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The Hi-CLIMB broadband seismic experiment (2002-2005) operated 233 

stations along an 800 km long north-south line from the Himalayan foreland into the 

central Tibetan Plateau and in a 350x350 km sub-array within southern Tibet and 

central and eastern Nepal.  Station spacing was approximately 8 km along the line and 

50 km within the sub-array.  The experiment spanned the Himalayan range, Lhasa 

Block, Qiangtang Block and crossed the Yarlung Tsangpo Suture (YTS) and the 

Banggong-Nujiang Suture (BNS).  From June 2004 to August 2005, over 22,500 local 

and regional seismic events were recorded throughout the south-central Tibetan 

Plateau based on automated arrival time picks.  This dataset provides an opportunity to 

jointly invert for crust and upper mantle velocity structure along with earthquake 

locations using both P and S waves. Automated P and S wave picks, however, were 

originally determined from vertical component data using short term average to long 

term average (STA/LTA) windows, resulting in relatively few S picks of generally 

low quality.  To increase the number of accurate S arrivals, we implemented an 

automatic S-wave picker, which uses signal attributes from three-component seismic 



	   3	  

data.  The signal attributes used are rectilinearity, directivity relative to incoming P 

wave, ratio of transverse to overall energy and transverse amplitude.  An S pick is 

declared when the combination of signal attributes reaches a noise dependent 

threshold.  We used manual picks and S phase observations from events throughout 

south-central Tibet to adjust picking parameters and thresholds to optimize automatic 

S picks.  For shallow events we found Sg can be picked reliably to the Sg/Sn crossover 

distance of approximately 3° while Sn arrivals are absent.  Deep events beneath the 

southern Tibetan Plateau and the High Himalayas produce clear S arrivals that can be 

picked to about 7° distance.  Applying the S-picker to over 5,700 larger (ML≥2.7), 

well-recorded events led to about 100,000 S picks, significantly increasing the number 

of arrivals and improving their accuracy.  Compared to STA/LTA picks, the new 

automatic S picks show a decrease in average arrival time residual by over 30 percent.  

This new polarization picking process allowed us to increase ray coverage, which is 

crucial for P and S wave structural inversions.   

With the new automatic arrival time picks we use tomoDD double-difference 

tomography to invert for crust and uppermost mantle structure beneath the Tibetan 

Plateau.  We use the same subset of over 5,700 best-recorded local events containing 

over 200,000 P and 100,000 S wave arrivals to conduct the inversion.  In the upper 

crust we observe extensive low velocity zones extending to 25 km depth.  Based on 

Vp and Vp/Vs results we suggest this material is quartzite and highly felsic granite.  

Beneath the BNS we image low Vp values and increased seismicity, indicating a 

possible fault zone down to 25 km depth.  In the lower crust beneath the Qiangtang 

Block we image high Vp and increased seismicity, suggesting an area of increased 

crustal strength to the north.  Beneath the High Himalaya, south of YTS, the Moho 

depth decreases from 55 to 75 km depth as the Indian plate subducts beneath Tibetan 

crust.  Along the Moho we observe Vp values upwards of 8.5 km/s extending to 31°N.  

We attribute these high velocities to the formation of eclogite along the base of the 

Indian plate, which terminates at 31°N as upper mantle velocities drop to 8.2 km/s.  In 

the lower crust beneath the Lhasa Block low Vp values, around 6.5 km/s, extend to 
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near Moho depth.  A lack of seismicity is also present, which could indicate a weak 

and possibly ductile lower crust in the Lhasa Block.  Nowhere in the lower crust does 

the Vp/Vs ratio exceed 1.8 suggesting extensive areas of partial melt are unlikely. 

 

 

 

 

  



	   5	  

 

 

 

 

 

 

 

 

 

© Copyright by Evan Riddle 

March 20, 2015 

All Rights Reserved



	   6	  

Investigating the Tibetan Crust through Automatic S Wave Detection and Travel-Time 
Tomography using the Hi-CLIMB Seismic Array 

 

by 

Evan Riddle 

 

 

 

 

A THESIS 

 

submitted to 

 

Oregon State University 

 

 

 

 

in partial fulfillment of 

the requirements for the 

degree of 

 

 

Master of Science 

 

 

 

 

Presented March 20, 2015 

Commencement June 2015 



	   7	  

Master of Science thesis of Evan Riddle presented on March 20, 2015 

 

APPROVED: 

 

___________________________________________________________________ 

Major Professor, representing Geophysics  

 

___________________________________________________________________ 

Dean of the College of Earth, Ocean and Atmospheric Sciences 

 

___________________________________________________________________ 

Dean of the Graduate School 

 

 

 

 

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

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

reader upon request. 

 

___________________________________________________________________ 

Evan Riddle, Author 

  

 



	   8	  

ACKNOWLEDGMENTS 

 

During my time here at OSU one of the most important lessons I have learned 

is that conducting research truly is a team effort.  There are so many people I need to 

thank for providing help and support during my time here; completing this thesis 

would have been impossible without all of you. 

First I would like to thank John Nabelek who not only provided funding and a 

fantastic project but also crucial input and guidance.  John, it was always an adventure 

working with you whether we were driving through a blizzard on a dirt road in the 

dark or high-centering a truck on a boulder 40 miles from the nearest civilization.  I 

also need to thank Jochen Braunmiller who was there every step of the way.  Jochen, 

you provided so much help and support whether at OSU or USF, your office door was 

always open.  I would not have been able to write one word of my thesis without John 

and Jochen.  I would also like to thank Eric Kirby for agreeing to serve on my 

committee.  I appreciate the time he sacrificed to review my thesis and provide insight.  

The same goes for my GCR, Alena Paulenova. 

I also need to thank my two fellow lab mates, Pat Monigle and Mark Williams.  

They not only provided code, knowledge, and support but also were great people to 

grab a drink with after work.  My first few years at OSU would have been a huge 

struggle without their help. 

To my Corvallis family, you know who you are and thank you.  You all have 

provided some of the best friendships I have ever had.  You hosted me for 

Thanksgiving, ski weekends, grass games, and were always there if I needed you.  I’ve 

watched as some of you have gotten married and had babies; our giant Corvallis 

family keeps getting bigger and spreading out across the country.  And to my extended 

family, Brandon, thanks for always being there.  I love you all and thank you.   

Finally, to my Family family.  Mom, Dad, Brendan and Conor, there isn’t 

much I can say that you don’t already know.  Thanks for everything, you are my best 

friends and I love you. 



	   9	  

CONTRIBUTION OF AUTHORS 

 

John Nabelek and Jochen Braunmiller contributed extensively to Chapters 2 and 3 of 

this manuscript including providing edits, comments, and general scientific knowledge 

for all text and figures.  Eric Kirby provided insight and contributions to Chapter 3.   



	   10	  

TABLE OF CONTENTS 
 

1. INTRODUCTION TO THE TIBETAN PLATEAU AND HI-CLIMB ARRAY .......................... 2	  

1.1 Hi-CLIMB Project ............................................................................................... 2	  

1.1.1 Instrumentation ............................................................................................. 2	  

1.2 Regional Geology and Tectonics ......................................................................... 3	  

1.3 Previous Studies ................................................................................................... 4	  

1.4 Purpose of Study .................................................................................................. 5	  

1.5 References ............................................................................................................ 6	  

2. IMPLEMENTATION OF AN AUTOMATIC POLARIZATION S WAVE PICKER FOR LOCAL 

EARTHQUAKE RELOCATION AND TOMOGRAPHY IN SOUTH-CENTRAL TIBET ................ 12	  

2.1 Introduction ........................................................................................................ 12	  

2.2 Method ............................................................................................................... 14	  

2.3 Case Study: The Hi-CLIMB Array in South-Central Tibet ............................... 19	  

2.3.1 Comparison to STA/LTA Picking Process ................................................. 23	  

2.4 Conclusion ......................................................................................................... 24	  

2.5 References .......................................................................................................... 25	  

3. HIGH RESOLUTION REGIONAL TRAVEL-TIME TOMOGRAPHY IN SOUTH-CENTRAL 

TIBET: IMAGING TIBETAN CRUST BENEATH THE HI-CLIMB ARRAY ............................ 43	  

3.1 Introduction ........................................................................................................ 43	  

3.1.1 Regional Tectonics ...................................................................................... 44	  

3.1.2 Data Set ....................................................................................................... 44	  

3.2 Method ............................................................................................................... 45	  

3.2.1 Starting Model ............................................................................................. 46	  

3.2.2 Data Weighting ........................................................................................... 46	  

3.2.3 Initial Earthquake Relocation ...................................................................... 47	  

3.2.4 Velocity Structure Inversion ....................................................................... 47	  

3.3 Results ................................................................................................................ 48	  

3.3.1 Velocity Structure ....................................................................................... 48	  



	   11	  

TABLE OF CONTENTS (Continued) 

 

3.3.2 Earthquake Relocations ............................................................................... 50	  

3.3.3 Resolution ................................................................................................... 50	  

3.4 Discussion .......................................................................................................... 51	  

3.4.1 Upper Crust LVZ’s and Vp/Vs Structure ................................................... 52	  

3.4.2 Qiangtang Block Lower Crust Structure ..................................................... 53	  

3.4.3 Moho and Upper Mantle Structure ............................................................. 54	  

3.4.4 Lower Crust Structure ................................................................................. 56	  

3.5 Conclusions ........................................................................................................ 57	  

3.6 References .......................................................................................................... 57	  

4. GENERAL CONCLUSIONS AND FUTURE DIRECTIONS ................................................... 86	  

5. BIBLIOGRAPHY .......................................................................................................... 88	  

 
  



	   12	  

LIST OF FIGURES 
 

Figure                                Page 
 

Figure 1-1    Station locations for phase 2 of the Hi-CLIMB array (yellow triangles), 
dark black lines represent Yarlung Tsangpo Suture (YTS) and the 
Banggong-Nujiang Suture (BNS)  ..........................................................  10 

 
Figure 2-1    Station locations for phase 2 of the Hi-CLIMB array (yellow and green 

triangles) and locations for five example earthquakes (red dots). Green 
labeled triangles are stations where data is shown in Figures 2-2 through 
2-9 ...........................................................................................................  28 

 
Figure 2-2    Step-by-step process for S wave arrival picking by the polarization 

method.  For details of the picking process refer to text and Table 2-1 for 
definition of variables .......................................................................  29-31 

 
Figure 2-3    Example of S-phase picks for stations with increasing epicenter distance 

from 65 to 255 km for event 1.  Red are automatic S picks using the 
polarization picker ...................................................................................  32 

 
Figure 2-4    S wave arrival for station H1422, 665 km away from event 5.  The Sn 

arrival occurs just after the start of the S-picking window (SW1) 
illustrating the importance of setting appropriate window lengths .........  33 

 
Figure 2-5    S wave arrival for station H1140, 145 km away from event 1.  The S 

amplitude is low but the characteristic function shows a clear arrival ...  34 
 
Figure 2-6    S pick for station H1300, 42 km from event 3.  First S wave motion is 

primarily on the T component with little S energy on the Q component.  
A sharp increase in the characteristic function is still present at the S 
arrival ......................................................................................................  35 

 
Figure 2-7    Examples of threshold changes with increasing noise for event 2.  

Horizontal dashed line represents the threshold cutoff, tr1max ..........  36-37 
 
Figure 2-8    S wave arrival for station H1421, 96 km from event 3.  The characteristic 

function shows a clear S wave arrival just before 42 s but a local 
maximum (green arrow) exceeds tr2 at around 41.5 s.  By working 
backwards in time (from FP rather than forward in time from SW1) our 
picking algorithm ignores the local maximum and correctly picks the S 
arrival ......................................................................................................  38 

 
 



	   13	  

LIST OF FIGURES (Continued) 
 
Figure                     Page 
 
Figure 2-9    S wave arrival for station H1590, 341 km from event 4.  Although both 

thresholds are below the cutoff values, the S-wave onset is difficult to 
determine due to its gradual onset ...........................................................  39 

 
Figure 2-10   Comparison of the number of S-wave detections from STA/LTA (blue) 

and polarization (red) picking techniques with epicenter distance.  At all 
distances the polarization picking process outperforms the STA/LTA 
process .....................................................................................................  40 

 

Figure 2-11   Comparison of the mean S-wave residual magnitude after hypocenter 
relocation for both the STA/LTA (blue) and polarization (red) picking 
techniques.  The polarization technique reduced the mean residual at all 
distances ..................................................................................................  41 

 
Figure 3-1    Region of study in south-central Tibet. Black lines represent the 

Banggong-Nujiang Suture (BNS) and Yarlung Tsangpo Suture (YTS) .  64 
 
Figure 3-2    Cross section, map, and velocity view of model space. Green dots 

represent vertical model nodes.  Node spacing is 4 km vertically and 40 
km horizontally with an additional node at 1 km depth.  Triangles are 
station locations at the surface ................................................................  65 

 
Figure 3-3    Plots for Vp structure.  Low velocity zones are present in the upper crust 

down to 25 km depth.  Moho structure dips from 55 km depth beneath 
the Himalaya to 75 km depth beneath the Lhasa Block.  Velocities 
beneath the Qiangtang Block, north of BNS, are higher ........................  66 

 
Figure 3-4    Vp structure slice at 8 km depth.  Shaded areas are outside of our 

resolution.  A clear low velocity zone is associated with the BNS. ........  67 
 
Figure 3-5    Vp structure slice at 79 km depth.  Shaded areas are outside of our 

resolution.  Between 31°N and 33°N P wave velocities decrease from 8.5 
to 8.2 km/s ...............................................................................................  68 

 
Figure 3-6    Plots for Vp/Vs ratio.  Low Vp/Vs values are present in the upper crust 

down to 45 km depth beneath the Himalaya and 25 km depth beneath the 
Lhasa Block.  Vp/Vs values beneath the Qiangtang Block, north of BNS, 
are higher.  In the lower crust the Vp/Vs ratio does not exceed 1.85.  
Shaded area is outside of our resolution .................................................  69 



	   14	  

LIST OF FIGURES (Continued) 
 
Figure                     Page 
 
Figure 3-7    Vp/Vs ratio along a slice at 79 km depth.  A low Vp/Vs area is located 

between 85°E and 86°E in the Lhasa Block.  Shaded areas are outside of 
our resolution ..........................................................................................  70 

 
Figure 3-8    Epicenter locations for events recorded across the entire array before and 

after double difference relocation ...........................................................  71 
 
Figure 3-9    Hypocenter depth distributions before and after double difference 

relocation. Events initially located near the surface moved deeper ........  72 
 
Figure 3-10   Projection of earthquakes located between 85° E and 88.5° E on the Vp 

structure cross-section from B to B’.  Seismicity is located mainly in the 
upper crust with some events along the Moho beneath the High Himalaya 
and in the lower crust of the Qiangtang Block ........................................  72 

 
Figure 3-11   Cross section plots for P wave raypath density ......................................  73 
 
Figure 3-12   P wave raypath density slice at 79 km depth .........................................  74 
 
Figure 3-13   Cross section plots for S wave raypath density ......................................  75 
 
Figure 3-14   S wave raypath density slice at 79 km depth .........................................  76 
 
Figure 3-15   Plots for P wave DWS values. The DWS takes into account the number 

of rays passing through a node and the proximity of a ray to a node .....  77 
 
Figure 3-16   P wave DWS slice at 79 km depth .........................................................  78 
 
Figure 3-17   Plots for S wave DWS values ................................................................  79 
 
Figure 3-18  S wave DWS slice at 79 km depth ..........................................................  80 
 
Figure 3-19  Resolution test for Qiangtang Block lower crust.  Model input, lower 

crust velocity north of 32° reduced to 6.15 km/s and recovered velocity 
model after inversion ..............................................................................  81 

 
Figure 3-20  Resolution test for Qiangtang Block lower crust.  Model input, lower 

crust Vp/Vs north of 32° reduced to 1.76 and recovered Vp/Vs model 
after inversion .........................................................................................  82 

 



	   15	  

LIST OF FIGURES (Continued) 
 
Figure                     Page 
 
Figure 3-21   Interpretation along the Vp structure cross-section B to B’.  Moho is 

solid black line.  Dashed lines are possible structure boundaries.  ILM = 
Indian Lithospheric Mantle, LVZ = low velocity zone ..........................  83 

 
Figure 3-22   Interpreted Vp structure cross-section from B to B’.  Final earthquake 

locations between 85°E and 88.5°E projected on cross-section and 
plotted with white circles ........................................................................  83 

 
Figure 3-23   Interpretation along Vp structure depth slice at 79 km depth.  Shaded 

areas are outside of our resolution ..........................................................  84 
 
Figure 3-24   Interpretation along the Vp/Vs structure cross-section B to B’.  Dashed 

lines are possible structure boundaries.  Shaded areas are outside of our 
resolution .................................................................................................  84 

 
	    



	   16	  

LIST OF TABLES 
 

Table                                 Page
  
Table 2-1    Description of variables associated with polarization picking process.  

User defined variables can be adjusted prior to picking, while polarization 
variables are calculated within the algorithm ...........................................  27 

 
Table 3-1    Distance weighting scheme for shallow (<50 km depth) events.  Arrival 

time weight decreases with increasing distance .......................................  61 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  

 

 

 

	    



	   2	  

1. INTRODUCTION TO THE TIBETAN PLATEAU AND HI-CLIMB ARRAY 

 

1.1 Hi-CLIMB Project 
The continuing continent-continent collision between the Indian and Eurasian 

plates offers an opportunity to study the interaction between crust and mantle in a 

large-scale mountain building range. The Hi-CLIMB (Himalayan-Tibetan Continental 

Lithosphere during Mountain Building) broadband seismic experiment (2002-2005) 

operated 233 stations along an 800 km long north-south line from the Himalayan 

foreland into the central Tibetan Plateau and in a 350x350 km sub-array within 

southern Tibet and central and eastern Nepal.  The project is a ongoing collaboration 

between Oregon State University; University of Illinois at Urbana-Champaign 

Champaign; Department of Mines and Geology, Kathmandu, Nepal; Chinese 

Academy of Geological Sciences, Beijing, China; and Ecole Normale Supérieure, 

Paris, France. 

The experiment was split into two phases.  Phase I was located from the India-

Nepal border to southern Tibet.  Within this array is the Main Himalayan Thrust 

(MHT) and Himalayan mountain range.  Phase II extended from the Himalayan range 

to central Tibet (Figure 1-1).  The main linear array consisted of densely spaced, 3 – 

10 km, seismic stations.  Station spacing within the sub-array to the east was 

approximately 50 km.  During phase II, from June 2004 to August 2005, over 22,500 

local and regional seismic events were recorded throughout the south-central Tibetan 

Plateau based on automated arrival time picks.  The work found in this thesis is based 

on data from Phase II of the experiment.   

   

1.1.1	  Instrumentation	  
Streckeisen STS2, Guralp 3T, 3ESP, and 40T broadband seismometers were 

used in phases I and II along with REF TEK RT71-A and RT-130 dataloggers.  

During phase II, four Nanometrics Trillium 40 seismometers and Quanterra Q330 

dataloggers were used in the lateral sub-array.  In order to further compliment the 
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lateral sub-array data set, five stations used 2-Hz short-period seismometers and LEAS 

Hathor 3 dataloggers.  Data was mainly sampled between 40 – 50 Hz. 

 

1.2 Regional Geology and Tectonics 
The uplift of the Tibetan Plateau and building of the Himalayan mountain 

range is the result of the collision between the Indian Tectonic Plate and Eurasia that 

began about 50 Ma (Garzanti et al., 1996; Rowely, 1996; Zhu et al., 2005).  This 

continent-continent collision has produced the highest topography on Earth, along 

with an over thickened crust and a complex Moho structure that varies from south to 

north.  Convergence is mostly accommodated along the Main Himalayan Thrust 

(MHT), which marks the detachment between the descending Indian Plate and 

overriding Eurasia (Nabelek et al., 2009). The MHT is translated to the surface 

through three major splay thrust faults; from north to south the Main Central Thrust 

fault (MCT), the Main Boundary Thrust fault (MBT), and the Main Frontal Thrust 

fault (MFT).  The resulting structure is akin to a crustal-scale accretionary prism 

(Avouac, 2003) with most present day slip occurring on the MFT (Ader et al., 2012). 

The High Himalaya and Tibetan Plateau are made up of several continental 

blocks that have been accreted since the Early Paleozoic and are separated by large-

scale suture zones (Dewey et al., 1988; Zhu et al., 2011).  The Himalaya tectonic belt 

to the south is separated from the Lhasa Block by the Yarlung Tsangpo Suture (YTS) 

while the Banggong-Nujiang Suture (BNS) and the Qiangtang Block bound the Lhasa 

terrain to the north (Figure 1-1).  The Himalayan belt consists of thick sedimentary 

units in the accretionary wedge to the south which trend into highly folded and 

metamorphosed Paleozoic granitic rocks in the Sub, Lesser, and High Himalaya 

(Avouac, 2003).  The Lhasa Block contains thick sedimentary basins with sporadic 

Mesozoic to early Tertiary volcanic intrusions (Zhu et al., 2011).  The Qiangtang 

Block also contains thick sedimentary basins with volcanic intrusions and large 

Mesozoic metamorphic belts (Kapp et al., 2000).     
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Subsurface structure and seismicity vary from south to north.  Along the toe of 

the Himalaya in southern Nepal, the crust is ~50 km thick with shallow, low 

magnitude thrust earthquakes.  There is historical evidence for large (possible Mw >8) 

megathrust earthquakes along the locked tongue of the MFT (Ambraseys and Douglas, 

2004; Ader et al., 2012).  Beneath the High Himalaya in central-northern Nepal the 

crust thickens from ~50 km to ~70 km along a 100 km ramp as the Indian crust under 

thrusts the Tibetan Plateau (Nabelek et al., 2009).  Seismicity within Nepal is 

dominated by thrust faulting distributed between the shallow upper crust and along the 

crust-mantle boundary of the down going Indian plate (Carpenter, 2010).  In Tibet, 

within the Lhasa Block, the crust remains ~70 km thick until the northern extent of the 

Indian Plate is reached at approximately 31°N (Nabelek et al., 2009).  Relatively little 

is known about the Moho structure across the BNS, between 31°N and 33°N, although 

the crustal thickness does eventually rise to ~60 km within the Qiangtang Block 

(Griffin et al., 2011).  Seismicity within the southern Tibetan Plateau is dominated by 

east-west extension accommodated by shallow normal faulting earthquakes in a basin 

and range type setting.  In central and northern Tibet faulting shifts to primarily strike-

slip with material escaping to the east (Tapponnier et al., 1982).  The north-south 

change in seismicity from thrust, to normal, to strike-slip allows for continued 

convergence.  Although the seismicity is well documented there is continued debate as 

to exactly how the stress regime, coupling of the mantle to the lower crust, and 

gravitational collapse drive the seismicity across the plateau.  Further geologic and 

tectonic details are provided in Chapter 3. 

 

1.3 Previous Studies 
High station density and large spatial coverage of the Hi-CLIMB array have 

allowed for multiple seismic studies.  These include high-resolution receiver-function 

imaging (Nabelek et al., 2009), calculations of moment tensor solutions (Baur, 2007), 

and advancement in earthquake detection and relocation (Carpenter, 2010).  These 

studies have helped develop an expansive earthquake catalog.  More recently work has 
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been completed showing evidence for low-angle normal faulting within the Hi-

CLIMB array (Monigle et al., 2012).  Studies have also been conducted to determine P 

wave (Griffin et al., 2011) and S wave (Xu et al., 2013) velocity structure beneath the 

Hi-CLIMB array although these studies were limited in either scale or resolution. 

  Other seismic studies have been conducted in the region, although on a smaller 

scale than the Hi-CLIMB array.  These include INDEPTH III (Langin, 2003), HIMNT 

(Monsalve, 2006), and the Bhutan-PASSCAL experiment (Velasco, 2007) among 

others.  Seismic tomography studies beneath both the INDEPTH III (Tilmann and Ni, 

2003; Liang and Song, 2006) and HIMNT (Monsalve et al., 2008) arrays have 

successfully mapped shallow (<150km) structure.  In addition to seismic 

investigations, numerous geodetic studies have been conducted in order to further 

constrain the stress and strain fields across the Tibetan Plateau (Zhang et al., 2004; 

Bettinelli et al., 2006; Ader et al., 2012).  Additional studies are addressed in Chapter 

3. 

 

1.4 Purpose of Study 
The goal for this dissertation is to use local earthquake travel time data from 

the Hi-CLIMB seismic network to jointly invert for earthquake locations and P/S 

wave velocity structure in the crust and upper mantle beneath the Tibetan Plateau.  

Few studies have successfully been able to determine the crust and upper mantle 

structure at high resolution, leaving many research questions open about the velocity 

structure down to 80 km depth.  In the following thesis my co-authors and I attempt to 

address some of these questions, including:  Are low velocity zones present in the 

upper crust; How does crustal thickness vary across the plateau; Is there evidence for 

partial melting or a ductile lower crust; What is the velocity structure across suture 

zones; What is the extent of the under riding Indian Plate; What is the mantle structure 

between the Indian and Eurasian crust? 

In order to answer these questions and successfully conduct high resolution 

local travel time tomography two things are needed.  First, a dense array of seismic 
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stations positioned over a large area, which the Hi-CLIMB seismic network has 

provided.  Second, a large number of P and S arrival times from local earthquakes. 

Carpenter et al. (2010) created an earthquake database of over 22,000 local and 

regional earthquake events around the Hi-CLIMB array.  For these events over 5 

million P and 1 million S wave arrival times were picked using an automatic short-

term average to long-term average (STA/LTA) picking technique on the vertical 

component.  This technique proved to be successful for P waves but upon closer 

examination the S wave arrival times were inaccurate at all distances, few in number, 

and not suitable for travel time tomography.  In order to conduct an accurate travel 

time inversion S waves needed to be accurately re-picked.  This complication provided 

two distinct research projects that make up the rest of this dissertation.  

In the first study we attempt to create a new algorithm that automatically 

detects S wave arrival times in seismic data.  The goal is to pick S wave arrivals 

accurately while also increasing the number of S picks in our database.  To accomplish 

this we have developed a new polarization picking technique.  We isolate the S wave 

arrival by calculating certain characteristics such as direction of dominant particle 

motion and amplitude.  We combine these calculations into a single function on which 

we pick the S arrival onset.  Full details of this picking process are given in Chapter 2. 

The second study focuses on using P wave arrivals combined with newly 

acquired S wave arrivals from our polarization picking process to jointly invert for 

earthquake locations and P/S velocity structure beneath the Hi-CLIMB array.  We 

develop a velocity model from the High Himalaya into the Qiangtang Block and from 

the surface to 80 km depth.  We observe low velocity zones in the upper crust, sharp 

structural boundaries in the lower crust, and distinct changes in upper mantle velocity 

from south to north.  The full study is presented in Chapter 3 of this dissertation.  
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Figure 1-1: Station locations for phase 2 of the Hi-CLIMB array (yellow triangles), 
dark black lines represent Yarlung Tsangpo Suture (YTS) and the Banggong-Nujiang 
Suture (BNS).	  
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2. IMPLEMENTATION OF AN AUTOMATIC POLARIZATION S WAVE PICKER 

FOR LOCAL EARTHQUAKE RELOCATION AND TOMOGRAPHY IN SOUTH-

CENTRAL TIBET  
 

2.1 Introduction 
The quality of travel-time based earthquake locations and tomographic models 

depend on the accuracy of the P- and S-wave arrival time picks used to derive them.  

Obtaining a high-resolution local or regional tomographic model requires a large 

travel-time dataset.  Automatic phase detection and picking algorithms can be 

employed for this task provided the picks are consistent and accurate.  For first 

arriving P waves, many reliable algorithms have been developed (e.g., Baer and 

Kradolfer, 1987), as separating arriving P energy from the background signal is 

relatively straightforward.  For S waves, the problem is more complicated.  At short 

distances, S wave detection and picking can be hampered significantly by energy in 

the P coda due to scattering, small-scale heterogeneity, and near-surface sediment fill 

that partially obscure the actual S arrival or generate preceding S-to-P converted 

arrivals.  Despite these problems, adding S picks to invert for P- and S-wave velocity 

structure is crucial to constrain the Vp/Vs ratio and informs about the composition and 

thermal state of the lithosphere.  It is thus important to develop an accurate and 

consistent automatic picking process for local earthquakes specific to S waves. 

Many algorithms have been developed for automatically detecting S wave 

arrivals and to determine their onset.  The most common and simple to implement are 

STA/LTA pickers that use the ratio of the average amplitude between short-term to 

long-term moving windows (Allen, 1978, 1982; Berger and Sax, 1980).  Though 

STA/LTA based pickers are implemented for S-wave detection, they usually perform 

better for the first-arriving P phase than for the later S phase due to signal generated 

noise in the P coda.  More sophisticated methods that consider additional changes in 

signal character were introduced to overcome limitations of STA/LTA pickers.  One 

technique is to apply autoregressive (AR) model fitting where previous seismogram 
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parts are used to predict subsequent samples (e.g., Küperkoch et al., 2012).  As long as 

the signal character does not change much, for example during pre-event noise or 

within P-coda, an AR model predicts future signals well.  However, when the signal 

character changes, for example when an S wave arrives, the AR model can no longer 

predict the waveforms and a pick is declared.  In practice an S onset is picked when 

the Akaike information criterion (AR-AIC) (Akaike, 1973; Takanami and Kitagawa, 

1991), a measure of the AR predictive capability, reaches a minimum.  Higher-order 

statistics, such as skewness and kurtosis that measure symmetry and tails in 

distributions, respectively, have been used by Saragiotis et al. (2002) to pick P 

arrivals.  The method has recently been extended to detect and pick P and S arrivals 

simultaneously by combining kurtosis-derived onsets with polarization-based phase 

analysis (Baillard et al., 2014).  Another technique developed by Cichowicz (1993) 

uses several polarization filters where specific characteristics of the incoming S wave 

(i.e. particle motion, amplitude) are combined into a single characteristic function to 

declare a pick.  Several groups combine some of the above techniques for S picking.  

For example, Diehl et al. (2009) combined the STA/LTA, AR-AIC, and polarization 

picking techniques into one S picking algorithm.  More recently Kurzon et al. (2014) 

used a singular value decomposition method to detect P and S-wave arrivals in real-

time. 

A common feature of S picking techniques is that they derive a quantity and 

subsequent S arrival from seismic data rather than to pick directly from seismic traces 

themselves.  The derived quantity is designed to be more sensitive to S arrivals.  The 

quantity is usually called a characteristic function and efforts concentrate on defining 

accurate S onset times from the characteristic function (e.g., see Baillard et al., 2014). 

We implemented a new automatic, polarization-based S-wave picker for local 

earthquakes to increase the S picking rate relative to STA/LTA picks and to obtain 

more accurate picks at distances larger than 1°-2°.  The picker is adapted from the 

characteristic function of Cichowicz (1993) with an added weight function as in Diehl 

et al. (2009).  The picker uses preliminary earthquake locations, primarily from P 
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picks, to define a rough search window for the S arrival.  Our picking process is 

unique as it starts with an amplitude analysis to eliminate noisy traces, applies data 

dependent threshold cutoffs to ensure only high quality S arrivals are picked, and finds 

an S arrival working backward in time along a characteristic function starting from 

within the early S coda. 

The method and rationale for our S picking process are explained in the next 

section.  Then, we calibrate the automatic picking process using three component data 

collected from 2004 to 2005 along the Hi-CLIMB seismic array in south-central Tibet 

(Figure 2-1; Nabelek et al., 2009) before applying the picker to over 5,700 local events 

across the Tibetan Plateau. 

 

2.2 Method 
Polarization filters make use of the rectilinear particle motion of incoming P 

and S waves (Flinn, 1965).  Since surface waves display largely elliptical particle 

motion, polarization filters allow for easy separation between body and surface waves.  

By using a combination of polarization filters and amplitude analysis, S wave energy 

can be separated from P and surface wave energy for accurate S phase picking. 

Our S picker uses polarization and amplitude attributes from three-component 

seismograms to determine the S-wave onset.  We give an overview of the picking 

process here, which is followed by a description of each step in subsequent 

paragraphs; Figure 2-2 illustrates picking steps and Table 2-1 lists and describes 

variables used.  We first obtain a rough S-onset from a weight function, which 

compares short-term seismogram amplitudes on horizontal components with the 

maximum S amplitude akin to an STA/LTA onset estimate.  A sharp increase in the 

amplitude ratio indicates an incoming S wave and a preliminary S onset is picked 

when a threshold, derived from the average ratio and its variability in the P coda and 

preceding the S arrival, is reached.  By design, the preliminary onset is late relative to 

the actual onset.  Next, we build a characteristic function that combines rectilinearity, 

directivity relative to an incoming P wave, ratio of transverse to overall energy, and 
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weight function.  The characteristic function theoretically increases sharply from zero 

to one at the S wave arrival.  We obtain a new threshold from the characteristic 

function based on a short window prior to the preliminary S pick, which is more 

sensitive to changes in signal character due to an S arrival than the initial amplitude-

ratio based threshold.  To avoid erroneously picking at minor peaks in the 

characteristic function that can occur between the P and the actual S arrival, we start at 

the time of the preliminary S onset as found on the weight function and then work 

backwards in time until the characteristic function falls below the threshold where the 

S pick is declared.  Besides working backwards in time from the coda to the S arrival, 

our procedure includes another significant change: Both thresholds are also used to 

eliminate noisy traces when they exceed predefined values, thus providing an 

automated way of picking only high quality S arrivals.  

The first step is to rotate the ZNE data into the LQT ray-coordinate system to 

separate P-wave energy on the L-component from S-wave energy; the T-component 

includes SH and the Q-component SV energy, respectively.  For our data (see section 

Case Study) the events had already been identified and located, primarily with P 

phases, by Carpenter et al. (2010).  We rotated the seismograms using the back-

azimuth from their ‘known’ event locations.  For the incidence angle, we used a 

modified velocity model from Monigle et al. (2012) adding a surficial low velocity 

layer.  This does not affect travel times and thus locations, but slightly steepens 

arriving rays.  The change was made based on knowledge of local site conditions and 

on observing significant P energy on the Q component when using the original 

velocity model.  We found rotations based on a velocity model overall provided a 

better and more stable separation between P- and S-wave energy on the LQT 

components compared to rotations based on three-component covariance analysis of 

the incoming P-pulse.  

The traces are then filtered using a Wood-Anderson and a 0.5 Hz high pass 

filter. The Wood-Anderson filter integrates the velocity signal to displacement, 

essentially acting as a low-pass filter.  We then use the Monigle et al. (2012) velocity 
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model to calculate the predicted S arrival time and define a distance dependent 

window from SW1 to SW2 centered around the predicted arrival time Spre within which 

the S arrival must occur (Figure 2-2c).  The window length is set conservatively to 10 

s for hypocentral distances greater than 350 km.  From 350 to 25 km the window 

decreases linearly to 3.7 s and from 25 to 0 km the window decreases at a sharper rate, 

down to 0.25 s.  Therefore, near station events will have a shorter S picking window 

reflecting that predicted times at close distances are generally closer to the true arrival 

than for distant events.  The window length is fixed for distances greater than 350 km, 

which is close to the Sg/Sn crossover distance in Tibet; beyond 350 km distance we 

expect small-amplitude Sn arrivals that are difficult to pick.  At close event-station 

distance spacing a check is performed within the algorithm to ensure the P-arrival is 

not included within the S window.  If it is, we shift SW1 to the time of the P arrival 

and shift SW2 to keep the original window length.  Although in this case some P coda 

is included in the S window it is not enough to affect the picking process.  The 

distance limit for fixed window length and lengths themselves (as well as other user 

defined variables listed in Table 1) likely need to be adjusted when the picker is 

applied to a different tectonic regime. 

Using the rotated data we next calculate a weight function (Figure 2-2c) that 

compares the maximum amplitude 𝐴!"# within the S window (SW1 to SW2) to the 

maximum local amplitude 𝐴!"#(𝑡) in a short, user defined, moving time window of 

length tw.  The amplitudes are absolute values and measured on the T or Q 

components, whichever is larger.  For all moving time windows we use a value of tw = 

0.05 s (equivalent to 2 or 3 samples for the majority of our data).  From Diehl et al., 

2009: 

𝑊 𝑡 =
𝐴!"#
𝐴!"#

!

 

The weight function sharply increases as the amplitude change associated with 

the S arrival occurs.  The variable n determines how the S wave amplitude is scaled.  

Since the large amplitude change from the P coda to an arriving S wave is usually a 

clear indication of an S onset, we use a value of n = 2 to increase the S-wave 
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amplitude weight.  Values of n less than 1 down weight the amplitude change, for 

example, Diehl et al. (2009) chose n = 0.5.  We then calculate a threshold, tr1 (Figure 

2-2c, red horizontal line), based on the mean and standard deviation of W(t) before the 

start of the S picking window.  For our data we set tr1 to the mean plus seven standard 

deviations, large enough to ensure tr1 was surpassed only by amplitudes on W(t) 

related to the S arrival and subsequent S coda. The threshold window, within which 

tr1 is set, starts at W1, the mid-point between the P and the predicted Spre arrival, and 

ends at W2, which is identical to the previously defined SW1.  When the weight 

function exceeds tr1 a coarse S arrival, WS (Figure 2-2c, orange vertical line), is 

picked.  WS signifies the approximate onset of S coda and is late relative to the actual 

S onset.  WS is later used to set a threshold window on the characteristic function.  

Starting the picking process on the weight function allows for an initial data quality 

check as low signal to noise traces will have large values for tr1.  If tr1 exceeds a 

maximum threshold value, tr1max, no picking occurs.  For our data we chose a value of 

0.35 (see section Case Study). 

Next we build the characteristic function, which consists of individual 

components shown in Figure 2-2b.  Rectilinearity is the degree of linear polarization 

of the incoming particle motion, which can be defined by the corresponding 

eigenvalues 𝜆! of the covariance matrix of the three-component seismic data in a 

moving time window (Samson, 1977; Cichowicz, 1993): 

𝑃(𝑡) =     
𝜆! − 𝜆! ! + 𝜆! − 𝜆! ! + 𝜆! − 𝜆! !

2 ∙ 𝜆! + 𝜆! + 𝜆! !  

P and S waves display high degrees of linear polarization; therefore this value 

will be close to one for both phases.  Directivity is the angle (∝)	  between the direction 

of the eigenvector associated with the largest eigenvalue of the covariance matrix and 

the longitudinal direction L, normalized to 1.  With the following definition, the result 

is a value of zero for P arrivals and one for S arrivals (Cichowicz, 1993): 

𝐷 𝑡 =
𝑐𝑜𝑠!! ∝
𝜋
2
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The ratio of transverse (here simply the plane perpendicular to direction of the 

incoming P wave) to total energy is again expected to be near zero for first P arrivals 

and near one for S arrivals (Cichowicz, 1993): 

𝐻 𝑡 =
(𝑄!! + 𝑇!!)!

(𝑄!! + 𝑇!! + 𝐿!!)!
 

The characteristic function is the product of each component squared along 

with the weight function: 

𝐶 𝑡 = 𝑃!(𝑡) ∙ 𝐷!(𝑡) ∙ 𝐻!(𝑡) ∙𝑊(𝑡) 

The result is a value near one for arriving S waves and zero for P waves and P 

coda.  For a final pick the characteristic function must cross a threshold, tr2 (Figure 2-

2d, red horizontal line), defined by the mean and standard deviation from the S 

window start to the first local minimum of C(t) prior to WS (SW1 to SW1a).  By first 

finding a rough onset WS on the weight function we are able to set a threshold window 

that characterizes the background noise level just before the S arrival without 

including a significant amount of the S coda.  As with the weight function we apply a 

maximum threshold cutoff, tr2max, to eliminate low signal to noise characteristic 

function traces in the case tr2 exceeds tr2max.  For our data we chose a value of 0.15 

(see section Case Study).   

Usually, picking algorithms work forward in time, declaring a pick the first 

instance a threshold is exceeded.  In this case the threshold has to be set relatively high 

to avoid erroneous picking at minor peaks that might occur prior to the actual S 

arrival.  We, instead, chose to start within the S coda and work backwards in time (i.e., 

from right to left in Figure 2-2e) along the characteristic function to find the S onset.  

The procedure starts at WS, which is late relative to the S arrival, and works 

backwards in time sample by sample along the characteristic function.  A pick is 

declared where the characteristic function reaches a minimum when it has dropped 

below tr2.  After a potential pick is found the algorithm continues its backward search 

for several samples (Ns) to avoid local minima.  If the characteristic function does not 

exceed tr2 within Ns samples, the potential pick is declared final.  If the characteristic 
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function exceeds tr2 within Ns samples, the backward search is continued until the 

characteristic function reaches the next minimum after dropping below tr2.  This 

potential pick is again evaluated by backward search over Ns samples.  In practice the 

process is repeated until C(t) reaches a minimum after dropping below tr2 and stays 

below it. 

The zoomed-in trace of Figure 2-2e illustrates how the search ‘climbs’ out of a 

local minimum.  Starting at WS (time 41.72 s) the characteristic functions drops below 

tr2 at time 41.68 s where it also reaches a local minimum.  Looking at samples prior to 

the minimum, the algorithm detects that the characteristic function rises again above 

tr2 (time 41.64 s) before dropping and staying below the threshold reaching a 

minimum at time 41.54 s, which is our S pick.  The rough pick WS (Figure 2-2d), by 

design, is late relative to the actual pick, as is the case in this example (compare 

zoomed parts of Figure 2-2d and 2-2e).  If the time of WS on the characteristic 

function is below tr2, the picking process starts at the first sample above tr2 after WS.  

This will only occur if WS is triggered prematurely on the weight function, most likely 

due to poor calibration of tr1. 

 

2.3 Case Study: The Hi-CLIMB Array in South-Central Tibet 
Phase II of the Hi-CLIMB seismic experiment consisted of a 550 km long, 

densely spaced linear array and a 300 by 300 km lateral sub array (Figure 2-1) that 

operated from June 2004 to August 2005 in south-central Tibet.  A total of 111 three-

component broadband seismometers were deployed and data were recorded with 

sampling rates mainly between 40-50 Hz.  For more information about the deployment 

see Nabelek et al. (2009).  Initial P and S arrivals, obtained through automatic 

STA/LTA analysis on vertical component data, were used to determine initial 

locations of over 22,500 local earthquakes distributed throughout south-central Tibet 

and across the entire array (Carpenter, 2010).  The high volume of local seismicity and 

the dense station distribution provide a unique opportunity to calibrate and implement 

our S picking algorithm.  First we visually inspected S arrivals from events of various 
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depth, source mechanism type, and location to set picking parameters and ensure 

picking accuracy.  Parameters used in this study (Table 1) are based on visual 

optimization and are applied homogeneously.  Next we applied the polarization 

picking procedure to 5,790 local earthquakes with magnitude ML(P) ≥ 2.0 that were 

recorded by at least 15 stations within the array and occurred within 2° distance from 

the closest station. 

In order to illustrate the S picking procedure and its quality, we present 

examples from 5 earthquakes within the Tibetan Plateau (Figure 2-1).  The examples 

were chosen to display a range of potential seismic signals with magnitude ranging 

from ML(P) = 3.0 to 3.8 and event depth from 2 to 86 km (for earthquake information 

see caption of Figure 2-1). 

Figure 2-3 shows three-component waveforms and the S-arrival picks (red) for 

stations at varying distances from the shallow event 1 (9 km depth), the same event 

used in Figure 2-2.  For shallow events (depth ≤ 30 km), we were able to pick crustal 

S phases out to the Sg/Sn crossover distance, which is at approximately 350 km 

distance for the thick Tibetan crust.  For events with hypocenters near the Moho 

discontinuity (depth > 60 km) beneath the southern Tibetan Plateau and the High 

Himalayas, we were able to pick Sn arrivals out to approximately 700 km distance as 

shown in Figure 2-4. 

Directivity and rectilinearity do not depend on signal amplitude; therefore 

allowing picking on the characteristic function even for low S amplitude traces.  This 

can occur as S-wave amplitude decreases with distance due to attenuation or as a 

consequence of the source mechanism.  This is shown in Figure 2-5 where the S wave 

arrival has approximately the same amplitude as the P arrival even at a relatively short 

epicenter distance.  The characteristic function, however, still shows a clear increase at 

the S-wave onset for a successful pick. 

Through the nature of the characteristic function first S wave motion is picked 

regardless of whether it is on the T or Q component.  Figure 2-6 is an example where 

first S wave motion arrives on the T component prior to the Q (perhaps indicative of 
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anisotropy).  The characteristic function jumps in amplitude in correspondence with 

the first motion on T.  

By building two thresholds tr1 and tr2 we avoid picking on noisy traces.  

Figure 2-7 shows an example where the threshold tr1 on the weight function, 

calculated between W1 and W2, increases with P-coda signal strength for stations at 

approximately the same distance. As tr1 increases the S onset becomes more and more 

difficult to identify.  To avoid dubious picks, we thus decided not to attempt a pick 

once tr1 exceeds a cutoff value, tr1max.  For tr1max we chose a value of 0.4.  The 

process is repeated identically on the characteristic function where we chose a value of 

0.15 for tr2max.  If tr2 exceeds tr2max, no pick is attempted.  Values for tr1max and tr2max 

are based on visual inspection of attempted picks and preceding threshold levels 

indicating that thresholds exceeding these values where associated with strong P-coda 

and difficult to identify S arrivals often resulting in unreliable picks.  We choose 

values such that S picks are reliable and consistent for our dataset. 

Working backwards in time along the characteristic function when determining 

the final S arrival helps to avoid precursors and isolated amplitude spikes.  Small local 

amplitude maxima in the data prior to the S wave arrival can prematurely trigger 

threshold-picking algorithms that search forward in time.  Figure 2-8 shows an 

example where a local maximum (green arrow) occurs on the characteristic function 

prior to the S arrival.  By working backwards in time from WS we avoid the local 

amplitude spike on the characteristic function and pick on the first S wave motion. 

Although our S picking algorithm can be used for many different picking 

scenarios, as with any automatic picking algorithm some caution is needed.  For our 

data in Tibet, the Sn amplitude is significantly smaller than Sg and was lost within the 

P coda for shallow events.  We were unable to pick Sn arrivals after the crossover 

distance for those shallow crustal earthquakes.  The algorithm also does not always 

pick accurately on emergent S arrivals.  Even by working backwards along the 

characteristic function, the gradual increases in amplitude of emergent signals make it 

extremely difficult to pick the S arrival.  This is shown in Figure 2-9 where an S-wave 
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arrival is clearly present but emergent.  Although the pick could be accurate, first S-

wave motion is difficult to determine on the characteristic function.  Overall our 

dataset contained mainly relatively impulsive S arrivals that could be picked. 

At large station-event distances the	  setting of the S-picking windowing 

becomes increasingly important for the accuracy of the predicted S arrival.  

Thresholds on the characteristic and the weight function both depend on the position 

of SW1.  If the S window is not properly centered on the predicted S arrival two 

problems can occur.  For events occurring close to stations (within 25 km), if SW1 is 

too early the window from W1 to W2 will be over a short time period, limiting the 

number of samples used in the calculation of tr1.  For events at any distance, if SW1 is 

late than the window from SW1 to SW1a will similarly be a short time period, thus tr2 

will be calculated over a small sample size.  In Figure 2-5 the start of the S window, 

SW1, nearly excludes the S arrival.  This results in the calculation of tr2 over a limited 

number of samples and although still accurate in this example, can result in inaccurate 

picks.  To avoid these problems we employ a distance dependent S picking window.  

For close station to event distance spacing the S picking window is reduced in size to 

accommodate the short P to S time.  At larger distances the S window increases in size 

to account for increased inaccuracy in calculating the predicted S arrival. 

After calibration we applied the polarization S picker to 5,790 ML(P) ≥ 2.0 

events within 2° from the closest station and with at least 15 picks (P or S) in our 

original database.  These events already have well-constrained epicenter locations with 

well-recorded signals across a significant part of the Hi-CLIMB array.  For the 5352 

shallow events (set as depth z≤30 km), and 216 mid-crustal events (30<z≤60 km), we 

could pick S arrivals to the Sg/Sn crossover distance of about 350 km.  For 222 deep 

events (z>60 km) beneath the southern Tibetan Plateau and the High Himalayas, we 

could pick S arrivals out to about 700 km distance.  We obtained about 93,000 S picks 

with the new polarization picking process.  At short distances of Δ<1°, which are 

crucial for earthquake hypocenter locations, we obtained about 6,500 S picks.  The S 
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arrivals are currently being used to invert for the crust and upper mantle velocity 

structure beneath the Tibetan Plateau.  

The purpose of this paper is to present our implementation of a polarization S 

picker.  We showed examples of the waveforms, weight, and characteristic functions 

(Figures 2-2 through 2-9) illustrating the ability of the picker to determine reliable S-

arrival picks.  Existing outliers in the S picks can be detected and eliminated during 

subsequent analyses such as earthquake location procedures (as discussed in the 

following section) or local earthquake tomography. 

  

2.3.1	  Comparison	  to	  STA/LTA	  Picking	  Process	  
To further analyze the performance of the new polarization picking process we 

compare the detection quantity and quality to our original STA/LTA S picks.  The 

STA/LTA picks were conducted on non-rotated vertical component data with a 2 to 10 

Hz bandpass filter applied (Carpenter, 2010).  First we compare the number of S wave 

detections with epicenter distance from both picking processes, as shown in Figure 2-

10.  S phase arrivals with epicenter distances beyond 300 km are not shown as the 

STA/LTA S picking process was only implemented out to 300 km.  At all distances 

the polarization picking process outperformed the STA/LTA process.  The increase in 

detections is especially clear at short distances where from 0 to 100 km S-picking 

increased by over four times.  Similarly, from 100 to 200 km picking increased by 

nearly 54 percent.  The increase in S picks at close distances is especially critical for 

determining hypocenter locations. 

 Next, we relocated events with arrivals within 300 km of the array using the 

original P and S arrivals from either the STA/LTA process or the new polarization 

process.  Earthquakes were relocated using GENLOC (Pavlis et al. 2004), a least-

squares traveltime hypocenter inversion routine.  Relocating the earthquake 

hypocenters gave us RMS residual values for all S arrivals and allowed for a direct 

quality comparison of the two picking procedures.  Results are shown in Figure 2-11.  

At all distances S arrival mean residuals were greatly reduced with the polarization 
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picking process suggesting that they are, overall, of higher quality.  From 0 to 100 km 

distance, residuals decreased by 45 percent and from 100 to 200 km residuals 

decreased by 33 percent.   It should be noted that no cleaning was performed on the 

polarization S arrivals in order to show the performance of the automatic picking 

procedure.   Simple cleaning techniques such as removing high residual outliers are 

necessary to develop a more reliable catalog.   

To further gauge the quality of our picking process we can calculate a rough 

false detection rate on our data.  For arrivals within 300 km of the array we 

encountered 4,900 S arrivals with residual magnitudes of 2 seconds or greater, which 

we will consider outliers.  Although some of these picks are correct, with high 

residuals due to velocity variations in our region of study, at 5.4 percent of the total 

data set this is a very small false detection rate for an automatic picker. 

 

2.4 Conclusion 
Our polarization picking process has several key advantages over other picking 

algorithms.  Starting on the weight function allows us to immediately determine if the 

signal to noise ratio is appropriate for picking.  The first amplitude increase on the 

weight function provides a rough estimation of where the S wave coda starts and is 

used to build a threshold on the characteristic function.  On the characteristic function 

our algorithm is able to work backwards in time along the trace to help avoid local 

maxima and precursors.  Compared to STA/LTA pickers the new picking process 

improved both the number and quality of S-wave detections in our catalog.  These 

distinct advantages allowed us to create a robust S picking algorithm that can be 

applied to a wide range of seismic signals.  The results of the new picking process 

have been used in both earthquake relocation and travel-time tomography (Riddle et 

al., 2015b, High Resolution Regional Travel-Time Tomography in South-Central 

Tibet: Imaging Tibetan Crust beneath the Hi-CLIMB Array, manuscript in 

preparation).  
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Table 2-1: Description of variables associated with polarization picking process.  User 
defined variables can be adjusted prior to picking, while polarization variables are 
calculated within the algorithm. 

 
 

 

Pref
Spre
W1
W2
WS
SW1a
S pick

Time of reference P arrival, from previous manual, automatic, or predicted pick
Time of predicted S arrival, calculated from known velocity model
Time of start of threshold window on W(t), equal to Pref+(Spre- Pref)/2
Time of end of threshold window on W(t), equal to SW1
Time of coarse S pick on W(t), occurs when W(t) crosses tr1
������������������������������������	ǡ�ϐ������������������������
��������ϐ�������������������������������������

���������������������� Description

�������ϐ��������������
SW1
SW2
tr1
tr2
tr1max
tr2max
Ns
tw

��������������������������������������ሺ�ሻǡ������������ϐ����
������������������������������������ሺ�ሻǡ������������ϐ����
��������������ሺ�ሻǡ��������������������������������������������ͳ�����ʹ
Threshold on C(t), calculated from SW1 to SW1a
Max value of tr1 allowed for picking to occur
Max value of tr2 allowed for picking to occur
����������������������������ሺ�ሻ���������������������ʹ
Length of moving centered time window

Description



	   28	  

 
Figure 2-1: Station locations for phase 2 of the Hi-CLIMB array (yellow and green 
triangles) and locations for five example earthquakes (red dots).  Earthquake 1: July 3, 
2005 ML(P)=3.0 at 31.55°N and 85.62°E, depth 9 km.  Earthquake 2: January 20, 
2005 ML(P)=3.1 at 31.68°N and 84.83°E, depth 4 km.  Earthquake 3: September 30, 
2004 ML(P)=3.1 at 31.66°N and 84.80°E, depth 2 km.  Earthquake 4: May 9, 2005 
ML(P)=3.5 at 30.71°N and 85.30°E, depth 8 km.  Earthquake 5: November 18, 2004 
ML(P)=3.8 at 29.88°N and 90.33°E, depth 86 km.  Green labeled triangles are stations 
where data are shown in Figures 2-2 through 2-9.  Elevation in (m). 
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Figure 2-2: Step-by-step process for S arrival picking by the polarization method for 
station H1370, 82 km NW of event 1 (see Figure 2-1).  For details of the picking 
process refer to text and Table 2-1 for definition of variables.  a) Rotated L, Q, and T 
components with predicted S arrival time Spre.  P marks P-arrival time.  Time in 
seconds; start arbitrary.  b) Traces showing the ratio of transverse to total energy, H(t), 
rectilinearity, P(t), and directivity, D(t) calculated from the L, Q, and T traces.  
Highlighted yellow area shows where all three components simultaneously rise to 
around one.  c) Characteristic function and weight function built from the L, Q, and T 
traces.  SW1 and SW2 define the picking window around Spre.  A threshold tr1 (red 
horizontal line) is calculated between W1 and W2.  WS (orange vertical line) marks 
where the weight function crosses tr1.  d) WS is plotted on the characteristic function 
and SW1a (green vertical line) is the first minimum of the characteristic function prior 
to WS; a second threshold tr2 (red horizontal line) is built between SW1 and SW1a. 
See zoomed-in trace below for details.  e) The final S pick (red vertical line) is the first 
non-local minimum prior to WS, below tr2.  The zoomed-in trace below shows that the 
pick precedes a local minimum in the characteristic function.  f) Final S pick (red 
vertical line) is shown on all seismogram components, weight function and 
characteristic function.  Note difference between Spre and the final S pick.  Zoomed-in 
traces below. 
 

 
Figure 2-3: Example of S-phase picks for stations with increasing epicenter distance 
from 65 to 255 km for event 1 (see Figure 2-1).  Red are automatic S picks using the 
polarization picker. 
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Figure 2-4: S wave arrival for station H1422, 665 km away from event 5 (see Figure 
2-1).  The Sn arrival occurs just after the start of the S-picking window (SW1) 
illustrating the importance of setting appropriate window lengths. 
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Figure 2-5: S wave arrival for station H1140, 145 km away from event 1 (see Figure 
2-1).  The S amplitude is low but the characteristic function shows a clear arrival. 
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Figure 2-6: S pick for station H1300, 42 km from event 3 (see Figure 2-1).  First S 
wave motion is primarily on the T component with little S energy on the Q 
component.  A sharp increase in the characteristic function is still present at the S 
arrival. 
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Figure 2-7: Examples of threshold changes with increasing noise for event 2 (see 
Figure 2-1).  Horizontal dashed line represents the threshold cutoff, tr1max.  a) S pick 
for station H1120, 180 km south of event 2.  b) S pick for station H1110, 192 km 
south of event 2.  Threshold tr1 is just below the cutoff value, tr1max, so picking still 
occurs.  c) S arrival for station H1560, 188 km north of event 2.  Threshold tr1 is 
above the cutoff value, tr1max, so no picking occurs. 

30 40 50 60

Time (s)

L
P

Distance: 188.3 km  Station: H1560

Q
P

T
P

0.0

0.5

1.0 Weight Function W1

P

W2

0.0

0.5

30 40 50 60

Characteristic Function

Spre

SW1 SW2

P

tr1

c)



	   38	  

 
Figure 2-8: S wave arrival for station H1421, 96 km from event 3 (see Figure 2-1).  
The characteristic function shows a clear S wave arrival just before 42 s but a local 
maximum (green arrow) exceeds tr2 at around 40.5 s.  By working backwards in time 
(from WS rather than forward in time from SW1) our picking algorithm ignores the 
local maximum and correctly picks the S arrival. 
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Figure 2-9: S wave arrival for station H1590, 341 km from event 4.  Although both 
thresholds are below the cutoff values, the S-wave onset is difficult to determine due 
to its gradual onset.  Note that the threshold tr1 is close to the maximum values tr1max 
= 0.4 above which no picking is performed. 
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Figure 2-10: Comparison of the number of S-wave detections from STA/LTA (blue) 
and polarization (red) picking techniques with epicenter distance.  At all distances the 
polarization picking process outperforms the STA/LTA process. 

0

10,000

0 - 50 50 - 100 100 - 150 150 - 200 200 - 250 250 - 300

Epicentral Distance (km)

N
um

ber of S-w
ave D

etections

STA/LTA

Polarization

20,000

30,000

40,000



	   41	  

 
Figure 2-11: Comparison of the mean S-wave residual magnitude after hypocenter 
relocation for both the STA/LTA (blue) and polarization (red) picking techniques.  
The polarization technique reduced the mean residual at all distances. 
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3. HIGH RESOLUTION REGIONAL TRAVEL-TIME TOMOGRAPHY IN 

SOUTH-CENTRAL TIBET: IMAGING TIBETAN CRUST BENEATH THE HI-

CLIMB ARRAY 
 

3.1 Introduction 
The uplift of the Tibetan Plateau and building of the Himalayan mountain 

range is the result of ~50 Myr of collision between the Indian and Eurasian tectonic 

plates (Garzanti et al., 1996; Rowely, 1996; Zhu et al., 2005).  This continent-

continent collision has produced the highest topography on Earth along with crustal 

thicknesses that vary from 50 km in northern Nepal to 75 km in southern Tibet 

(Nabelek et al., 2009).  This uplift has also produced a complex tectonic regime 

throughout the Tibetan Plateau with thrust, strike-slip, and normal faults present.  

Understanding the structure and composition of the crust and upper mantle beneath the 

Tibetan Plateau can provide further insight to uplift processes that control the tectonics 

in the region.  For example the presence of fluids in the upper and middle crust can 

affect both stress states and frictional properties along faults but whether these fluids 

are present is still being debated (Markovsky and Klemperer, 1999; Wei et al., 2001).  

Questions also remain about the state of the lower crust, specifically whether it is 

partially molten, ductile or rigid.  In the mantle, the possible presence of eclogite at the 

crust mantle boundary and how stresses are transferred from the mantle to the crust are 

still being studied (e.g. Royden et al., 1997; Sapin and Hirn, 1997; Beaumont et al., 

2001; Liu and Yang, 2003; Klemperer, 2006; Copley et al., 2011).   

Here we present a crust and upper mantle 3D velocity model for the South-

Central Tibetan Plateau based on travel time data collected from local earthquakes 

within Tibet and Nepal.  Specifically we aim to provide a detailed analysis of the 

velocity structure from 0 to 90 km depth.  By inverting for both P and S wave velocity 

structure along with earthquake hypocenter locations we are able to conduct a detailed 

analysis of the crustal composition. 
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3.1.1	  Regional	  Tectonics	  
The High Himalaya and Tibetan Plateau are made up of several accreted 

blocks separated by large-scale suture zones (Figure 3-1a). The blocks have been 

accreted from the Early Paleozoic, as the Tethys Ocean closed, and during the Early 

Cenozoic, as the India-Eurasia collision initiated (Molnar, 1984; Dewey et al., 1988; 

Zhu et al., 2011; Zhu et al., 2012).  The Qiangtang Block in central Tibet contains 

sedimentary basins, extensive volcanic intrusions, and large high-grade metamorphic 

belts (Kapp et al., 2000; Yin and Harrison, 2000).  The Qiangtang Block is separated 

from the Lhasa terrain to the south by the Banggong-Nujiang Suture (BNS).  The 

Lhasa Block contains thick sedimentary basins with extensive felsic volcanic 

intrusions (Zhu et al., 2011).  The Yarlung Tsangpo Suture (YTS) separates the Lhasa 

terrain from the northern High Himalayan tectonic belt, which contains folded 

Tethyan sedimentary rocks intruded by granites (Avouac, 2003). 

Beneath the High Himalaya in north-central Nepal the crust thickens from ~50 

km to ~75 km along a 100 km northward dipping ramp as the Indian plate under-

thrusts the Tibetan Plateau.  In Tibet, within the Lhasa Block, the crust remains ~75 

km thick until the northern extent of the Indian Plate is reached at approximately 31°N 

(Nabelek et al., 2009).  Relatively little is known about the Moho structure across the 

BNS, from 31°N to 33°N, although the crustal thickness does eventually decrease to 

~60 km within the Qiangtang Block (Nabelek et al., 2009; Griffin et al., 2011).  

Seismicity within Nepal is dominated by thrust faulting between the shallow upper 

crust and along the crust-mantle boundary of the down going Indian plate (Carpenter, 

2010).  Within southern Tibet seismicity is mainly east-west extension accommodated 

by shallow normal faulting earthquakes in a basin and range type setting.  In central 

and northern Tibet faulting shifts to primarily strike-slip allowing crustal material to 

escape to the east (Tapponnier et al., 1982).  The north-south change in seismicity 

from thrust, to normal, to strike-slip allows for continued convergence. 

 

3.1.2	  Data	  Set	  
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Phase II of the Hi-CLIMB array operated 133 stations along a 550 km long 

north-south line from the Himalayan hinterland to the central Tibetan Plateau and a 

350x350 km sub-array within southern Tibet (Figure 3-1a, yellow triangles).  Station 

spacing was approximately 8 km along the line and 50 km within the sub-array.  

Stations consisted of three-component, broadband sensors sampling between 40-50 

Hz.  Five stations within the lateral sub-array used 2-Hz short-period seismometers.  

From June 2004 to August 2005, over 22,500 local and regional seismic events were 

recorded and located throughout the south-central Tibetan Plateau.   

We use a subset of 5,789 earthquakes within the study area with at least 15 

automatic P or S arrivals and ML(P) ≥ 2.0 (Figure 3-1b, red and blue circles).  These 

events yield over 200,000 P and 100,000 S wave arrivals.  Arrival times were picked 

automatically by an STA/LTA analysis on the vertical component for P waves and 

through a polarization picking process (Riddle et al., 2015a, Implementation of an 

Automatic Polarization S wave Picker for Local Earthquake Tomography in South-

Central Tibet, manuscript in preparation) for S waves.  Original earthquake locations 

were determined by least-squares travel time inversion with absolute arrival times 

using GENLOC (Pavlis et al. 2004) and a 1-D velocity model from Monigle et al. 

(2012). 

 

3.2 Method 
We investigate the velocity structure beneath southern Tibet using double 

difference tomography, TomoDD (Zhang and Thurber, 2003).  Double difference 

tomography uses both differential and absolute travel time data to simultaneously 

invert for P and S velocity structure along with earthquake locations. Obtaining 

precise earthquake hypocenter locations within the inversion allows for higher 

resolution velocity structure results (refer to Thurber et al. (2006) for full examination 

of the double-difference tomography process).  We apply a modified raytracing 

algorithm from Bleibinhaus (2003) based on Thurber and Eberhart-Phillips (1999).  
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We found this raytracing program to treat refracted waves much more accurately than 

the pseudo-bending raytracer associated with TomoDD.  

 

3.2.1	  Starting	  Model	  
Our model is defined by horizontal nodes spaced 40 km apart and vertical 

nodes 4 km apart with an additional node at 1 km depth (Fig 3-2a, 3-2b).  The starting 

velocity model is a modified version of the 1D model from Monigle et al. (2012).  

From the surface to 80 km depth Vp = 6.37 km/s and below 80 km Vp = 8.21 km/s 

(Figure 3-2c).  We used a single velocity layer in the crust in order to avoid forcing 

velocity boundaries on the data prior to the inversion.  More detailed starting velocity 

models were tested but produced unstable results with high RMS model residuals.  

Since we have over twice as many P arrivals as S we first invert for the P velocity 

structure then apply a Vp/Vs ratio of 1.76 at all depths before inverting for S structure.  

The Vp/Vs ratio is an average for the Tibetan Plateau obtained from Nabelek et al. 

(2009).   

 

3.2.2	  Data	  Weighting	  
We apply a weighting scheme to each arrival time based on hypocenter 

distance, phase type, and initial residual.  With respect to distance, we apply different 

weighting schemes for what we refer to as deep events (≥ 50 km) and shallow events 

(<50 km).  For shallow events we use the weighting scheme shown in Table 1.  We 

were able to successfully pick Pg and Sg waves out to the crossover distance, ~3°, for 

shallow events.  Beyond the crossover distance shallow event arrival time picks were 

less reliable so we gradually decrease the overall weight.  For deep events the distance 

weighting is set to 1.0 for all arrivals.  We fully weight deep events in order to keep all 

Pn and Sn phases in the inversion.  These refracted phases produced strong arrivals 

and could be accurately picked at all distances.   For phase weighting P arrival times 

are weighted 1.0 and S arrivals are weighted 0.58, assuming a Poisson ratio of 0.25. 
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To obtain an initial estimate of arrival time residuals and discard obvious 

outliers we ran one heavily damped iteration using TomoDD while allowing 

earthquake hypocenter locations and the velocity model to change.  We then discard 

any arrivals with residual magnitudes more than two standard deviations from 0 s.  

The residual cutoff was only applied to shallow event arrivals to once again include as 

many Pn and Sn refracted phases as possible. 

 

3.2.3	  Initial	  Earthquake	  Relocation	  
Double difference relocation relies on pairs or clusters of events, which are 

relocated in relation to each other.  Therefore having a set of well-constrained 

hypocenters can help ensure that even small events with few arrivals are relocated 

accurately.  This is especially important for determining accurate earthquake depths.  

To help constrain earthquake hypocenters we first relocate 1,114 (Fig 3-1b, blue 

circles) of the 5,789 events that were recorded across the “entire array”, i.e. at least 

one arrival in each of the blocks of stations show in Figure 3-1a, ensuring good 

azimuthal coverage.  Since events were initially located with absolute data, we use 

only differential data along with the 1-D velocity model described above to relocate 

earthquake hypocenters.  We then use the 1,114 new event locations, add in the 4,675 

remaining events, and relocate the entire subset with double difference data.   

 

3.2.4	  Velocity	  Structure	  Inversion	  
To limit roughness and obtain velocity structures that are only strongly 

resolved by the data we apply horizontal and vertical smoothing constraints.  In 

addition to smoothing we implemented a damping constraint to limit large excursions 

in the model from iteration to iteration.  We decreased the damping constraint each 

iteration allowing the solution to converge slowly.  Since events were previously 

relocated with both double difference and absolute data we initially invert for velocity 

structure while keeping earthquake hypocenters fixed.  After we develop our initial 

velocity model we allow earthquake hypocenters to relocate.   
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We develop the P velocity model through the following procedure.  Raypath 

density is dominated by the upper crust, < 36 km, and mantle, > 75 km (see resolution 

section).  For this reason we parameterize the lower crust differently in the inversion.  

For iterations 1 to 5 we invert for the full model space with all nodes weighted 

equally.  For iterations 5 to 10 we down-weight the upper crust and mantle in order to 

resolve the velocity structure of the lower crust where raypath densities decrease.  We 

then run iterations 10 to 15 with the entire model space fully weighted.  After 15 

iterations we found that model variations between iterations were less than 0.1 

percent.    

We take the resulting P velocity model and apply a Vp/Vs ratio of 1.76 at all 

depths.  We then follow the same procedure for S velocity structure.  After developing 

both the P and S velocity models we combine the two models and run 10 more 

iterations, alternating between earthquake hypocenter relocation and velocity structure 

inversion while decreasing the damping parameter.  At this stage we use both absolute 

and double difference arrival time data.  After the final iteration model excursions 

were less than 0.01% and the final model RMS was 0.44 s, which we found suitable 

given the size of the model and number of arrival times. 

 

3.3 Results 
 

3.3.1	  Velocity	  Structure	  	  	  
Models for Vp and Vp/Vs were obtained for our study area, to a depth of 85 

km BSL.  Areas outside of our resolution are shaded white.  Our Vp/Vs results are 

limited in the north, beneath the Qiangtang Block due to lack or S wave resolution.  

Areas between nodes are tri-linearly interpolated, therefore velocity structures less 

than 40 km horizontally or 4 km vertically cannot be resolved with our technique. 

Figure 3-3 shows P wave velocity structure results along line A to A’ and B to 

B’.  In the upper crust, 0 to 25 km depth, low velocity zones (LVZ’s) are present 

mainly within the Lhasa Block and beneath the High Himalaya.  Beneath the BNS a 
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large, 50 km wide, LVZ of 5.5 km/s is found to a depth of 25 km.  In the Qiangtang 

Block, north of BNS, Vp values in the upper crust increase and LVZ’s are largely 

absent.  Figure 3-4 shows a horizontal slice through 8 km depth.  From west to east, 

low Vp values follow the trace of the BNS.  Extensive LVZ’s are also present from 

30° N through 29°.  In the middle crust, 25 to 45 km, P velocities remain 

approximately 6 km/s with some patches of higher velocity, 6.75 km/s, mainly in the 

north.  The LVZ’s present in the upper crust generally do not extend below 30 km. 

In the lower crust, 45 to 75 km, P velocities are variable from south to north.  

In the south, beneath the high Himalaya, mantle velocities of 8.0 km/s and above 

extend from 55 km to 75 km depth along a 100 km long, northward dipping ramp.  

Within the Lhasa Block, lower crust velocities remain low, 6.0 km/s, before increasing 

to 7 km/s immediately above the Moho.  North of the Lhasa Block, beneath the 

surface trace of the BNS, a sharp transition from low to high Vp, 6 km/s to 7 km/s is 

present.  This transition occurs within a span of approximately 50 km indicating a 

possible structural boundary. 

In the mantle, below 75 km, velocities are variable across the plateau.  Figure 

3-5 shows a horizontal slice through the P velocity structure at 79 km depth.  In the 

southern portion of the array, directly beneath the YNS, we observe P wave mantle 

velocities around 8.5 km/s.  At 31°N there is an abrupt decrease in velocity to 8.2 km/s 

which extends northward to 33.5°N before the velocity increases back to 8.5 km/s.  

This pattern is consistent from east to west.   

In addition to P wave velocity structure we calculate the Vp/Vs ratio along 

lines A to A’ and B to B’ in Figure 3-6.  There is a distinct change in Vp/Vs ratio 

between the High Himalaya, Lhasa Block, and Qiangtang Block.  Beneath the High 

Himalaya we observe low Vp/Vs values, 1.6 to 1.7, to a depth of nearly 50 km.  

Values increase to 1.75 in the lower crust and eventually 1.85 in the upper mantle.  

Beneath the Lhasa Block the low Vp/Vs values extend to only 30 km depth before 

increasing in the middle and lower crust.  Within the Qiangtang Block we observe 

higher Vp/Vs values in the upper 25 km, from 1.65 to over 1.75.  
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Figure 3-7 shows Vp/Vs values through a horizontal slice at 79 km depth in the 

mantle.  Within the Lhasa Block between 85°E and 86°E, there is a patch of low 

Vp/Vs ratio, around 1.7.  Vp/Vs values surrounding the patch range from 1.75 to 

nearly 1.85.  Nowhere within our study area does the Vp/Vs ratio exceed 1.9. 

 

3.3.2	  Earthquake	  Relocations	  	  	  
We compare final hypocenter locations from tomoDD to our initial input event 

locations.  Figure 3-8 shows hypocenter relocation results in map view for 1,114 

events recorded across the entire array (i.e. blue circles Figure 3-1b).  Results for all 

earthquakes are not presented in map view, as horizontal relocation changes were 

minimal, on average only 1.3 km.  Vertical depth changes are more drastic and shown 

in Figures 3-9a and 3-9b.  Events that were previously located at the surface moved 

deeper into the upper crust.  Although events moved deeper, 87 percent of seismicity 

is clustered in the upper 25 km.  Figure 3-10 shows a projection of earthquakes located 

between 85°E and 88.5°E (center of the array) on the Vp structure cross-section from 

B to B’.  Earthquakes are observed throughout the crust and in the uppermost mantle, 

especially in the south where events associated with the subducting Indian Plate are 

present.  In the lower crust events are largely absent beneath the Lhasa Block.  North 

of 32°N, in the Qiangtang Block lower crust, seismicity is present. 

 

3.3.3	  Resolution	  
To determine the extent of our resolvable area we conduct both raypath density 

and derivative weight sum (DWS) resolution tests for P and S waves.  Figure 3-11 

shows P wave raypath density plots for cross sections A to A’ and B to B’ and Figure 

3-12 shows P wave raypaths along a horizontal slice at 79 km depth.  Similarly 

Figures 3-13 and 3-14 show S wave raypath densities.  For P waves we have dense 

raypath coverage throughout our model space with highest densities in the upper crust 

and upper mantle.  For S waves raypath densities decrease to the north in the lower 

crust, beneath the Qiangtang Block.  Although raypath density plots are useful for 
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determining where data is located within the model space, DWS calculations take into 

account not only the number of rays through a node but the proximity of individual 

rays to each node.  This value is then scaled by the overall error associated with the 

individual node.  DWS values have shown to be directly related to the diagonal 

elements of the resolution matrix (Toomey and Foulger, 1989) making DWS 

calculations a much more useful proxy for resolution.  DWS plots are shown in 

Figures 3-15 and 3-16 for P waves and Figures 3-17 and 3-18 for S waves.  For P 

waves, the DWS does not fall below 2,000 anywhere within our array.  For S waves, 

DWS values decrease below 100 in the lower crust beneath the Qiangtang Block, 

indicating an area of potential low resolution.   

To investigate the lower crust resolution beneath the Qiangtang Block we test 

the recoverability of our model for Vp and Vp/Vs.  From 40 km to 76km depth and 

north of 32° N we replace both the Vp and Vp/Vs structure with decreased values; 

6.15 km/s for Vp and 1.76 for Vp/Vs.  We then re-ran 10 iterations, allowing the 

model to converge, in an attempt to see if we could recover the lower crust structure.  

Results for Vp and Vp/Vs are shown in Figures 3-19 and 3-20, respectively.  For Vp, 

we fully recover the lower crust structure and do not observe any velocity changes in 

the surrounding model space.  For Vp/Vs we recover the overall geometry of the 

structure but do not fully recover the magnitude.  We also observe a small increase in 

velocity in the Qiangtang Block upper crust, indicating that there is a slight trade-off 

present between the upper and lower crust for S wave velocity.  Based on these results 

we conclude that the Vp/Vs structure in the northern lower crust is real, although the 

magnitude of the structure may be off by as much as ±0.5.   

 

3.4 Discussion 
For results discussed in this section refer to the following interpreted figures: 

Vp and earthquake location cross-sections in Figures 3-21 and 3-22, Vp horizontal 

slice at 79 km in Figure 3-23, and Vp/Vs structure cross-section in Figure 3-24.  
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3.4.1	  Upper	  Crust	  LVZ’s	  and	  Vp/Vs	  Structure	  
Beneath the BNS we observe a near vertical, 80 km wide, P wave LVZ of 5.5 

km/s that extends to a depth of 25 km (Figure 3-21).  This LVZ extends across our 

study area (Figure 3-4) and agrees with Vp observations by Zhao et al. (2001) and 

Haines et al. (2003).  Additionally, Meissner et al. (2004) trace a near vertical, 30 km 

wide, LVZ beneath the BNS to a depth of 30 km, which they attribute to a fault zone.  

Using active source travel time data they observe a slight northward dip to the BNS, 

although this is beyond our resolution.  In addition to low velocity we observe a near 

vertical patch of seismicity beneath the surface trace of the BNS that is limited to 25 

km depth, further suggesting that a fault zone is present (Figure 3-22).  The 

combination of low velocities and increased seismicity suggest that the fault zone is 

active although large lateral movement in our study area is unlikely. 

Beneath the southern Lhasa Block and Himalaya we observe additional P wave 

LVZ’s in the upper crust (Figure 3-21).  One possible explanation for low Vp is the 

presence of aqueous pore fluids in the upper 25 km of Tibetan crust, such as those 

suggested by seismic reflection data (Markovsky and Klemperer, 1999) and 

magnetotelluric studies (Wei et al., 2001; Unsworth et al., 2005).  We observe LVZ’s 

in the south of ~5.5 km/s compared to the background velocity of 6.0 to 6.5 km/s.  

Nowhere do we observe P velocities of 3.0 km/s such as those associated with pore 

fluids by Markovsky and Klemperer (1999).  Vp/Vs values in the upper crust also 

support a lack of widespread fluids in the upper crust (Figure 3-24).  We observe a 

decrease in Vp/Vs ratio from ~1.7 to ~1.6 where LVZ’s are present while we would 

expect an increase in Vp/Vs ratio with the presence of pore fluids (e.g. O'Connell and 

Budiansky, 1974).  This evidence does not completely dismiss the presence of pore 

fluids in the upper crust, as our horizontal node spacing is 40 km.  Pore fluids may be 

present on small scales or in low pore fluid percentage that is outside of our resolution.  

It is clear, however, that our data does not indicate regions of extensive pore fluids in 

the upper crust. 

Another more likely possibility for LVZ’s and low Vp/Vs ratios in the upper 
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crust is the presence of quartzite and highly felsic granitic bodies.  Laboratory 

measurements by Christensen (1996) and Wang et al. (2005) developed estimates for 

the Vp/Vs ratio and Vp for crustal rocks at various pressures.  For quartzite the Vp/Vs 

ratio at upper crustal pressures (0 to 400 MPa) ranges from 1.5 to 1.6 with Vp values 

of 5.5 to 6 km/s.  These measurements are consistent with the areas of lowest Vp/Vs 

and Vp observed in our model.  Where the Vp/Vs ratio falls between 1.6-1.7, and Vp 

values are greater than 6.0 km/s highly felsic granitic bodies are most likely present.  

This matches with geologic surface observations in the Himalaya and Lhasa Block 

where quartzite and highly felsic granites are exposed (e.g. Lavé and Avouac, 2000; 

Cottle et al., 2007; Zhu et al., 2011).  The seismic reflector seen between 25 km to 30 

km depth observed in multiple studies such as Zhao et al. (2001) and Mechie et al. 

(2004) most likely represents the base of these LVZ’s. 

The Vp/Vs ratio across the YTS presents another interesting structural 

component in the crust.  To the south beneath the Himalaya low Vp/Vs values (1.6 to 

1.7) extend to 45 km depth, which is in agreement with tomography results from 

Monsalve et al. (2008).  North of the YTS into the Lhasa Block the low Vp/Vs values 

abruptly shallow to 30 km depth.  This transition represents a clear structural boundary 

between the Himalaya and Lhasa Blocks.  As observed by Monsalve et al. (2008), the 

low Vp/Vs ratio beneath the Himalaya indicates that highly felsic material is present to 

a depth of 45 km and that models suggesting abundant partial melt within or above the 

down going Indian Plate are unlikely.  Low Vp and Vp/Vs beneath the Himalaya may 

also represent the orogenic wedge above the subducting Indian Plate as northward 

dipping faults are formed.  These faults are especially prevalent at and north of the 

South Tibetan Detachment, from 28° to 29.5° N (Burchfiel et al., 1992).  In this area 

we observe northward dipping structures in our Vp model that may correspond with 

faulting. 

 

3.4.2	  Qiangtang	  Block	  Lower	  Crust	  Structure	  
Perhaps one of the most surprising results in this study is the sharp Vp 
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boundary present in the lower crust, beneath the BNS at 32°N, separating the Lhasa 

Block from the Qiangtang Block (Figure 3-21).  This transition occurs over a span of 

less than 50 km as velocities increase from 6.0 km/s to over 7.0 km/s.  A slight 

shallowing of the Moho, from 76 km to 70 km depth occurs just north of 33°N.  This 

sharp increase in P velocity is not observed in other seismic studies such as Zhao et al. 

(2001) and Haines et al. (2003), who observe almost no change in lower crust Vp 

between the Lhasa and Qiangtang Blocks.  In addition we observe an increase in 

Vp/Vs at the same position, 32° N (Figure 3-24).  Our Vp/Vs resolution is decreased 

to the north but based on resolution tests we believe the overall increase in values to 

be real, although the exact magnitude cannot be determined (see resolution section, 

Figure 3-20).  We also observe a seismicity boundary at the same location, as 

earthquakes are present in the lower crust beneath the Qiangtang Block but events are 

largely absent from the lower crust beneath the Lhasa Block (Figure 3-22).  The 

presence of earthquakes and sharp increase in Vp indicate a rigid lower crust beneath 

the Qiangtang Block.  Based on high-pressure laboratory measurements of Vp and 

Vp/Vs this material is most likely high grade, mafic, metamorphic rock formed during 

the accretion and subsequent shortening of the Qiangtang Block (Coward et al., 1988; 

Song and Wang, 1993; Wang et al., 2005).  This interpretation is supported by 

blueschist-bearing metamorphic core complexes exposed north of BNS and 

subsequent modeling by Kapp et al. (2000) that show these rocks originated from the 

mid to lower crust beneath the Qiangtang Block. 
 

3.4.3	  Moho	  and	  Upper	  Mantle	  Structure	  
Beneath the Himalaya we have imaged a clear decrease in Moho depth from 55 

to 75 km depth between 28°N and 29°N. This northward dipping ramp represents the 

boundary between the subducting Indian plate and the mantle below.  The position of 

the Moho agrees with receiver function results from teleseismic data collected on this 

same array (Nabelek et al., 2009).  Immediately above the Moho (black solid line 

Figure 3-21) we observe Vp values of 7 km/s that decrease to 6 km/s moving upwards 
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in the crust.  We interpret 7 km/s Vp values to represent portions of the lower Indian 

crust while the decreased velocities, moving away from the ramp, represent upper 

Indian crust.  This structural interpretation is supported by receiver function results 

from Shi et al. (2015) who observe a break in velocity within the Indian Plate.   

Just beneath the subducting Indian Plate we observe velocities upwards of 8.5 

km/s.  These high velocities have been interpreted by numerous studies as representing 

the presence of high-density eclogite at the base of the Indian Plate (e.g. Monsalve et 

al., 2008; Nabelek et al., 2009; Shi et al., 2015).  This is supported by gravity studies 

where high-density material near the Moho is modeled as eclogite (e.g. Hetényi et al., 

2007).  To explore the relationship between velocity and extent of the Indian Plate we 

plot a horizontal slice through 76 km depth (Figure 3-23).  At 31°N velocities drop 

from over 8.5 km/s to under 8.2 km/s.  The lateral position of this transition is 

identical to the extent of the Indian Plate imaged by receiver functions (Nabelek et al., 

2009; Figure 3-23 red dashed line).  This indicates that upper mantle velocities of 8.5 

to 8.6 km/s are directly related to the presence of the Indian Plate.  In addition, 

calculations by Hacker et al. (2003) of eclogite velocities at high pressures and high 

temperature, 2 to 3 GPa and 750° C as we would expect in the lower crust of Tibet 

(from Nabelek and Nabelek, 2014), yield P wave velocities near 8.5 km/s.  We find 

that this evidence supports the formation of high-density eclogite along the base of the 

Indian Plate and agree with the interpretation by Monsalve et al. (2008).   

There is one important complication with this interpretation.  If eclogite were 

present we would expect to see mantle velocities just above the Moho in the lower 

Indian plate as lower crust material is transformed.  However this is not the case, the 

high velocities we observe are just below the Moho in the upper mantle.  One 

explanation for this problem is the possible transfer of material from the lower crust of 

the Indian plate into the upper mantle as explored by Krystopowicz and Currie (2013).  

The formation of eclogite at the base of the Indian plate could cause a density 

instability and eventually delamination with the weak crust above.  As eclogite is 

incorporated in the upper mantle the Moho will appear as the top of the eclogite layer, 
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resulting in higher Vp values in the upper mantle.  This process would explain our 

upper mantle observations, with high Vp values representing full eclogitization of the 

lower Indian Plate and subsequent incorporation into the mantle.   

 

3.4.4	  Lower	  Crust	  Structure	  
Another surprising result from this study is the velocity structure and 

seismicity in the lower crust.  Beneath the Lhasa Block we observe Vp values of 6 

km/s extending deep into the lower crust, nearly to the Moho.  In addition to low Vp 

values there is a lack of seismicity in the lower crust south of the BNS surface trace, 

near 32°N (Figure 3-22).  Low velocities and absence of seismicity may indicate a 

weak lower crust beneath the Lhasa Block, which we explore in the following section. 

As previously mentioned we map the extent of the Indian plate to around 31°N 

N (Figure 3-23).  Mantle Vp values drop sharply north of this boundary.  Without the 

cold, dense, Indian plate separating mantle from Tibetan crust it is possible that north 

of 31°N the lower Tibetan crust is directly exposed to the mantle, essentially creating 

a “mantle wedge” between Indian and Eurasian lower crust.  This could allow heat to 

transfer from the upper mantle into the lower Lhasa Block, although large areas of 

partial melt are not likely, as we do not observe Vp/Vs ratios above 1.8 in the lower 

crust.  However the low P velocities and Vp/Vs ratio we observe could be the result of 

quartz flow and therefore ductile deformation in the lower crust.  This process would 

not require an increased heat component from the mantle.  Gleason and Tullis (1996) 

show the ability for quartz to flow at relatively low temperatures, <400° C, much less 

than the predicted conditions of the lower crust in Tibet, around 750° C (Nabelek and 

Nabelek, 2014).  Also, minimal amounts of quartz are required to drive this process.  

Ductility due to quartz flow would also explain the lack of seismicity we observe in 

the lower crust south of BNS.  Numeric modeling such Clark and Royden (2000) and 

Clark et al. (2005) has also supported the idea of a weak lower crust, and possible 

flow, beneath Tibet.  At the surface, quartz microfabrics exhumed in the High 

Himalaya show preferred crystal orientation indicating flow and formation at 
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temperatures near 730°, which would match lower crustal conditions beneath Tibet 

(Grujic et al., 1996; Nabelek and Nabelek, 2014). We believe this evidence points to a 

weak lower crust beneath the Lhasa Block and High Himalaya.  

 

3.5 Conclusions 
We were successfully able to develop a crust and upper mantle velocity model 

for south-central Tibet with the goal of furthering our understanding of the 

composition and structure of the subsurface.  In the upper crust we observe extensive 

LVZ’s extending to 25 km depth.  Based on Vp and Vp/Vs results we suggest this 

material is quartzite and highly felsic granite.  Beneath the BNS we image low Vp 

values associated with near vertical seismicity, indicating a possible fault zone down 

to 25 km depth.  In the lower crust beneath the Qiangtang Block we image high Vp 

and increased seismicity, suggesting an area of increased lower crustal strength to the 

north.  Beneath the High Himalaya, south of YTS, the Moho depth decreases from 55 

to 75 km depth as the Indian plate subducts beneath Tibetan crust.  Along the Moho 

we observe Vp values upwards of 8.5 km/s extending to 31°N.  We attribute these 

high velocities to the formation of eclogite along the base of the Indian plate, which 

terminates at 31°N as upper mantle velocities drop to 8.2 km/s.  This drop in velocity 

indicates a possible mantle wedge beneath the Lhasa Block.  The result is decreased 

Vp values and absence of seismicity south of BNS in the lower crust.  It is possible 

that the conditions allow for quartz to flow, creating a weak and ductile lower crust.  

Nowhere in the lower crust does the Vp/Vs ratio exceed 1.8, suggesting that large 

areas of partial melt are unlikely within our study area in central and southern Tibet. 
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Table 3-1: Distance weighting scheme for shallow (<50 km depth) events.  Arrival 
time weight decreases with increasing distance. 
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Figure 3-1: Region of study in south-central Tibet, elevation in meters. a) Station 
geometry and geologic framework.  Black lines represent the Banggong-Nujiang 
Suture (BNS) and Yarlung Tsangpo Suture (YTS). Yellow triangles are stations in 
Phase II of the Hi-CLIMB array deployment.  Blue boxes contain groups of stations 
used to determine events recorded across the entire array (blue dots, 3-1b). Lines A to 
A’ and B to B’ are cross sections presented in the results section. b) Circles represent 
events used in this study. Blue circles are events recorded across the entire array, i.e., 
events with at least one arrival in each of the blue boxes in 3-1a. Red circles are the 
remaining events. 

 

 
Figure 3-2: a) Cross section view of model space. Green dots represent vertical model 
nodes.  Node spacing is 4 km vertically and 40 km horizontally with an additional 
node at 1 km depth.  Triangles are station locations at the surface.  b) Map view of the 
model space. Green dots represent model nodes.  Black triangles are station locations. 
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c) Initial velocity model used in this study, crustal velocities extend to 75 km with 
mantle velocities below. Vp/Vs ratio is 1.76 throughout the model space.  Velocities 
are constant laterally. 

 
Figure 3-3: Plots for Vp structure along a) A to A’ and b) B to B’.  Low velocity 
zones are present in the upper crust down to 25 km depth.  Moho structure dips from 
55 km depth beneath the Himalaya to 75 km depth beneath the Lhasa Block.  
Velocities beneath the Qiangtang Block, north of BNS, are higher. 
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Figure 3-4: Vp structure slice at 8 km depth.  Shaded areas are outside of our 
resolution.  A clear low velocity zone is associated with the BNS. 
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Figure 3-5: Vp structure slice at 79 km depth.  Shaded areas are outside of our 
resolution.  Between 31°N and 33°N P wave velocities decrease from 8.5 to 8.2 km/s. 
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Figure 3-6: Plots for Vp/Vs ratio along a) A to A’ and b) B to B’.  Low Vp/Vs values 
are present in the upper crust down to 45 km depth beneath the Himalaya and 25 km 
depth beneath the Lhasa Block.  Vp/Vs values beneath the Qiangtang Block, north of 
BNS, are higher.  In the lower crust the Vp/Vs ratio does not exceed 1.85.  Area inside 
red dashed line represents zone of decreased resolution. 
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Figure 3-7: Vp/Vs ratio along a slice at 79 km depth.  A low Vp/Vs area is located 
between 85°E and 86°E in the Lhasa Block.  Shaded areas are outside of our 
resolution. 
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Figure 3-8: Epicenter locations for events recorded across the entire array (blue dots, 
Figure 3-1a) before (blue circles) and after (red circles) double difference relocation. 
Epicenter locations experienced minimal change. 
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Figure 3-9: Hypocenter depth distributions before (a) and after (b) double difference 
relocation. Events initially located near the surface moved deeper. 

 
Figure 3-10: Projection of earthquakes located between 85°E and 88.5°E on the Vp 
structure cross-section from B to B’.  Seismicity is located mainly in the upper crust 
with some events along the Moho beneath the High Himalaya and in the lower crust of 
the Qiangtang Block. 
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Figure 3-11: Cross section plots for P wave raypath density from a) A to A’ and b) B 
to B’.  Colorbars are in units of raypaths per node; only ray paths passing within a 20 
km radius of the corresponding node are counted. 
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Figure 3-12: P wave raypath density slice at 79 km depth.  Colorbars are in units of 
raypaths per node; only ray paths passing within a 20 km radius of the corresponding 
node are counted. 
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Figure 3-13: Cross section plots for S wave raypath density from a) A to A’ and b) B 
to B’.  Colorbars are in units of raypaths per node; only ray paths passing within a 20 
km radius of the corresponding node are counted. 
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Figure 3-14: S wave raypath density slice at 79 km depth.  Colorbars are in units of 
raypaths per node; only ray paths passing within a 20 km radius of the corresponding 
node are counted. 
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Figure 3-15: Plots for P wave DWS values through nodes along a) A to A’ and b) B 
to B’.  Colorbars are in units of cumulative DWS per node. The DWS takes into 
account the number of rays passing through a node and the proximity of a ray to a 
node.  P wave DWS values are high throughout the cross sections. 
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Figure 3-16: P wave DWS slice at 79 km depth.  Colorbars are in units of are in units 
of cumulative DWS per node.  DWS values are high throughout the upper mantle. 
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Figure 3-17: Plots for S wave DWS values through nodes along a) A to A’ and b) B 
to B’.  Colorbars are in units of cumulative DWS per node. The DWS takes into 
account the number of rays passing through a node and the proximity of a ray to a 
node.  S wave DWS values are high south of BNS.  DWS values decrease in the lower 
crust of the Qiangtang Block. 
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Figure 3-18: S wave DWS slice at 79 km depth.  Colorbar is in units of cumulative 
DWS per node.  DWS values are high throughout the upper mantle within the array. 
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Figure 3-19: Resolution test for Qiangtang Block lower crust.  a) Model input, lower 
crust velocity north of 32° reduced to 6.15 km/s.  b) Recovered velocity model after 
inversion.  
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Figure 3-20: Resolution test for Qiangtang Block lower crust.  a) Model input, lower 
crust Vp/Vs north of 32° reduced to 1.76.  b) Recovered Vp/Vs model after inversion. 
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Figure 3-21: Interpretation along the Vp structure cross-section B to B’.  Moho is 
solid black line.  Dashed lines are possible structure boundaries. 

 
Figure 3-22: Interpreted Vp structure cross-section from B to B’.  Final earthquake 
locations between 85°E and 88.5°E projected on cross-section and plotted with white 
circles. 
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Figure 3-23: Interpretation along Vp structure depth slice at 79 km depth.  Red dashed 
line is extent of Indian Plate from Nabelek et al. (2009).  Shaded areas are outside of 
our resolution. 
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Figure 3-24: Interpretation along the Vp/Vs structure cross-section B to B’.  Dashed 
lines are possible structure boundaries.  Area inside red dashed line represents zone of 
decreased resolution. 
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4. GENERAL CONCLUSIONS AND FUTURE DIRECTIONS 
 

 Deployment of the Hi-CLIMB seismic array provided an excellent opportunity 

to investigate the subsurface structure of the Tibetan Plataeu.  In this disseration we 

were able to accomplish two major goals: 1) develop an automatic S wave picking 

algortithm for local and regional earthquakes in Tibet; and 2) conduct 3D travel time 

tomography using P and S waves to determine the velocity structure of the crust and 

upper mantle in the Tibetan Plataeu.  Through this research we were able to address 

some long standing questions regarding the sub-surface structure of India-Eurasia 

collisional zone, such as: Are low velocity zones present in the upper crust and what is 

their compostion; How does crustal thickness vary across the plateau; Is there 

evidence for partial melting or a ductile lower crust; What is the velocity structure 

across suture zones; What is the extent of the under riding Indian Plate; What is the 

upper mantle structure and is eclogite present?.  There are, however, clear future steps 

in order to make this research more complete, as will be discussed in the following 

section. 

The new automatic S picking algorithm proved to outperform our previous 

STA/LTA picking process in both accuracy and detection rate.  Ultimately we were 

able to pick over 100,000 S arrivals from over 5,700 events.  S arrivals were picked 

for both Sg and Sn phases, crust and upper mantle events, and at all distance ranges.  

Most importantly we were able to compare picking accuracey to the original 

STA/LTA picks by relocating all events and calculating residual magnitudes for 

individual arrivals.  At all distances the residual decreased using the new polarization 

picking process providing confidence that for data aquired on land by broadband 

instruments our algorithm can be successfully applied.  Further steps could be taken to 

make this algorithm even more robust.   

First, this picking process could be applied to P wave arrivals.  Only three 

major changes to the picking algorithm would need to be made.  The first change 

would be to the measurement of directivity.  In our current definition an inverse cosine 
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term is used in the calculation and this results in a value near zero for P waves and one 

for S waves.  Switching to an inverse sine term, essentially creating a 90° phase shift, 

would result in a value of near one for P waves and zero for S waves.  The second 

change would be to the ratio of tranverse to total energy.  For P wave picking this term 

would need to be changed to a ratio of longitudnal energy to total energy.  The result 

would be a value near one for P waves and zero for S waves.  Lastly, the weight 

function would need to be calculated along a moving time window on the longitudnal 

component, as oppose to the horizontal components.  The rest of the picking process 

could remain the same, save for shifting windows and thresholds. 

Another step to create a more robust picking algorithm would be to apply the 

process to ocean bottom seismometer (OBS) broadband data.  The amount of data 

collected on the ocean floor has increased significantly over the past decade, making 

this application more relevant than ever.  Since, in general, OBS data is much more 

noisy than data collected on land multiple challenges might arise.  Higher background 

noise would require careful callibration of thresholds and windows to ensure picking 

is accurate.  Also, horizontal components recording OBS data experience greater 

degrees of tilt and drift due to ocean bottom currents.  This may require alterations to 

the picking algorithm itself if the background noise and horizontal tilt cannot be 

overcome.  Even with these challenges automatic picking on large OBS databases 

would be extremely useful. 

Our travel-time tomography results successfully mapped the crust and upper 

mantle beneath Tibet, down to 85 km.  The results show some surprising structural 

features.  In the upper crust low velocity zones are present in the Lhasa Block and 

beneath the High Himalaya to a depth of 25 km which we determine are most likely 

quartzite and highly felsic granitic bodies based on Vp/Vs values.  Directly beneath 

the surface trace of the BNS another LVZ is present.  We attribute this LVZ to a fault 

zone associated with right lateral movement along the BNS.  In the lower crust a sharp 

increase in P wave velocity exists at 32°N.  This represents a structural boundary 

between the rigid Qiangtang Block to the north and the ductile lower crust of the 
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Lhasa Block to the south where earthquakes are absent.  In the mantle we observe Vp 

values exceeding 8.5 km/s that extend north to 31°N.  We attribute these high 

velocities to the formation and delamination of eclogite along the base of the Indian 

Plate.  The Vp/Vs values we observe do not exceed 1.8 anywhere in the lower crust 

indicating that large areas of partial melt are unlikely. 

A logical next research step would be conducting a telesiesmic tomography 

inversion to provide information below the 85 km we image.  Although teleseismic 

tomography is a poor way to image the upper crust it is a powerful tool for imaging 

the upper, middle, and deep mantle.  The combination of studies would provide a full 

image of the Tibetan crust to >500 km depth.  Providing information about the 

downgoing Indian Plate and upper mantle structure may help shed light on how the 

Tibetan Crust is being structurally supported at depth. 
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