

EYMN Ely  MN  91.5 W 47.9 N 9/5/2006 

TA-B10A Usk  WA  117.2 W 48.3 N 9/5/2006 

TA-D08A Schrag  WA  118.9 W 47.1 N 9/5/2006 

TA-D09A Ritzville  WA  118.3 W 47.1 N 9/5/2006 

TA-F10A Enterprise  OR  117.2 W 46.0 N 9/5/2006 

TA-A10A Northport  WA  117.6 W 49.0 N 9/6/2006 

TA-C10A Colbert  WA  117.3 W 47.8 N 9/7/2006 

TA-C06A Leavenworth  WA  120.9 W 47.9 N 9/14/2006 

TA-A09A Danville  WA  118.6 W 49.0 N 9/15/2006 

TA-B09A Rice  WA  118.1 W 48.4 N 9/15/2006 

TA-A08A Oroville  WA  119.3 W 49.0 N 9/16/2006 

US-

AGMN Agassiz National Wildlife Refuge  MN  95.9 W 48.3 N 9/20/2006 

US-DUG Tooele County  UT  112.8 W 40.2 N 9/20/2006 

US-

EGMT Eagleton  MT  109.8 W 48.0 N 9/20/2006 

US-HLID Hailey  ID  114.4 W 43.6 N 9/20/2006 

US-

WUAZ Wupatki  AZ  111.4 W 35.5 N 9/20/2006 

US-BOZ Bozeman  MT  111.6 W 45.6 N 9/20/2006 

TA-C08A Almira  WA  119.0 W 47.8 N 9/23/2006 

TA-C09A Davenport  WA  118.3 W 47.8 N 9/23/2006 

US-COWI Conover  WI  89.1 W 46.1 N 9/26/2006 

TA-D10A Oakesdale  WA  117.3 W 47.1 N 9/26/2006 

US-

MVCO Mesa Verde  CO  108.5 W 37.2 N 9/27/2006 

TA-E08A Eltopia  WA  119.1 W 46.5 N 9/27/2006 

TA-E09A Starbuck  WA  118.1 W 46.5 N 9/27/2006 

TA-A12A Troy  MT  115.7 W 48.9 N 9/28/2006 

TA-A13A Polebridge  MT  114.4 W 48.9 N 9/28/2006 

TA-B06A Marblemount  WA  121.5 W 48.5 N 9/28/2006 

TA-B07A Winthrop  WA  120.1 W 48.5 N 9/28/2006 

TA-B12A Libby  MT  115.6 W 48.5 N 9/28/2006 

TA-B13A Whitefish  MT  114.5 W 48.4 N 9/28/2006 

TA-C07A Waterville  WA  120.1 W 47.7 N 9/28/2006 

TA-C12A Trout Creek  MT  115.5 W 47.7 N 9/28/2006 

TA-C13A Hot Springs  MT  114.6 W 47.7 N 9/28/2006 
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TA-D06A Cle Elum  WA  120.8 W 47.2 N 9/28/2006 

TA-E10A Uniontown  WA  117.1 W 46.5 N 9/29/2006 

IM-NV31 Mina  NV  118.2 W 38.4 N 10/1/2006 

TA-B11A Sandpoint  ID  116.4 W 48.4 N 10/6/2006 

TA-D15A Lincoln  MT  112.5 W 47.0 N 10/6/2006 

TA-C14A Swan Lake  MT  113.7 W 47.8 N 10/14/2006 

TA-D13A Huson  MT  114.5 W 47.1 N 10/14/2006 

TA-D14A Greenough  MT  113.5 W 47.1 N 10/14/2006 

TA-E13A Victor  MT  114.2 W 46.4 N 10/14/2006 

TA-E14A Clinton  MT  113.5 W 46.4 N 10/15/2006 

TA-E15A Deer Lodge  MT  112.6 W 46.4 N 10/15/2006 

US-

NLWA Neilton Lookout  WA  123.9 W 47.4 N 10/17/2006 

TA-A07A Ashnola River  

 

120.4 W 49.0 N 10/22/2006 

TA-A06A Chilliwack  

 

121.5 W 49.1 N 10/23/2006 

TA-A11A Copeland  ID  116.4 W 49.0 N 10/23/2006 

TA-F13A Darby  MT  114.3 W 45.8 N 10/23/2006 

TA-F14A Wisdom  MT  113.4 W 45.8 N 10/23/2006 

TA-I10A Payette  ID  116.8 W 44.1 N 10/27/2006 

TA-F15A Butte  MT  112.5 W 45.8 N 10/28/2006 

TA-H11A Donnelly  ID  116.0 W 44.7 N 10/28/2006 

TA-I04A Oakridge  OR  122.4 W 43.8 N 11/3/2006 

TA-J04A Toketee  OR  122.1 W 43.2 N 11/3/2006 

TA-F11A Grangeville  ID  116.2 W 45.9 N 11/4/2006 

TA-F12A Elk City  ID  115.3 W 45.8 N 11/4/2006 

TA-B08A Omak  WA  119.3 W 48.4 N 11/11/2006 

TA-D11A Fernwood  ID  116.3 W 47.0 N 11/11/2006 

TA-D12A Avery  ID  115.4 W 47.1 N 11/11/2006 

TA-G11A Riggins  ID  116.3 W 45.4 N 11/11/2006 

TA-G14A Jackson  MT  113.5 W 45.2 N 11/11/2006 

TA-G15A Dillon  MT  112.5 W 45.2 N 11/11/2006 

TA-E11A Nez Perce  ID  116.2 W 46.4 N 11/23/2006 

TA-H10A Cambridge  ID  116.7 W 44.6 N 11/23/2006 

TA-G13A Cobalt  ID  114.2 W 45.1 N 11/27/2006 

TA-H12A Stanley  ID  114.9 W 44.5 N 11/27/2006 

TA-I11A Placerville  ID  116.0 W 43.9 N 11/27/2006 

TA-J10A Berg Farm  

 

116.8 W 43.4 N 11/29/2006 

TA-J12A Hill City  ID  115.1 W 43.2 N 12/9/2006 

TA-J11A Mayfield  ID  115.8 W 43.4 N 12/9/2006 

TA-J13A Picabo  ID  114.2 W 43.4 N 12/9/2006 

TA-K12A Castleford  ID  114.9 W 42.6 N 12/11/2006 

TA-K13A Hazelton  ID  114.1 W 42.6 N 12/15/2006 

TA-L13A Oakley  ID  113.9 W 42.1 N 12/15/2006 

TA-K10A Jordan Valley  OR  116.9 W 42.8 N 12/16/2006 

TA-L12A Rogerson  ID  115.0 W 42.1 N 12/26/2006 

TA-K14A Declo  ID  113.2 W 42.5 N 12/28/2006 
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TA-H13A Challis  ID  114.3 W 44.6 N 12/30/2006 

TA-R12A Pioche  NV  114.6 W 38.3 N 1/27/2007 

TA-I13A Mackay  ID  114.1 W 43.9 N 1/27/2007 

TA-L10A Riddle  ID  116.5 W 42.1 N 1/27/2007 

TA-S10A Tonopah  NV  116.6 W 37.9 N 1/27/2007 

TA-S14A Cedar City  UT  113.2 W 37.8 N 1/27/2007 

TA-T12A Moapa  NV  114.7 W 36.7 N 1/27/2007 

TA-T14A Hurricane  UT  113.1 W 37.1 N 1/28/2007 

TA-L11A Riddle  ID  115.8 W 42.2 N 1/29/2007 

TA-T13A Saint George  UT  113.9 W 37.0 N 1/30/2007 

TA-S11A Rachel  NV  115.7 W 37.6 N 2/1/2007 

TA-Q10A Tonopah  NV  116.4 W 38.8 N 2/7/2007 

TA-K11A Bruneau  ID  116.0 W 42.8 N 2/8/2007 

TA-M14A Rosette  UT  113.3 W 41.5 N 2/10/2007 

TA-M15A Promontory  UT  112.4 W 41.5 N 2/13/2007 

TA-T15A Kanab  UT  112.4 W 37.0 N 2/15/2007 

TA-S13A Enterprise  UT  113.9 W 37.6 N 2/15/2007 

TA-T11A Alamo  NV  115.2 W 37.2 N 2/15/2007 

TA-S12A Caliente  NV  114.8 W 37.6 N 2/15/2007 

TA-U13A Pakoon Wash  AZ  114.0 W 36.4 N 2/17/2007 

TA-U14A Mt Trumbull  AZ  113.2 W 36.4 N 2/18/2007 

TA-N15A Grantsville  UT  112.5 W 40.9 N 2/19/2007 

TA-N14A Clive  UT  113.2 W 40.9 N 2/20/2007 

TA-O13A Ibapah  UT  114.0 W 40.1 N 2/22/2007 

TA-R14A Milford  UT  113.0 W 38.3 N 2/27/2007 

TA-R11A Currant  NV  115.6 W 38.3 N 2/27/2007 

TA-216A Tucson  AZ  111.5 W 32.0 N 3/2/2007 

TA-P13A Gandy  UT  114.0 W 39.5 N 3/2/2007 

TA-217A Green Valley  AZ  110.8 W 31.8 N 3/4/2007 

TA-Q13A Garrison  UT  114.0 W 39.0 N 3/4/2007 

TA-218A Dragoon  AZ  110.0 W 32.0 N 3/5/2007 

TA-319A Douglas  AZ  109.3 W 31.4 N 3/6/2007 

TA-318A Bisbee  AZ  110.0 W 31.4 N 3/7/2007 

TA-Y15A Morristown  AZ  112.3 W 34.0 N 3/20/2007 

TA-119A Duncan  AZ  109.3 W 32.8 N 3/21/2007 

TA-219A San Simon  AZ  109.3 W 32.0 N 3/21/2007 

TA-T16A Page  AZ  111.5 W 37.0 N 3/21/2007 

TA-Y16A Sunflower  AZ  111.5 W 33.9 N 3/21/2007 

TA-Z16A Apache Junction  AZ  111.4 W 33.3 N 3/21/2007 

TA-Z18A Geronimo  AZ  110.0 W 33.1 N 3/22/2007 

TA-V14A Peach Springs  AZ  113.1 W 35.6 N 3/23/2007 

TA-X16A Pine  AZ  111.4 W 34.4 N 3/30/2007 

TA-Y19A Nutrioso  AZ  109.3 W 34.0 N 4/4/2007 

TA-Z19A Clifton  AZ  109.3 W 33.3 N 4/4/2007 

TA-118A Wilcox  AZ  110.0 W 32.6 N 4/6/2007 

TA-117A Oracle  AZ  110.7 W 32.6 N 4/7/2007 
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TA-X19A St. Johns  AZ  109.3 W 34.4 N 4/10/2007 

TA-Y18A Whiteriver  AZ  110.0 W 33.8 N 4/11/2007 

TA-X18A Snowflake  AZ  110.0 W 34.5 N 4/12/2007 

TA-X17A Forest Lakes  AZ  110.8 W 34.3 N 4/13/2007 

TA-Z15A Laveen  AZ  112.2 W 33.3 N 4/14/2007 

TA-Z17A San Carlos  AZ  110.5 W 33.3 N 4/16/2007 

TA-Y17A Roosevelt  AZ  110.8 W 33.7 N 4/17/2007 

TA-V13A Meadview  AZ  114.0 W 35.9 N 4/19/2007 

TA-V15A William  AZ  112.2 W 35.8 N 4/19/2007 

TA-W19A Sanders  AZ  109.4 W 35.1 N 4/30/2007 

TA-W16A Flagstaff  AZ  111.5 W 35.1 N 5/1/2007 

TA-W17A Winslow  AZ  110.7 W 35.1 N 5/1/2007 

TA-W18A Petrified Forest  AZ  109.7 W 35.1 N 5/1/2007 

TA-112A Yuma  AZ  114.6 W 32.5 N 5/6/2007 

TA-214A Ajo  AZ  112.8 W 32.0 N 5/7/2007 

TA-113A Roll  AZ  113.8 W 32.8 N 5/8/2007 

TA-V19A Window Rock  AZ  109.0 W 35.7 N 5/10/2007 

TA-V18A Ganado  AZ  109.9 W 35.7 N 5/13/2007 

TA-S15A Panguitch  AZ  112.4 W 37.7 N 5/16/2007 

TA-U15A North Rim  AZ  112.3 W 36.4 N 5/17/2007 

TA-U16A Tuba City  AZ  111.1 W 36.1 N 5/18/2007 

TA-U18A Chinle  AZ  109.9 W 36.4 N 5/19/2007 

TA-Q15A Fillmore  UT  112.4 W 39.0 N 5/22/2007 

TA-P15A Leamington  UT  112.3 W 39.6 N 5/23/2007 

TA-P16A Fountain Green  UT  111.7 W 39.6 N 5/29/2007 

TA-Q16A Emery  UT  111.2 W 38.9 N 5/31/2007 

TA-R13A Modena  UT  114.0 W 38.2 N 6/8/2007 

TA-U17A Shonto  AZ  110.7 W 36.6 N 6/8/2007 

TA-R15A Junction  UT  112.3 W 38.2 N 6/10/2007 

TA-Q14A Delta  UT  113.3 W 39.0 N 6/11/2007 

TA-P14A Topaz  UT  113.1 W 39.6 N 6/13/2007 

TA-Q19A Cisco  UT  109.3 W 39.0 N 6/14/2007 

TA-R18A Moab  UT  109.9 W 38.4 N 6/16/2007 

TA-S19A Monticello  UT  109.1 W 37.7 N 6/23/2007 

TA-T18A Mexican Hat  UT  109.9 W 37.1 N 6/23/2007 

TA-R19A La Sal  UT  109.3 W 38.3 N 6/24/2007 

TA-S18A Blanding  UT  110.0 W 37.7 N 6/25/2007 

TA-O16A Springville  UT  111.5 W 40.2 N 6/27/2007 

TA-O15A Rush Valley  UT  112.5 W 40.3 N 6/28/2007 

TA-M16A Huntsville  UT  111.6 W 41.3 N 7/9/2007 

TA-N16A Coalville  UT  111.4 W 40.9 N 7/10/2007 

TA-L16A Fish Haven  ID  111.4 W 42.0 N 7/13/2007 

TA-P17A Price  UT  110.7 W 39.5 N 7/14/2007 

TA-Q18A Green River  UT  110.1 W 39.1 N 7/14/2007 

TA-R16A Teasdale  UT  111.5 W 38.3 N 7/15/2007 

TA-T19A Beclabito  NM  109.0 W 36.8 N 7/17/2007 
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TA-L14A Malta  ID  113.2 W 42.0 N 7/18/2007 

TA-R17A Hanksville  UT  110.7 W 38.4 N 7/18/2007 

TA-L15A Malad City  ID  112.4 W 42.0 N 7/19/2007 

TA-K16A Soda Springs  ID  111.6 W 42.8 N 7/23/2007 

TA-N17A Moffit Pass  UT  110.8 W 40.9 N 7/23/2007 

TA-K15A Arbon  ID  112.5 W 42.7 N 7/24/2007 

TA-O18A Roosevelt  UT  110.0 W 40.3 N 7/25/2007 

TA-J16A Bone  ID  111.6 W 43.3 N 7/26/2007 

TA-P18A Sunnyside  UT  110.2 W 39.6 N 7/26/2007 

TA-N18A Manila  UT  109.7 W 41.0 N 7/27/2007 

TA-S17A Bullfrog Basin  UT  110.8 W 37.6 N 7/28/2007 

TA-T17A Navajo Mountain  AZ  110.8 W 37.0 N 7/30/2007 

TA-G12A Yellow Pine  ID  115.3 W 45.1 N 7/30/2007 

TA-S16A Escalante  UT  111.6 W 37.7 N 8/1/2007 

TA-J15A Blackfoot  ID  112.4 W 43.4 N 8/9/2007 

TA-J14A Carey  ID  113.5 W 43.3 N 8/11/2007 

TA-I14A Mackay  ID  113.5 W 43.9 N 8/14/2007 

TA-I15A Monteview  ID  112.5 W 44.0 N 8/14/2007 

TA-I16A Newdale  ID  111.5 W 43.9 N 8/15/2007 

TA-O17A Fruitland  UT  110.7 W 40.2 N 8/15/2007 

TA-H14A Leadore  ID  113.4 W 44.6 N 8/16/2007 

TA-H15A Lima  MT  112.6 W 44.6 N 8/17/2007 

TA-N19A Flaming Gorge  UT  109.2 W 40.9 N 8/18/2007 

TA-O19A Jensen  UT  109.1 W 40.3 N 8/20/2007 

TA-P19A Baxter Pass  CO  109.0 W 39.6 N 8/21/2007 

TA-E12A Pierce  ID  115.6 W 46.4 N 8/23/2007 

TA-H16A West Yellowstone  MT  111.2 W 44.7 N 8/25/2007 

TA-C12B Trout Creek  MT  115.5 W 47.7 N 8/27/2007 

TA-C11A Magee  ID  116.3 W 47.8 N 8/29/2007 

TA-C17A Highwood  MT  110.8 W 47.6 N 9/1/2007 

TA-C16A Dutton  MT  111.7 W 47.8 N 9/2/2007 

TA-A14A Babb  MT  113.4 W 49.0 N 9/3/2007 

TA-B15A Valier  MT  112.6 W 48.3 N 9/11/2007 

TA-E16A East Helena  MT  111.7 W 46.5 N 9/12/2007 

TA-A15A Cut Bank  MT  112.7 W 49.0 N 9/13/2007 

TA-E17A Martinsdale  MT  110.9 W 46.5 N 9/13/2007 

TA-C15A Choteau  MT  112.6 W 47.8 N 9/14/2007 

TA-E18A Harlowton  MT  109.9 W 46.6 N 9/14/2007 

TA-B14A East Glacier  MT  113.3 W 48.4 N 9/15/2007 

TA-A16A Sweetgrass  MT  111.6 W 48.9 N 9/16/2007 

TA-F18A Big Timber  MT  109.7 W 45.9 N 9/18/2007 

TA-I17A Teton National Park  WY  110.6 W 43.9 N 9/19/2007 

TA-G16A Ennis  MT  111.8 W 45.2 N 9/24/2007 

TA-B16A Shelby  MT  111.7 W 48.4 N 9/26/2007 

TA-D16A Cascade  MT  111.5 W 47.0 N 9/27/2007 

TA-I12A Atlanta  ID  115.1 W 43.8 N 9/27/2007 
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TA-Y22D Socorro  NM  106.9 W 34.1 N 9/29/2007 

US-

DGMT Dagmar  MT  104.2 W 48.5 N 10/1/2007 

US-BW06 

Boulder Array Site 6 (Pinedale Array Site 

6)  109.6 W 42.8 N 10/1/2007 

US-RLMT Red Lodge  MT  109.3 W 45.1 N 10/1/2007 

TA-H17A Yellowstone Nt. Park  WY  110.6 W 44.4 N 10/3/2007 

TA-D17A Ranyesford  MT  110.7 W 47.2 N 10/13/2007 

TA-D18A Moccasin  MT  109.8 W 47.2 N 10/15/2007 

TA-F16A Willow Creek  MT  111.6 W 45.8 N 10/18/2007 

TA-F17A Clyde Park  MT  110.7 W 45.9 N 10/23/2007 

AZ-

MONP2 Anza  CA  116.4 W 32.9 N 10/24/2007 

TA-G17A Pray  MT  110.7 W 45.3 N 10/24/2007 

TA-L19A Farson  WY  109.4 W 42.1 N 10/24/2007 

TA-J17A Jackson  WY  110.7 W 43.4 N 10/25/2007 

TA-M19A Rock Springs  WY  109.2 W 41.5 N 10/25/2007 

TA-I18A Dubois  WY  109.8 W 43.7 N 10/26/2007 

TA-L20A Wamsutter  WY  108.3 W 42.0 N 10/26/2007 

TA-M18A Lyman  WY  110.1 W 41.4 N 10/27/2007 

TA-G18A Roscoe  MT  109.6 W 45.3 N 10/28/2007 

TA-L21A Rawlins  WY  107.4 W 42.0 N 10/31/2007 

TA-M17A Evanston  WY  110.7 W 41.5 N 10/31/2007 

TA-M20A Wamsutter  WY  108.2 W 41.5 N 11/2/2007 

TA-L18A Green River  WY  110.0 W 41.9 N 11/3/2007 

TA-J18A Cora  WY  110.0 W 43.2 N 11/13/2007 

TA-K17A Afton  WY  110.9 W 42.8 N 11/13/2007 

TA-K18A Big Piney  WY  110.0 W 42.6 N 11/13/2007 

TA-K19A Lander  WY  108.8 W 42.8 N 11/13/2007 

TA-K20A Lander  WY  108.3 W 42.7 N 11/13/2007 

TA-B17A Chester  MT  110.8 W 48.3 N 11/15/2007 

TA-B18A Havre  MT  109.8 W 48.4 N 11/15/2007 

TA-A17A Joplin  MT  110.7 W 48.9 N 11/17/2007 

TA-N20A Sunbeam  CO  108.3 W 40.8 N 11/26/2007 

TA-A18A Havre  MT  109.8 W 48.9 N 11/26/2007 

TA-L17A Cokeville  WY  110.9 W 42.1 N 11/26/2007 

TA-M21A Rawlins  WY  107.4 W 41.6 N 11/26/2007 

TA-M22A Saratoga  WY  106.6 W 41.4 N 11/26/2007 

TA-N21A Craig  CO  107.5 W 40.8 N 11/26/2007 

TA-O20A White River City  CO  108.2 W 40.1 N 11/26/2007 

TA-O21A Pagoda  CO  107.5 W 40.2 N 11/26/2007 

TA-R21A Cimarron  CO  107.5 W 38.4 N 11/26/2007 

TA-N22A Walden  CO  106.5 W 40.8 N 11/27/2007 

TA-L22A Medicine Bow  WY  106.4 W 42.0 N 11/27/2007 

TA-Q20A Grand Junction  CO  108.3 W 39.0 N 11/30/2007 

TA-P20A De Beque  CO  108.4 W 39.5 N 12/16/2007 
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TA-Q21A Paonia  CO  107.6 W 38.8 N 12/16/2007 

TA-P21A Newcastle  CO  107.4 W 39.5 N 12/16/2007 

TA-S21A Durango  CO  107.8 W 37.7 N 12/16/2007 

TA-Q22A Gunnison  CO  106.9 W 38.9 N 12/18/2007 

TA-R22A Gunnison  CO  106.8 W 38.2 N 12/19/2007 

TA-R20A Redvale  CO  108.4 W 38.2 N 1/6/2008 

TA-W22A Albuquerque  NM  106.9 W 35.1 N 1/9/2008 

TA-W20A Ramah  NM  108.5 W 35.1 N 1/13/2008 

TA-W21A San Fidel  NM  107.6 W 35.1 N 1/13/2008 

TA-X22A Bernardo  NM  107.0 W 34.5 N 1/14/2008 

TA-122A Rinco  NM  107.0 W 32.7 N 2/1/2008 

TA-120A Lordsburg  NM  108.6 W 32.5 N 2/3/2008 

TA-114A Gila Bend  AZ  112.9 W 32.8 N 2/5/2008 

TA-T22A Edith  CO  106.9 W 37.0 N 2/5/2008 

TA-Z13A Dateland  AZ  113.7 W 33.2 N 2/8/2008 

TA-Y21A Magdalena  NM  107.7 W 34.0 N 2/8/2008 

TA-X20A Quemado  NM  108.5 W 34.5 N 2/9/2008 

TA-X21A Datil  NM  107.8 W 34.4 N 2/10/2008 

TA-221A Deming  NM  107.8 W 32.0 N 2/11/2008 

TA-Y20A Datil  NM  108.4 W 33.9 N 2/11/2008 

TA-121A Deming  NM  107.8 W 32.5 N 2/13/2008 

TA-222A Las Cruces  NM  107.1 W 32.1 N 2/14/2008 

TA-V17A Kykotsmovi  AZ  110.8 W 35.6 N 2/14/2008 

TA-220A Playas  NM  108.5 W 31.9 N 2/15/2008 

TA-320A Antelope Well  NM  108.5 W 31.3 N 2/16/2008 

TA-V20A Brimhall  NM  108.5 W 35.8 N 2/16/2008 

TA-V21A Milan  NM  107.6 W 35.8 N 2/18/2008 

TA-Z20A Cliff  NM  108.6 W 33.1 N 2/20/2008 

TA-U20A Newcomb  NM  108.5 W 36.4 N 2/20/2008 

TA-U19A Tsaile  AZ  109.2 W 36.3 N 2/21/2008 

TA-324A Sierra Blanca  TX  105.5 W 31.4 N 2/23/2008 

TA-325A Sierra Blanca  TX  105.0 W 31.4 N 2/25/2008 

TA-124A Weed  NM  105.5 W 32.7 N 2/27/2008 

TA-224A Dell City  TX  105.5 W 32.1 N 2/28/2008 

TA-526A Marfa  TX  104.1 W 30.1 N 3/5/2008 

TA-628A Marathon  TX  102.9 W 29.5 N 3/5/2008 

TA-527A Alpine  TX  103.6 W 30.1 N 3/6/2008 

TA-627A Terlingua  TX  103.4 W 29.5 N 3/8/2008 

TA-428A Fort Stockton  TX  102.7 W 30.7 N 3/10/2008 

TA-626A Presidio  TX  104.1 W 29.6 N 3/11/2008 

TA-426A Fort Davis  TX  104.0 W 30.7 N 3/12/2008 

TA-Z21A Winston  NM  107.7 W 33.3 N 3/13/2008 

TA-425A Van Horn  TX  105.0 W 30.8 N 3/15/2008 

TA-427A Fort Stockton  TX  103.4 W 30.8 N 3/16/2008 

TA-528A Sanderson  TX  102.8 W 30.2 N 3/18/2008 

TA-326A Toyah  TX  104.0 W 31.3 N 3/19/2008 
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TA-327A Pecos  TX  103.5 W 31.4 N 3/20/2008 

 


