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ABSTRACT 

Seismology is a scientific discipline that utilizes seismic waves to investigate the 

deep structures within the Earth's interior, which are otherwise inaccessible to direct 

observation by humans. These seismic waves can be categorized into two types: body 

waves and surface waves, each with distinct propagation modes and behaviors, carrying 

valuable information about their travel paths. The first paper concentrates on the analysis 

and inversion of body waves produced by large seismic events. It employs shear wave 

splitting and receiver function methods to explore the geodynamic structure of the south-

central Tibetan Plateau, near the plate boundary. The investigation covers the depth range 

from the crust to the upper mantle, yielding a three-dimensional plate tearing model to 

elucidate the observed weak anisotropy in the southern region and the variable anisotropy 

in the northern region. The second paper utilizes surface waves, which include ambient 

noise from anthropogenic sources or micro-natural events, to study the crustal velocity 

structure below the Yellowstone caldera, which formed approximately 0.53 million years 

ago. Tomography results reveal the presence of low-velocity anomaly zones within and 

surrounding the caldera. Through a comparative analysis of Green's functions spanning 

40 days and 13 years, we constructed seismic velocity perturbation diagrams over time. 

Notably, we observed pronounced annual periodicity in the velocity profiles of Norris 

Geyser Basin, Hot Spring Basin, and Jackson Lake in the vicinity of the caldera. These 

cyclic variations were found to be primarily driven by meteorological factors, as 

elucidated by corresponding meteorological data. 
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1. INTRODUCTION 

In the multidisciplinary field of geophysics, the investigation of seismic 

anisotropy and ambient noise play a vital role in the Earth's lithospheric and 

asthenospheric dynamics. Seismic anisotropy, a phenomenon attributed to the preferential 

alignment of minerals within the Earth's crust and mantle, serves as a diagnostic tool in 

deciphering the mechanical behavior of tectonic plates and the underlying mantle flow 

patterns. This research particularly emphasized by observational studies in regions 

characterized by tectonic complexity such as the Tibetan Plateau, delineates the critical 

role of lower crust and asthenosphere as mechanically weak zones. These zones, as 

opposed to the more rigid upper crust and lithospheric mantle, are instrumental in 

accommodating strain and facilitating the dynamical processes that drive plate 

movements (Jolivet et al., 2018; McKenzie, 1978; Molnar et al., 1993; Silver, 1996).  

Parallel to the study of deep Earth processes, research into shallow seismic 

velocity variations offers critical perspectives on the Earth's near-surface layers. 

Variations in seismic velocity at shallow depths, influenced by factors such as 

lithological composition, porosity, moisture content, and environmental conditions, are 

crucial for interpreting geophysical data and assessing seismic hazards (De Fazio et al., 

1973; Roumelioti et al., 2020). Recent investigations highlight the significance of these 

variations in understanding subsurface geological structures and dynamics, notably 

within volcanic and hydrothermal regions like Yellowstone Park (Miller & Smith, 1999; 

Husen et al., 2004). Numerous methodologies, including resistivity tomography, seismic 

refraction, and surface wave analysis, have advanced the resolution and accuracy of 
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subsurface imaging, revealing complex velocity structures associated with geothermal 

processes and magmatic activities (Pasquet et al., 2016; Waite et al., 2006) in the 

Yellostone region. 

Seismic anisotropy analysis, through techniques such as shear wave splitting and 

receiver function analysis, has elucidated the deformation patterns and flow dynamics 

within the lithosphere and asthenosphere, contributing to our understanding of tectonic 

processes and plate dynamics (Gao & Liu, 2009; Wu et al., 2015). Similarliy, 

investigations into shallow seismic velocity variations have enhanced our grasp on the 

lithological and environmental determinants of seismic wave propagation, which are 

essential for seismic hazard assessment and environmental geophysics. 

Our two seismic research reveals the intricate interplay between deep mantle 

dynamics and surface geological phenomena, providing a nuanced understanding of the 

Earth's geodynamic processes. Future studies, leveraging advanced seismic imaging 

techniques and interdisciplinary methodologies, are poised to further unravel the 

complexities of Earth's internal and surface processes, offering new perspectives on the 

mechanisms driving tectonic movements, volcanic activities, and seismic hazards. 
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PAPER 

I. TECTONIC IMPLICATIONS OF SEISMIC ANISOTROPY LAYERING 

BENEATH THE SOUTHERN TIBETAN PLATEAU REVEALED BY 

INTEGRATED SHEAR WAVE SPLITTING AND RECEIVER FUNCTION 

ANALYSES 

ABSTRACT 

To investigate continental dynamics underneath the south-central Tibetan Plateau, 

which composes the Himalayan, Lhasa, and Qiangtang blocks, we have conducted 

comprehensive examinations of seismic azimuthal anisotropy in the crust using receiver 

functions (RFs) and crustal and mantle anisotropy using teleseismic shear wave splitting 

(SWS) analysis. In the Qiangtang block, the observed predominantly E-W fast 

orientations from RF and SWS analyses with similar magnitude are interpreted as 

resulting from eastward crustal flow with minor contributions from the mantle. In the 

Lhasa block, the crustal anisotropy is approximately N-S oriented, which is parallel to the 

strike of rift basins and southward crustal flow. Anisotropy revealed by SWS 

demonstrates a rotation from E-W in the north to NE-SW in the south, which can be 

interpreted as reflecting mantle flow field induced by the northward movement of the 

subducting Indian plate. The addition of PKS and SKKS measurements and extension of 

epicentral distance range to 171.8 degrees for SWS analysis revealed dominantly strong 

E-W oriented anisotropy in most parts of the Himalayan block, where most previous 

studies reported pervasively null measurements. The absence of azimuthal anisotropy is 

observed in two regions in the Himalayan block which is attributable to mantle upwelling 
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through a previously identified slab window. A two-layered anisotropy structure with 

different fast orientations for the upper and lower layers can be constrained in the 

southern Qiangtang and the vicinity of the Main Boundary Thrust.  

Keywords: Tibetan Plateau, seismic anisotropy, shear wave splitting, receiver functions  

PLAIN LANGUAGE SUMMARY 

In our study exploring the underground dynamics beneath the south-central 

Tibetan Plateau, an area encompassing the Himalayan, Lhasa, and Qiangtang blocks, we 

utilized advanced seismic techniques to uncover the structure and dynamics of the earth's 

crust and mantle. In the Qiangtang region, our findings suggest an eastward crustal 

movement with minimal mantle influence. In the Lhasa block, the observed crustal 

anisotropy aligns with rift basins, indicating a southward flow. In the same area, we also 

observed a transition in flow patterns from east-west in the north to northeast-southwest 

in the south, attributed to the northward movement of the Indian plate. Contrary to 

previous studies that often found no anisotropy in the Himalayan block, our research 

detected strong anisotropy with east-west orientations. In two areas of the Himalayan 

block, the absence of anisotropy likely results from molten rock rising through a gap in 

the Indian plate. Moreover, we discovered a two-layered structure of rock alignment near 

the Main Boundary Thrust and the Qiangtang block.   
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1. INTRODUCTION 

Numerous observational and laboratory studies have demonstrated that the lower 

crust and asthenosphere, representing mechanically weak zones relative to the more rigid 

overlying upper crust and lithospheric mantle, respectively, play a critical role in 

accommodating strain and the dynamical processes of driving plate movements (Jolivet 

et al., 2018; McKenzie, 1978; Molnar et al., 1993; Silver, 1996). These weak zones allow 

for the horizontal movement of tectonic plates and isostatic adjustments leading to 

vertical movements of lithospheric blocks (Hollister & Crawford, 1986). Such 

movements are mostly responsible for generating structural or lithological fabrics in the 

crust and upper mantle, which can in turn be used to reveal the existence and 

characteristics of past and ongoing tectonic events such as the continental convergence 

occurring along the Himalayas over the past 55 million years (Agius & Lebedev, 2017; 

Conrad & Behn, 2010; Jin et al., 1996; McKenzie, 1978). 

The Tibetan plateau, generally regarded as the consequence of a series of 

subductions and subsequent collisions of continental blocks, has been the focus of 

numerous studies aiming at understanding the complex tectonic processes involved in 

continental collision during the last several decades (e.g., Zhao et al., 1993). The relative 

plate motion between the northward-moving Indian plate and the westward-moving 

Eurasian plate in the hotspot reference frame (Gripp & Gordon, 2002) is fundamentally 

responsible for the extensive changes in the topography, structure, and sedimentary facies 

of the plateau since the Late Cretaceous (Yin & Harrison, 2000). Before the collision, the 

pre-existing Tethys was extruded under the action of the northward thrust of the Indian 
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plate, and its oceanic lithosphere descended underneath the Eurasian plate (Hsü et al., 

1995). This and previous continental convergence have led to the amalgamation of the 

Himalayan, Lhasa, and Qiangtang blocks from south to north, bordered by the Indus-

Yarlung, Bangong-Nujiang, and Jinshajiang sutures, respectively (Figure 1). In addition, 

the collision triggered numerous secondary structures (Molnar et al., 1973), including the 

N-S trending rifts (Nie et al., 2020), orogeny-parallel thrusts (Langille et al., 2010), and 

active detachments (Kapp et al., 2008).  Exploring subsurface structure and dynamics in 

the crust and upper mantle is essential for understanding the formation mechanisms of the 

tectonic features observed on the plateau. 

Seismic azimuthal anisotropy is widely utilized for probing crustal and upper 

mantle deformation in subduction and collision zones (e.g., Boness & Zoback, 2006; Gao 

& Liu, 2009; Wu et al., 2015). In the upper mantle, the lattice-preferred orientation of 

anisotropic minerals, predominantly olivine, formed in response to simple shear 

associated with mantle flow, generates flow-parallel seismic anisotropy under normal 

mantle conditions (Ismaı̈l & Mainprice, 1998). Anisotropy could also be induced by past 

tectonic processes, which were then frozen into the rigid lithosphere (Silver, 1996). In the 

lower crust, amphibole and mica are highly anisotropic minerals that can lead to non-

negligible anisotropy compared to the upper mantle, with a resulting orientation 

consistent with the simple shear direction (Christensen, 1984; Ko & Jung, 2015). In 

contrast, anisotropy in the upper crust is mainly associated with the alignment of fluid-

filled cracks (Crampin, 1981), with a resulting orientation parallel to the maximum 

compression direction.  
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Numerous studies on seismic anisotropy have been conducted in the south-central 

Tibetan plateau to investigate geodynamic processes associated with continental collision 

(e.g., Chen et al., 2010; Fu et al., 2008; Gilligan & Priestley, 2018; Hirn et al., 1995). 

Chen et al. (2010) analyzed 51 SKS and SKKS events recorded by 86 stations in the Hi-

CLIMB array. They observed a strong E-W-oriented anisotropy in the southern 

Qiangtang block and the northern Lhasa block, and NE-SW oriented anisotropy in the 

southern Lhasa block (Figure 1). An abrupt northward increase in seismic anisotropy at 

~33°N in the Qiangtang block was inferred to mark the subducted Indian slab front (Chen 

et al., 2010; Chen et al., 2015; Sandvol et al., 1997; Singh et al., 2006). The pattern of 

anisotropy exhibits a clockwise rotation from E-W in the north near the Bangong-Nujiang 

suture to N-S in the south near the Indus-Yarlung suture (Chen et al., 2010), challenging 

earlier interpretations of isotropic Indian lithosphere front (e.g., Sandvol et al., 1997; 

Singh et al., 2006). Such a rotational pattern is attributed to the presence of crustal 

channel flow (Basuyau et al., 2013; Gilligan & Priestley, 2018; Lease et al., 2012). In the 

Himalayan block, pervasive weak anisotropy measurements were observed by over 90% 

of the Hi-CLIMB and portable stations (e.g., Chen & Ozalaybey, 1998; Chen et al., 2010; 

Fu et al., 2008), with the formation mechanism still under debate. Distinct geodynamic 

models propose either a localized mantle upwelling (Fu et al., 2008) or an isotropic 

Indian lithosphere (e.g., Chen & Ozalaybey, 1998) as explanations. 

Investigations of seismic velocity heterogeneity beneath the southern and central 

Tibetan plateau suggest that the Indian slab is torn into several segments, each 

characterized by different dipping angles and sizes (Chen et al., 2015; Duan et al., 2017), 

with three lithosphere breakage bands distinguished by low Pn and S-velocity zones 
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(Jiang et al., 2014; Li & Song, 2018). Increasing evidence suggests that crustal anisotropy 

on the Tibetan plateau could contribute significantly (up to 50%) to the observed 

anisotropy measurements using splitting of the PKS, SKKS, and SKS phases (Agius & 

Lebedev, 2017; Wu et al., 2015). While the structural frameworks within the crust and 

upper mantle of the central Tibetan plateau are well established, the deformation fields in 

the crust and upper mantle and their formation mechanisms remain poorly understood 

and controversial (e.g., Chen et al., 2010; Fu et al., 2008). These controversies are likely 

related to the inherent limitations of the approaches used, notably shear wave splitting 

(SWS) analyses, which provide high horizontal but lack vertical resolution (e.g., Long & 

Silver, 2009; Savage, 1999). This limitation impedes our understanding of deformation 

fields. Thus, additional investigations on anisotropy depth and layered structures are 

necessary to isolate crustal contribution and better constrain upper mantle anisotropy. In 

particular, confirming or rejecting the previously observed dominantly null measurements 

in the Himalayan block and proposing a viable mechanism for the observed anisotropy 

are essential for understanding mantle dynamics in the archetypical continental collision 

zone. 

In this study, we have incorporated additional constraints on the deformation 

models by conducting a joint analysis of individual shear wave splitting parameters and 

receiver function-based crustal anisotropy measurements. Our goal is to explore the 

anisotropic structure present within the crust, lithospheric mantle, and asthenosphere, 

respectively. By increasing the coverage of back azimuth (BAZ) relative to previous  
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Figure 1. Tibetan topography map with previous SWS results.  

(a) A topography map showing the major geophysical and geological features in the 

studying area (red rectangle) and adjacent regions. The blue bars indicate the non-null 

SWS results while the red circles are where the null measurements are located from 

previous studies (Chen et al., 2010; Chen et al., 2015; Sandvol et al., 1997; Singh et al., 

2006). The black triangles are the stations used in this study. The green arrows denote the 

absolute plate motion direction of the Eurasian plate and Indian plate calculated by the 

HS3-NUVEL-1A plate model (Gripp & Gordon, 2002).  MFT: Main Frontal Thrust; 

MBT: Main Boundary Thrust; MCT: Main Central Thrust; IYS: Indu-Yarlung Suture; 

BNS: Bangong-Nujiang suture; JS: Jinshajiang Suture; ATF: Altyn Tagh Fault; HB: 

Himalaya Block; LB: Lhasa Block; QB: Qiangtang Block. (b) Enlargement of the study 

area outlined by the red rectangle. Note that only the shear wave splitting measurements 

recorded by the stations used in this study are shown. 

 

SWS studies, through an expanded epicentral distance range and the inclusion of the PKS 

phase, the resulting anisotropy measurements demonstrate significant spatially varying 

anisotropy within both the crust and upper mantle, with deformations concentrated in the 

two mechanically weak layers, i.e., the middle/lower crust and asthenosphere.  In the 
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Himalayan block, strong E-W oriented anisotropy is observed and is attributed mainly to 

sub-slab collision-zone parallel flow. 

 

2. DATA AND METHOD 

Data used to obtain the SWS measurements were recorded by 141 broadband 

seismic stations, among which 120 were part of the 2002-2005 Hi-CLIMB array and 21 

were from other portable experiments. All the data were obtained from the Seismological 

Facility for the Advancement of Geoscience Data Management Center. When a seismic 

shear wave goes through an anisotropic media, it tends to split into two waves, leading to 

an arrival time difference between the fast and slow wave components. In this study, we 

utilize source-normalized P-to-s conversions from the Moho (receiver functions or RFs) 

and teleseismic SWS analyses to compute the optimal splitting parameters (fast 

polarization orientation ∅ and delay time δt).   

2.1. MEASUREMENTS OF CRUSTAL ANISOTROPY USING RECEIVER 

FUNCTION ANALYSIS 

The seismograms used for receiver function analysis were recorded by events 

with epicentral distances between 30.0° and 180° (Figure 2) and are band-pass filtered 

within the frequency range of 0.08 to 0.8 Hz. The RFs are then computed using a time-

domain iterative deconvolution method (Ligorria & Ammon, 1999). Low quality RFs are 

rejected following the signal-to-noise ratio selection criteria (Liu & Gao, 2013) to ensure 
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data quality. A total of 21,901 radial RFs are selected from 1695 events (Figure 2) to 

investigate the crustal anisotropy. 

We use the same procedure utilized in Kong et al. (2016) and Zheng et al. (2024) 

to quantify the bulk crustal anisotropy. After correcting the P-to-s conversion time (𝑃𝑚𝑠) 

differences due to epicentral and focal depth differences (Zheng et al., 2018), the receive 

functions are stacked using a grid search method (Nair et al., 2006; Zhu & Kanamori, 

2000) to estimate the crustal thickness (H) and Vp/Vs (κ), which are subsequently used as 

a constraint for picking the 𝑃𝑚𝑠 phase. Examples of crustal anisotropy measurements for 

stations H1020 and H1540 can be found in Figures S1 and S2. 

Under the assumption of a single layer of anisotropy with a horizontal axis of 

symmetry, the moveout of the converted phases from the Moho (𝑃𝑚𝑠) satisfies the 

sinusoidal function in terms of the BAZ (Kong et al., 2016; Rumpker et al., 2014). Since 

the 𝑃𝑚𝑠 phase arrival time repeats every 180°, we adjust stations with BAZs over 180° by 

subtracting 180°, grouping them into the 0-180° range to determine the anisotropy 

parameters for these stations. All the RFs are grouped into consecutive 10° azimuthal 

bins based on their BAZ. Anisotropy parameters are derived from the grouped RFs 

through curve fitting of the 𝑃𝑚𝑠 arrival times corresponding to the maximum amplitudes 

using a nonlinear least-squares algorithm as well as through grid search to identify 

optimal parameters for maximum stacking amplitude (Wu et al., 2015). 

Considering the wide range of Moho depths in the study area (Nábelek et al., 

2009), we employ a search range of 0.0-2.0 s for δt with an increment of 0.1 s, and a ∅ 

range of -90° to 90° with a 1° increment. The arithmetic means of δt and the angular 

mean of ∅ are selected if the delay time difference from the two methods (i.e., curve-
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fitting and grid-searching) is less than 0.15 s, and the difference between two fast 

polarization orientations is less than 20°. For larger discrepancies in delay times and fast 

orientations between results from the two methods, the curve-fitting results are preferred 

for their stability compared to the grid-searching results. To ensure the robustness of the 

results, we manually verified the results to reject those with poor BAZ coverage and 

ambiguous 𝑃𝑚𝑠 arrival times. This step also involved adjusting the time window to 

exclude arrivals that are inconsistent with the calculated arrival time based on the crustal 

thickness derived from H-κ stacking. 

 

Figure 2. Azimuthal equidistant projection map showing the number of P-to-s receiver 

functions in the circles with a radius used for the crustal anisotropy analysis. The red star 

marks the center of the Hi-CLIMB seismic arrays. 
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Figure 3. (a) Azimuthal equidistant map showing the distribution of the earthquakes used 

in this study. The events of the SKS, PKS, and SKKS are shown in red, azure, and blue, 

respectively. The red star marks the center of the study area. (b) Histogram showing the 

number and the back-azimuth distribution of the SKS phases. (c) Same as (b) but for 

PKS. (d) Same as (b) and (c), but for SKKS. 

 

2.2. MEASUREMENTS OF SEISMIC ANISOTROPY USING SHEAR WAVE 

SPLITTING 

The computation of the optimal splitting parameters from PKS, SKS, and SKKS 

(collectively known as XKS) is based on the transverse energy minimization method 

(Silver & Chan, 1991). The selected events for the SWS analysis have magnitudes (Mw) 

greater than 5.5 and epicentral distances between 84° and 180°. These events were band-

pass filtered within the frequency range of 0.04 to 0.5 Hz. Events with a signal-to-noise 

ratio (SNR) less than 4.0 were discarded (Liu & Gao, 2013), resulting in 1348 qualifying 
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events (Figure 3). Individual shear wave splitting parameters are manually checked and 

ranked following the procedure described in Liu and Gao (2013). A total of 851 high-

quality individual splitting parameters are obtained for further analyses (Figure 4). Note 

that at some stations, while SKS and SKKS result in null measurements (Figures S3a and 

S3b), the inclusion of the PKS phase which is mostly from the north (Figure 3c), leads to 

well-defined measurements (Figure S3c).  

2.3. ESIMATION OF ANISOTROPY DEPTH 

The XKS splitting parameters have excellent horizontal resolution due to the 

near-vertical incidence angle, however, the vertical resolution is relatively poor (Silver, 

2006). To assess the anisotropy depth accounting for the XKS splitting measurements, 

the variation factor (𝐹𝑣) is calculated with the optimal depth corresponding to the 

minimum variation factor (Liu & Gao, 2011).  The study area is divided into three sub-

blocks based on the characteristics of the observed splitting parameters (Figure 4a). For 

each sub-block, the individual splitting measurements are grouped into a series of circular 

bins with a radius of 0.2°, and a spacing distance of 0.2°. We calculate the standard 

deviation (SD) for each circle and then average them to obtain the SD value for a 

candidate anisotropy depth ranging from 0 km to 250 km, with a step increment of 50 km 

(Figures S4, S5, and S6). 

2.4. CHARACTERIZATION OF MULTILAYER ANISOTROPY 

The individual SWS measurements are systematically analyzed to distinguish 

between simple and complex anisotropy at each station. A 90o periodicity observed in 
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terms of fast orientation and splitting time against the BAZs serves as a robust indicator 

of multi-layered anisotropic structures near the observation location (Silver & 

Savage,1994; Gao & Liu, 2009; Rumpker & Silver, 1998), while a 180o periodicity 

implies dipping anisotropic structure (Frederiksen & Bostock, 2000). Conversely, single-

layer anisotropy or multilayer with identical or orthogonal fast orientations presents 

invariant splitting parameters with azimuth. Additionally, the anisotropy may be 

influenced by the piercing point if events recorded by the same station sample areas with 

different anisotropic features (Jia et al., 2021). To enhance the azimuthal coverage, we 

combine measurements from nearby stations displaying similar azimuthal variation 

patterns. For instance, as detailed in the next section, measurements from stations H1490, 

H1500, H1510, H1520, H1530, and H1540 are combined for characterizing complex 

anisotropy. Note that for simplicity, the combined data set is named H1500. For stations 

with sufficient azimuthal coverage, a grid search algorithm is employed to calculate the 

splitting parameters from individual layers under a two-layer model (Silver & Savage, 

1994; Gao & Liu, 2009). 

 

3. RESULTS 

3.1. RESULTS OF XKS SPLITTING MEASUREMENTS 

A total of 43 stations have yielded reliable measurements for the interpretation of 

crustal anisotropy (Figure 5). The delay time for the study area ranges from 0.15 s to 1.18 

s, with an average of 0.70 ± 0.28 s, which requires an anisotropy of 2-9% assuming a 

crustal thickness of 65 km and a Vs of 4.5 km/s. The average delay time for the crust in 
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our region is larger than that obtained in the studies conducted in northern and 

southeastern Tibet (Wu et al., 2019; Zheng et al., 2018), reflecting the significant role 

that the crust plays in seismic anisotropy in these areas. NE-SW fast orientations 

dominate the northern and southern Himalayan block while some NW-SE fast 

orientations are sporadically observed at stations in the central and northeast parts of the 

block. Nearly N-S oriented crustal anisotropy is observed in the Lhasa block. The 

northern Qiangtang block is characterized by mostly NW-SE oriented crustal anisotropy, 

while the southern Qiangtang block has NE-SW oriented anisotropy. 

3.2. RESULTS OF CRUSTAL ANISOTROPY 

A total of 851 high-quality individual SWS measurements, including 583 SKS, 

194 SKKS, and 74 PKS, are obtained (Figure 4). To investigate spatially variable 

anisotropy origin, we divided the study area into three sub-blocks bounded by the sutures 

(Figure 4a). Unlike the previous studies (e.g., Chen et al., 2010; Fu et al., 2008; Huang et 

al., 2000) which report dominant null or weak splitting measurements, we find significant 

seismic anisotropy south of the Indus-Yarlung suture (area C in Figure 4a), with an  

average delay time of 1.05 ± 0.03 s. The fast orientations are E-W or NE-SW in the west 

of Area C, which is parallel to the mountain belt, rotate to SW-NE in the east near the 

Main Boundary Thrust, and return to E-W in the central part of this area. To the north of 

the Indus-Yarlung suture within the Lhasa block, the fast orientations show successive 

changes from NE-SW to W-E from the south to north, except for several measurements 

near 84.2°E, which are consistent with previous SWS studies (e.g., Chen et al., 2010). 

The largest delay time for a single measurement reaches 2.35 s near the Indus-Yarlung  
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Figure 4. (a) Resulting well-defined XKS splitting parameters plotted at the ray-piercing 

points at 200 km depth. The red bars denote the station-averaged splitting results centered 

at the stations (blue triangles). (b) The distribution of fast orientations plotted against the 

latitude. The red bars with circles indicate the average of SWS within the 0.5° range 

while the blue ones are the average of crustal anisotropy.  The light green bars represent 

the individual SWS results. (c) Same as (b) but for the splitting time. 

 

suture. The averaged fast orientation and delay time are 60.05 ± 23.41° and 0.99 ± 0.04 s, 

respectively, in the Lhasa block. The fast orientations in the Qiangtang block are around 
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E-W, with an average of 82.29 ± 17.26° for fast orientation and 0.98 ± 0.04 s for delay 

time.   

A total of 851 high-quality individual SWS measurements, including 583 SKS, 

194 SKKS, and 74 PKS, are obtained (Figure 4). To investigate spatially variable 

anisotropy origin, we divided the study area into three sub-blocks bounded by the sutures 

(Figure 4a). Unlike the previous studies (e.g., Chen et al., 2010; Fu et al., 2008; Huang et 

al., 2000) which report dominant null or weak splitting measurements, we find significant 

seismic anisotropy south of the Indus-Yarlung suture (area C in Figure 4a), with an 

average delay time of 1.05 ± 0.03 s. The fast orientations are E-W or NE-SW in the west 

of Area C, which is parallel to the mountain belt, rotate to SW-NE in the east near the 

Main Boundary Thrust, and return to E-W in the central part of this area. To the north of 

the Indus-Yarlung suture within the Lhasa block, the fast orientations show successive 

changes from NE-SW to W-E from the south to north, except for several measurements 

near 84.2°E, which are consistent with previous SWS studies (e.g., Chen et al., 2010). 

The largest delay time for a single measurement reaches 2.35 s near the Indus-Yarlung 

suture. The averaged fast orientation and delay time are 60.05 ± 23.41° and 0.99 ± 0.04 s, 

respectively, in the Lhasa block. The fast orientations in the Qiangtang block are around 

E-W, with an average of 82.29 ± 17.26° for fast orientation and 0.98 ± 0.04 s for delay 

time.   

Systematic investigation of the individual measurements indicates that most 

stations exhibit uniform splitting parameter distributions concerning the BAZ in the 

modulo-90o domain, indicating a single anisotropic layer with a horizontal axis of 

symmetry is sufficient to describe the major anisotropy characteristics. However, the two 
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areas near the Himalayan thrust system and the Bangong-Nujiang suture exhibit a 

periodicity of 90° in both fast orientations and delay times (Figure 6). 

3.3. MULTILAYER ANISOTROPY IN THE HIMALAYAN AND QIANGTANG 

BLOCKS 

Optimal splitting parameters for two anisotropic layers are determined through a 

grid-search approach, involving all possible parameter pairs within specified ranges 

(Silver & Savage, 1994; Gao & Liu, 2009). To mitigate non-uniqueness, we incorporate 

additional constraints by fixing the splitting parameters for the upper layer using the 

results obtained from the crustal anisotropy.  For Station H0230, the values obtained for 

the lower layer (77.0°, 0.65 s) and the upper layer (-69.0°, 0.60 s), without any 

constraints using the results from crust anisotropy in the Himalayan block (station 

H0230, Figures S7a, S7c), are consistent with those derived under the assumption that the 

anisotropy of upper layer originates from the crust (Figure 6a). However, significant 

differences in the resulting two-layer parameters are found for Station H1500. Without 

constraining the upper layer, the splitting parameters are (40.0°, 1.10 s) for the lower 

layer and (-70.0°, 0.60 s) for the upper layer (Figures S7b and S7d), while by fixing the 

fast orientations of the upper layer to the parameters obtained from the crust, the resulting 

values become (-1.0°, 0.60 s) for the lower layer and (69.1°, 1.10 s) for the upper layer 

(Figures S7e and S7g). This discrepancy is most likely related to the well-known non-

uniqueness of the grid-searching process (Savage & Silver, 1994). To reduce the non-

uniqueness, by considering the extremely strong crustal anisotropy with a delay time of 

1.04 s in the area, we place a constraint of a larger delay time for the upper layer 

compared to that of the lower layer. The resulting splitting parameters are (25.0°, 0.65 s) 



20 

for the lower layer and (81.0°, 0.70 s) for the upper layer (Figure S7f and S7h), which are 

similar to the results when the upper layer is assumed to be the crust (Figures 6b and 6d). 

Across all models tested, the fast polarization orientation of the upper layer 

predominantly aligns with the east-west direction, while that of the lower layer aligns 

with the north-south direction. 

3.4. OPTIMAL DEPTH OF THE OBSERVED ANISOTROPY 

The optimal anisotropy depth in the Qiangtang block ranges from a few km to 50 

km (Figure S4), suggesting that crustal and upper-most mantle anisotropy is responsible 

for the observed splitting measurements in the block. Conversely, in the Lhasa block, the 

minimum SD is located at a depth of approximately 150 km (Figure S5), slightly deeper 

than the lithospheric thickness of approximately 130 km (Pasyanos et al., 2014), implying 

that the primary source of anisotropy is probably located at the lithosphere-asthenosphere 

transitional zone. The anisotropy depth estimated for the Himalayan block is 

approximately 200 km (Figure S6), indicating that the anisotropy is present in the upper 

asthenosphere, given that the thickness of the lithosphere in this block ranges from 150 

km to 190 km (Pasyanos et al., 2014). 

 

4. DISCUSSIONS 

4.1. SIGNIFICANT CRUSTAL FLOW IN THE QIANGTANG BLOCK 

In the Qiangtang block, the dominant fast orientation of crustal anisotropy is E-W 

(Figure 5), which is consistent with the proposed direction of mid-to-lower crustal 

channel flow (Agius & Lebedev, 2017; Klemperer, 2006; Li et al., 2022; Tao et al., 
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2022). An independent piece of evidence of strong crustal anisotropy comes from the 

resulting 0-50 km for the optimal depth estimation using XKS splitting measurements 

(Figure S4). Results from two-layer fitting for the combined data set in the southern part 

of the Qiangtang block (Figure 6b) also suggest that the crust is strongly anisotropic with 

a nearly E-W fast orientation. The splitting times range from 0.35-1.04 s, suggesting an 

anisotropy magnitude from 4-9 % for a 50 km thick middle and lower crust. This is in 

agreement with previous crustal anisotropy studies in the Tibetan Plateau. For instance, 

Wu et al. (2015) report the delay time of the mid-to-lower crust beneath the western Tibet 

plateau ranges from 0.45 s to 1.30 s, requiring an anisotropy of 5-15%.  

Agius and Lebedev (2017) measured crustal anisotropy at multi-station experiments in 

the central Tibetan plateau and revealed E-W fast orientations and splitting times ranging 

from 0.25-0.80 s. They explain the observations as the alignment of the mica crystals 

driven by horizontal flow. Zhang et al. (2023) measured anisotropy at some of the 

stations that we used in this study and obtained similar E-W-orientated crustal anisotropy 

with a delay time of around 1.0 s near the Bangong-Nujiang suture. Our measurements 

using integrated receiver function analysis and XKS splitting provide additional evidence 

for eastward crustal flow in the Qiangtang block (Figure 7). 

4.2. POTENTIAL MID-LOWER CRUSTAL FLOW IN THE LHASA BLOCK 

Our crustal anisotropy measurements reveal that the fast orientations in the Lhasa 

block are sub-parallel to N-S trending rifts (Figure 5), which are commonly found in the 

Lhasa block and are generally considered to be the result of N-S compression (Yin & 

Harrison, 2000). Numerous previous studies have demonstrated that extensional fractures 
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in the top several kilometers of the upper crust formed in compression domains can 

produce anisotropy with a fast orientation that is parallel to the direction of the 

compressional stress (Crampin, 1981). In areas with a normal crustal thickness, the 

splitting times are normally smaller than 0.1 s (e.g., Shi et al., 2013), while in areas with 

thickened crust such as the eastern Tibetan Plateau, it could amount to 0.2 s (e.g., Hu et 

al., 2019), this is significantly smaller than the splitting times that we observed in the 

Lhasa block, which range from 0.30-0.97 s (Figure 5). Therefore, other mechanisms 

besides stress-induced anisotropy must have contributed to the observed crustal 

anisotropy.  

Previous studies using ambient noise (e.g., Guo et al., 2009) and body wave 

tomography (e.g., Hung et al., 2010) have identified a pronounced low-velocity zone in 

the lower crust beneath the Lhasa block, indicating a mechanically weak middle to lower 

crust (Pang et al., 2018; Jiang et al., 2014; Hung et al., 2010).  One possible mechanism is 

southward mid-to-lower crustal flow that has been proposed by some studies based on 

isotopic observations and seismic velocity profile (Figure 7; Klemperer, 2006). Assuming 

that the extensional fractures in the upper crust contribute to 0.2 s of the observed crustal 

anisotropy, the mid-to-lower crustal flow accounts for about 0.5 s of the crustal splitting 

time. This is significantly smaller than that inferred for the mid-to-lower crustal flow 

underneath the Qiangtang block and may suggest a weaker channel flow in the former 

area. This may explain the diverse perspectives among studies concerning the necessity 

of the existence and direction of the channel flow in the Lhasa block among previous 

studies (Beaumont et al., 2004; Kapp et al., 2005).   
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Figure 5. Resulting splitting parameters for the whole crust. The crustal anisotropy 

measurements from individual stations are shown as red bars. The rose diagrams in the 

blocks are the results of the sub-block separated by dashed lines, and the ones outside the 

block are the results of the blocks marked as solid rectangles. The two red triangles mark 

the location of station H0230 and H1500. 

 

4.3. MANTLE FLOW FIELDS BENEATH THE LHASA BLOCK 

The fast orientations observed from XKS splitting in the Lhasa block show a 

systematic and gradual variation, from NE-SW in the southern portion of the block to E-
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W in the northern block. The splitting times from XKS splitting analysis are about twice 

of those from crustal anisotropy analysis at most of the stations in the area, suggesting a 

strong mantle contribution.   Depth estimations of anisotropy within the Lhasa block 

indicate that its primary source is the lithosphere-asthenosphere transition zone. The fast 

orientations observed in the southern part of the Lhasa block are sub-parallel to the 

direction of the plate motion of the Indian plate (Figure 1). Numerous studies have shown 

that a subducting slab can induce a corner flow which in turn leads to fast orientations 

that are parallel to the direction of subduction (e.g., Fu et al., 2008). Therefore, the NE-

SW fast orientations in the southern Lhasa block could be attributed to corner flow 

associated with the subduction of the Indian slab (Figure 7). The existence of NE-SW-

oriented anisotropy in the southern Lhasa block can provide independent evidence for the 

presence of a mantle wedge, which is one of the debated issues on Tibetan mantle 

tomography (Hung et al., 2010; Zhang et al., 2016).   

Progressing northward, the transition to an E-W anisotropy orientation could be 

interpreted as a result of the blockage of dispatched mantle flow associated with the 

advancing Indian slab by the thick lithosphere in the middle and northern parts of the 

Lhasa block (Figures 4a and 7). This model suggests that the direction of the movement  

of the asthenospheric material is in general agreement with that of the surface material. 

The flow fields proposed here to explain our XKS splitting results are similar to what is 

proposed by some other studies. For instance, a shift from N-S to E-W in the fast 

polarization orientation over brief spans has been identified in the eastern Tibetan Plateau 

(Lei et al., 2019), which is explained as the consequence of material extrusion flow and 

orthogonal mantle convection within the broad mantle wedge model.   
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Figure 6. XKS splitting measurements exhibiting a 90° BAZ periodicity. (a) Fast 

orientations of the station H0230 plotted against BAZ in modulo 90°. (c) Variation of 

splitting time of the station H0230 plotted against BAZ in modulo 90°. (b), (d) are the 

same as (a), (c), respectively, but for the station H1500 and its adjacent stations. The 

green lines rule out the possibility that the fast orientations and the BAZ of the ray are 

parallel or perpendicular to each other. The red lines demonstrate the theoretical XKS 

distributions based on the splitting parameters of the upper and lower layers shown 

above.    

 

4.4. OROGEN-PARALLEL MANTLE FLOW IN THE SUB-SLAB REGION 

BENEATH THE HIMALAYAN BLOCK 

In the Himalayan block, where most previous studies suggest a lack of observable 

azimuthal anisotropy (e.g., Chen et al., 2010; Fu et al., 2008), the fast orientations from 

XKS splitting are mostly E-W which are sub-parallel to the strike of the orogenic belt 

(Figure 4a). In addition, a nearly E-W lower layer anisotropy is revealed at Station H0230 

(Figure 6a). Furthermore, the observed crustal anisotropy has spatially variable fast 

orientations and significantly smaller splitting times, and the estimated depth of  
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Figure 7. Model illustrating the structure and driving mechanisms behind the observed 

anisotropy in the southern Tibetan Plateau (Modified from Wang et al., 2016). The E-W 

fast polarization orientations at the southern end of the study area result from 

asthenosphere flow. Slab breakage facilitates the upwelling of asthenospheric material. 

The mantle anisotropy in the Lhasa block, delineated by the Indus-Yarlung suture and the 

Bangong-Nujiang suture is induced by corner convective flow and the eastward 

movement of the mantle, while crust anisotropy is controlled by rifts and southward 

crustal flow. The dominant E-W anisotropy in the Qiangtang block characters the 

eastward mid to lower crust flow. 

 

anisotropy in this area is about 200 km, which is comparable to or deeper than the 

estimated lithospheric thickness (Figure 4a; Pasyanos et al., 2014). These observations 

suggest that the observed anisotropy is mostly from the upper asthenosphere. A viable 

mechanism for trench parallel anisotropy in typical subduction zones is sub-slab trench 

parallel flow, most likely driven by slab rollback (Russo & Silver, 1994). However, slab 

rollback is only reported for the eastern portion of the Indo-Burma subduction system 

(Lee et al., 2016). Therefore, we propose that one of the possible explanations for the 

observed E-W fast orientation from XKS splitting in the Himalayan block is the 

westward continuation of slab rollback-induced flow along the Burma subduction zone 
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(Liu et al., 2019). The westward absolute plate motion of the Eurasian plate in the hotspot 

reference frame (Gripp & Gordon, 2002) may also contribute to the E-W anisotropy 

(Singh et al., 2016), although the slow rate of motion (23 mm/yr) might be too small to 

produce significant azimuthal anisotropy (Kendall et al., 2022). 

 

Figure 8. Distribution of induvial XKS splitting parameters (blue bars) and true null 

measurements (red circles) as well as pseudo or unknown null measurements (gray 

circles) for the study area. Black triangles are seismic stations. Dashe red lines outline an 

area with a significant clustering of true null measurements. The histogram in the lower 

left corner displays the number of true null measurements.   
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4.5. POSSIBLE MANTLE UPWELLING THROUGH A SLAB WINDOW 

Null measurements are characterized by a lack of XKS energy on the transverse 

component and can be caused by two situations (Silver & Chan, 1991). The first is that 

the mantle and crust from the core-mantle boundary to the surface sampled by the XKS 

ray path are seismically isotropic (“true null”), and the second is pseudo null, which 

occurs when the fast orientation is parallel or orthogonal to the BAZ. For the first 

situation, null measurements present for events with different BAZs, and for the second 

situation, null measurements are only from events with similar or orthogonal BAZs. In 

this study, we apply a three-step procedure to determine true null measurements. First, 

the coordinates of the ray piercing points of all the null measurements at the estimated 

anisotropy depth for a given area are calculated. Second, the area is divided into 

consecutive non-overlapping rectangle bins with a dimension of 0.2° by 0.2° at both the 

E-W and N-S directions, and the circular average of the BAZs of all the null 

measurements for each bin is calculated. Third, the BAZs of the individual null 

measurements in the bin are compared with the average BAZ in the bin to determine if 

they are true nulls. Specifically, if a null measurement with a difference between the BAZ 

and the averaged BAZ is greater than 15.0° in the modulo-90° domain, it is considered a 

true null (red circles in Figure 8).  Admittedly, the resulting spatial distribution of the true  

null measurements would vary when different bin sizes and threshold values are used. 

However, testing using different parameters suggests that the area with a concentration of 

true nulls would not change.  

Using the above procedure, an area with concentrated true null measurements in 

the northern part of the Himalayan block has been identified (Figure 8). For most of the 
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null measurements in this area, the events are from the southeast (lower-left inset in 

Figure 8). This area is also characterized by an absence of well-defined splitting 

measurements, which independently confirms the lack of observable azimuthal 

anisotropy. In this area, seismic tomography studies (Li & Song, 2018; Nie et al., 2020) 

imaged a discontinuity in the subducted Indian slab and interpreted it as a slab tear. In 

addition, geochemical investigations (e.g., Chen et al., 2021) reported anomalously high 

Sr/Y ratios in adakitic Miocene rocks in the area, and proposed a deep mantle origin, 

probably from upwelling through a slab tear. On the basis of these observations, we 

hypothesize that the pervasive true nulls in this area result from mantle upwelling through 

the slab tear (Figure 7). 

 

5. CONCLUSIONS 

Joint analyses of shear wave splitting and receiver function measurements in the 

south-central Tibetan plateau reveal systematic variations in crust and mantle seismic 

anisotropy. The expanded back azimuth coverage, archived through an extended 

epicentral distance range over previous studies and the inclusion of PKS and SKKS 

phases in addition to SKS, contribute to a substantial enhancement in the quality and 

quantity of splitting measurements, especially south of the Indus-Yarlung suture where 

null measurements were reported by previous studies. Using crustal anisotropy results 

and optimal anisotropy depth estimates, this comprehensive approach allows better 

identification and characterization of complex anisotropy patterns. Standard deviation 

analysis of fast orientations suggests that the source of anisotropy is primarily situated 
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within the mid to lower crust in the Qiangtang block and extends into the upper 

asthenosphere in both the Himalayan and Lhasa blocks induced by slab subduction and 

slab rollback along the Burma subduction zone. The clustering of true null measurements 

near the Bangong-Nujiang suture suggests a significant upwelling of asthenospheric 

material, likely driven by slab tearing. 
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parameters including the cut-off magnitude and epicentral distance range can be found in 

Section 3. To demonstrate the quality of the measurements, during the review process of 

this paper, the manually verified XKS results can be found at 

https://web.mst.edu/csgg2/06_Tibet_SWS_V6/ and the crustal anisotropy results from 

receiver functions can be reviewed at https://web.mst.edu/csgg2/07_Tibet_Pms/. Figures 

were made with Generic Mapping Tools version 4.5.7 and 6.2.0 (Wessel et al., 2019). 
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APPENDIX  

 

Figure S1. Crustal anisotropy measurement using receiver functions obtained at Station 

H1020. (a) Receiver functions plotted against the incoming back azimuth shown in gray 

traces. The red trace is achieved by stacking all the receiver functions. (b) Azimuthal 

band-averaged receiver functions with a step of 10°. The black dots show the peak in the 

time segment containing the P-to-S conversion at the Moho (PmS). Predicted PmS 

arrivals computed by using the optimal pair of anisotropy parameters (the fast orientation, 

ϕ and the splitting time, δt) based on the non-linear least square procedure are shown in 

the red curve, while the resultant arrivals obtained by grid searching candidate values and 

stacking (Rumpker et al., 2014) are denoted by the blue curve. (c) Same as (b) but for the 

time window of 7 s to 10 s.(d) Stacking amplitudes as a function of candidate pairs of ϕ 

and δt. The black dot marks the optimal pair of anisotropy parameters that results in the 

maximum stacking amplitude. 
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Figure S2. Same as Figure S1 but for the station H1540. 
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Figure S3. Examples of null (a and b) and good shear wave splitting (SWS) 

measurements (c) from station H0120. Plots from top to bottom denote the original and 

corrected radial and transverse waveforms, seismograms of fast and slow components 

before (left) and after (right) correction, particle motion patterns before (left) and after 

(right) advancing the slow component by the optimal value of the splitting time, and the 

error functions shown in a form of energy contour map. The black star at the bottom 

corresponds to the minimum energy and thus represents the optimal pairs of splitting 

parameters. 

 



35 

 

Figure S4. Standard deviation (SD) of averaged fast orientations for subblock A (Figure 

4) with respect to the depth with an interval of 50 km. The individual measurements used 

in the computation are plotted as white bars. The depth with the minimum SD indicates 

the potential anisotropy origin. 

 

 



36 

 

Figure S5. Same as Figure S4 but for subblock B (Figure 4). 
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Figure S6. Same as figure S4 but for subblock C (Figure 4). 
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Figure S7. Individual splitting parameters (blue triangles) and predicted values calculated 

using the optimal pairs of splitting parameters. (a) and (c) give the optimal splitting pairs 

for Station H0230, which are obtained by freely searching all candidate pairs of splitting 

parameters. (b, d) Same as (a, c) but for Station H1500. (e, g) Same as (b, d) but with the 

fast orientation of the upper layer being fixed. (f, h) Same as (b, d) but setting the 

splitting time of the upper layer greater than that of the lower layer. 
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Table S1. Well-defined Individual Splitting Parameters. 

 
Station Phase Event St-

lat. 

St-

lon. 

Phi STD 

of 

Phi 

DT STD 

of 

DT 

BAZ Ev-

Lat. 

Ev-

Lon. 

Ev-

Dep. 

R. 

BUNGxx_YL SKKS EQ013321432 27.9 85.9 -62 18.0 1.1 0.5 358.6 15.6 -93.1 84.9 A 

BUNGxx_YL SKKS EQ020162309 27.9 85.9 -74 9.5 1.2 0.3 358.6 15.5 -93.1 80.2 A 

H0010x_XF SKS EQ022900423 27.0 84.9 36 12.5 0.5 0.1 105.1 -

19.8 

-178.4 627.6 A 

H0010x_XF SKS EQ032331212 27.0 84.9 62 8.5 1.2 0.5 133.8 -

45.1 

167.1 28.0 B 

H0010x_XF SKS EQ040692256 27.0 84.9 48 15.5 1.4 0.7 117.0 -
32.3 

-178.4 18.4 B 

H0020x_XF SKS EQ022900423 27.0 84.9 74 11.5 0.4 0.1 105.1 -

19.8 

-178.4 627.6 A 

H0020x_XF SKS EQ022951139 27.0 84.9 -88 13.0 0.6 0.3 105.8 -

20.6 

-178.4 549.0 B 

H0040x_XF PKS EQ030210246 27.1 84.9 -74 17.0 0.8 0.4 353.6 13.6 -90.8 24.0 A 

H0040x_XF PKS EQ040351159 27.1 84.9 -82 5.5 1.3 0.3 339.8 8.4 -82.9 29.2 B 

H0040x_XF SKS EQ032331212 27.1 84.9 86 7.5 0.7 0.1 133.8 -

45.1 

167.1 28.0 B 

H0040x_XF SKS EQ032960758 27.1 84.9 -88 16.0 0.7 0.3 109.4 -
23.7 

179.8 503.8 A 

H0050x_XF SKS EQ031171603 27.1 85.0 -84 10.0 1.0 0.4 110.9 -

20.9 

169.8 77.4 B 

H0050x_XF SKS EQ032331212 27.1 85.0 71 10.0 0.8 0.3 133.8 -

45.1 

167.1 28.0 B 

H0060x_XF SKS EQ032331212 27.1 85.0 77 16.5 0.7 0.2 133.8 -
45.1 

167.1 28.0 B 

H0070x_XF SKKS EQ023521412 27.1 85.0 -86 9.0 1.1 0.2 217.8 -

57.1 

-25.0 10.0 B 

H0070x_XF SKKS EQ032731408 27.1 85.0 69 16.5 0.9 0.6 114.9 -

30.4 

-177.4 10.0 B 

H0070x_XF SKS EQ031171603 27.1 85.0 -80 2.5 1.7 0.4 110.9 -
20.9 

169.8 77.4 B 

H0070x_XF SKS EQ032331212 27.1 85.0 80 12.0 0.6 0.2 133.8 -

45.1 

167.1 28.0 B 

H0070x_XF SKS EQ033060532 27.1 85.0 61 9.5 1.0 0.5 134.1 -

45.2 

166.5 10.0 B 

H0070x_XF SKS EQ033612238 27.1 85.0 -77 3.0 1.5 0.4 111.5 -
21.7 

169.8 10.0 B 

H0080x_XF SKS EQ032650445 27.2 85.0 -86 5.5 1.2 0.2 330.6 19.8 -70.7 10.0 A 

H0080x_XF SKS EQ032731408 27.2 85.0 -84 19.0 0.9 0.5 114.9 -

30.4 

-177.4 10.0 B 

H0090x_XF SKKS EQ032731408 27.2 85.0 71 17.5 0.7 0.5 114.9 -

30.4 

-177.4 10.0 A 

H0090x_XF SKKS EQ033090058 27.2 85.0 -89 3.5 1.8 0.2 329.9 5.0 -77.8 33.0 B 

H0090x_XF SKS EQ032331212 27.2 85.0 -75 9.0 0.9 0.2 133.8 -

45.1 

167.1 28.0 B 

H0100x_XF PKS EQ030210246 27.2 85.0 -84 2.5 1.8 0.4 353.7 13.6 -90.8 24.0 B 

H0100x_XF SKKS EQ032731408 27.2 85.0 84 13.5 0.8 0.3 114.9 -

30.4 

-177.4 10.0 A 

H0100x_XF SKKS EQ033090058 27.2 85.0 82 11.0 1.4 0.5 329.9 5.0 -77.8 33.0 B 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H0100x_XF SKS EQ032331212 27.2 85.0 -77 6.0 0.9 0.2 133.8 -
45.1 

167.1 28.0 A 

H0100x_XF SKS EQ032731408 27.2 85.0 -80 19.5 1.1 0.6 114.9 -

30.4 

-177.4 10.0 B 

H0120x_XF PKS EQ030210246 27.3 85.0 -77 3.5 1.5 0.3 353.7 13.6 -90.8 24.0 A 

H0120x_XF SKKS EQ032650445 27.3 85.0 -87 4.5 1.7 0.3 330.7 19.8 -70.7 10.0 A 

H0120x_XF SKKS EQ032731408 27.3 85.0 87 11.5 1.3 0.3 114.9 -

30.4 

-177.4 10.0 A 

H0120x_XF SKKS EQ033090058 27.3 85.0 -80 10.0 1.6 0.4 330.0 5.0 -77.8 33.0 B 

H0120x_XF SKKS EQ033602126 27.3 85.0 -82 10.5 1.7 0.6 112.3 -
22.3 

169.3 10.0 B 

H0120x_XF SKS EQ030040515 27.3 85.0 -84 1.5 1.7 0.2 105.4 -

20.6 

-177.7 378.0 B 

H0120x_XF SKS EQ032080204 27.3 85.0 -84 3.0 1.4 0.3 105.5 -

21.1 

-176.6 212.9 B 

H0120x_XF SKS EQ032331212 27.3 85.0 -85 9.0 1.1 0.2 133.8 -
45.1 

167.1 28.0 A 

H0120x_XF SKS EQ032731408 27.3 85.0 -83 3.5 1.6 0.2 114.9 -

30.4 

-177.4 10.0 B 

H0120x_XF SKS EQ032960758 27.3 85.0 -82 3.0 1.7 0.4 109.4 -

23.7 

179.8 503.8 B 

H0120x_XF SKS EQ033060532 27.3 85.0 85 7.0 1.4 0.2 134.1 -
45.2 

166.5 10.0 B 

H0120x_XF SKS EQ033592309 27.3 85.0 87 8.5 1.2 0.3 112.2 -

22.3 

169.5 10.0 B 

H0130x_XF PKS EQ032160437 27.3 85.0 76 16.5 0.7 0.3 211.5 -

60.5 

-43.4 10.0 A 

H0130x_XF SKS EQ022771905 27.3 85.0 88 19.5 0.6 0.3 106.3 -

21.0 

-179.0 621.1 A 

H0130x_XF SKS EQ022900423 27.3 85.0 89 8.0 0.6 0.2 105.0 -

19.8 

-178.4 627.6 A 

H0130x_XF SKS EQ022951139 27.3 85.0 -88 14.5 0.6 0.3 105.8 -

20.6 

-178.4 549.0 B 

H0130x_XF SKS EQ030160053 27.3 85.0 88 7.5 1.2 0.3 24.3 44.3 -129.0 10.0 B 

H0130x_XF SKS EQ030952203 27.3 85.0 -89 11.0 0.6 0.2 107.5 -

16.2 

167.9 177.5 A 

H0130x_XF SKS EQ031292026 27.3 85.0 84 4.5 0.7 0.1 212.2 -

48.2 

32.3 10.0 B 

H0130x_XF SKS EQ032331212 27.3 85.0 88 5.0 1.1 0.1 133.8 -
45.1 

167.1 28.0 B 

H0130x_XF SKS EQ033060532 27.3 85.0 90 10.5 1.2 0.3 134.1 -

45.2 

166.5 10.0 B 

H0150x_XF SKKS EQ033090058 27.4 85.0 80 18.0 1.0 0.5 330.0 5.0 -77.8 33.0 B 

H0150x_XF SKKS EQ033611600 27.4 85.0 -82 8.0 1.5 0.6 111.8 -
22.0 

169.8 10.0 B 

H0150x_XF SKS EQ022771905 27.4 85.0 -88 5.5 1.4 0.4 106.3 -

21.0 

-179.0 621.1 B 

H0150x_XF SKS EQ022900423 27.4 85.0 -83 2.5 1.4 0.3 105.0 -

19.8 

-178.4 627.6 B 

H0150x_XF SKS EQ022951139 27.4 85.0 -85 7.5 1.4 0.5 105.7 -
20.6 

-178.4 549.0 B 

H0150x_XF SKS EQ033060532 27.4 85.0 -81 14.0 0.9 0.2 134.0 -

45.2 

166.5 10.0 B 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H0150x_XF SKS EQ033610455 27.4 85.0 -79 5.5 1.3 0.4 112.1 -
22.1 

169.4 10.0 B 

H0160x_XF SKKS EQ032650445 27.4 85.0 72 6.0 1.4 0.4 330.7 19.8 -70.7 10.0 B 

H0160x_XF SKKS EQ032731408 27.4 85.0 89 12.5 1.0 0.4 114.8 -

30.4 

-177.4 10.0 A 

H0160x_XF SKS EQ022771905 27.4 85.0 78 17.0 0.7 0.2 106.3 -
21.0 

-179.0 621.1 B 

H0160x_XF SKS EQ022900423 27.4 85.0 83 12.0 0.7 0.2 105.0 -

19.8 

-178.4 627.6 A 

H0160x_XF SKS EQ032331212 27.4 85.0 84 7.5 1.0 0.1 133.8 -

45.1 

167.1 28.0 B 

H0160x_XF SKS EQ032960758 27.4 85.0 -89 8.0 0.8 0.2 109.3 -
23.7 

179.8 503.8 B 

H0160x_XF SKS EQ033060532 27.4 85.0 76 16.5 1.0 0.5 134.0 -

45.2 

166.5 10.0 B 

H0160x_XF SKS EQ033170249 27.4 85.0 80 5.5 1.8 0.4 149.7 -

54.2 

143.8 10.0 B 

H0160x_XF SKS EQ040561652 27.4 85.0 71 19.5 0.6 0.3 104.5 -
20.7 

-175.0 55.8 B 

H0170x_XF SKKS EQ032731408 27.4 85.0 -89 4.0 1.3 0.2 114.8 -

30.4 

-177.4 10.0 A 

H0170x_XF SKS EQ022771905 27.4 85.0 77 9.5 0.6 0.2 106.3 -

21.0 

-179.0 621.1 A 

H0170x_XF SKS EQ022900423 27.4 85.0 78 6.5 0.6 0.1 105.0 -
19.8 

-178.4 627.6 A 

H0170x_XF SKS EQ022951139 27.4 85.0 74 13.0 0.5 0.1 105.7 -

20.6 

-178.4 549.0 B 

H0170x_XF SKS EQ032650445 27.4 85.0 85 8.5 1.1 0.3 330.8 19.8 -70.7 10.0 B 

H0170x_XF SKS EQ032731408 27.4 85.0 72 7.5 0.8 0.1 114.8 -

30.4 

-177.4 10.0 A 

H0170x_XF SKS EQ032960758 27.4 85.0 89 13.5 0.7 0.3 109.3 -

23.7 

179.8 503.8 A 

H0170x_XF SKS EQ033060532 27.4 85.0 82 12.5 0.9 0.3 134.0 -

45.2 

166.5 10.0 A 

H0170x_XF SKS EQ040510558 27.4 85.0 61 13.0 0.6 0.2 104.2 -
11.6 

166.5 84.0 A 

H0180x_XF SKKS EQ032650445 27.5 85.0 80 12.5 1.3 0.5 330.8 19.8 -70.7 10.0 B 

H0180x_XF SKKS EQ032731408 27.5 85.0 84 14.0 1.2 0.4 114.8 -

30.4 

-177.4 10.0 A 

H0180x_XF SKS EQ022951139 27.5 85.0 87 19.0 1.0 0.5 105.7 -
20.6 

-178.4 549.0 B 

H0180x_XF SKS EQ032731408 27.5 85.0 76 8.5 1.2 0.2 114.8 -

30.4 

-177.4 10.0 B 

H0180x_XF SKS EQ040520234 27.5 85.0 -80 11.0 1.0 0.3 216.0 -

58.4 

-15.0 10.0 B 

H0190x_XF SKKS EQ032501319 27.5 85.0 67 18.0 1.0 0.8 111.3 -
22.5 

172.1 33.0 B 

H0190x_XF SKKS EQ032731408 27.5 85.0 78 14.0 1.3 0.4 114.8 -

30.4 

-177.4 10.0 A 

H0190x_XF SKKS EQ040671108 27.5 85.0 84 14.0 1.4 0.8 117.0 -

32.4 

-178.2 7.0 B 

H0190x_XF SKS EQ031292026 27.5 85.0 -87 15.5 1.2 0.5 212.2 -
48.2 

32.3 10.0 B 

H0190x_XF SKS EQ033060532 27.5 85.0 77 10.5 1.4 0.3 134.0 -

45.2 

166.5 10.0 A 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H0190x_XF SKS EQ033170249 27.5 85.0 85 5.0 1.2 0.2 149.7 -
54.2 

143.8 10.0 B 

H0190x_XF SKS EQ033610455 27.5 85.0 81 15.5 0.9 0.3 112.1 -

22.1 

169.4 10.0 B 

H0190x_XF SKS EQ040700348 27.5 85.0 67 14.5 1.1 0.4 116.9 -

32.3 

-178.1 10.0 B 

H0200x_XF SKS EQ032160437 27.5 85.0 84 16.5 1.3 0.5 211.5 -
60.5 

-43.4 10.0 B 

H0200x_XF SKS EQ032231340 27.5 85.0 83 2.0 1.8 0.2 150.5 -

56.9 

147.6 10.0 B 

H0200x_XF SKS EQ033592309 27.5 85.0 69 11.5 1.0 0.2 112.2 -

22.3 

169.5 10.0 B 

H0210x_XF SKKS EQ032731408 27.5 85.1 75 15.0 1.4 0.5 114.8 -
30.4 

-177.4 10.0 A 

H0210x_XF SKKS EQ033060532 27.5 85.1 86 19.0 1.0 0.7 134.0 -

45.2 

166.5 10.0 B 

H0210x_XF SKS EQ030651024 27.5 85.1 69 15.0 0.7 0.3 107.6 -

23.6 

-175.8 10.0 B 

H0210x_XF SKS EQ031171603 27.5 85.1 -83 4.5 1.2 0.4 110.9 -
20.9 

169.8 77.4 B 

H0210x_XF SKS EQ031292026 27.5 85.1 84 7.5 0.9 0.1 212.2 -

48.2 

32.3 10.0 A 

H0210x_XF SKS EQ032160437 27.5 85.1 80 7.0 1.6 0.2 211.6 -

60.5 

-43.4 10.0 B 

H0210x_XF SKS EQ032231340 27.5 85.1 86 7.5 1.4 0.3 150.5 -
56.9 

147.6 10.0 B 

H0210x_XF SKS EQ032731408 27.5 85.1 87 3.5 1.2 0.2 114.8 -

30.4 

-177.4 10.0 B 

H0210x_XF SKS EQ032960758 27.5 85.1 -87 3.0 1.1 0.2 109.3 -

23.7 

179.8 503.8 B 

H0210x_XF SKS EQ033060532 27.5 85.1 87 13.0 1.3 0.4 134.0 -

45.2 

166.5 10.0 A 

H0210x_XF SKS EQ033170249 27.5 85.1 82 6.5 1.4 0.3 149.7 -

54.2 

143.8 10.0 B 

H0210x_XF SKS EQ033592042 27.5 85.1 65 13.5 1.1 0.3 112.2 -

22.3 

169.5 10.0 B 

H0210x_XF SKS EQ033611600 27.5 85.1 -88 3.0 1.4 0.2 111.8 -
22.0 

169.8 10.0 B 

H0210x_XF SKS EQ033612238 27.5 85.1 -86 5.5 1.5 0.4 111.5 -

21.7 

169.8 10.0 B 

H0220x_XF SKKS EQ032650445 27.6 85.1 79 19.5 1.1 0.5 330.9 19.8 -70.7 10.0 A 

H0220x_XF SKS EQ031292026 27.6 85.1 85 15.5 0.8 0.3 212.2 -
48.2 

32.3 10.0 A 

H0220x_XF SKS EQ032160437 27.6 85.1 83 10.0 1.5 0.4 211.6 -

60.5 

-43.4 10.0 B 

H0230x_XF SKKS EQ032731408 27.6 85.1 73 14.0 1.6 0.5 114.8 -

30.4 

-177.4 10.0 A 

H0230x_XF SKS EQ022801900 27.6 85.1 73 14.5 0.5 0.1 109.1 -
18.7 

169.3 245.5 B 

H0230x_XF SKS EQ022951139 27.6 85.1 60 16.0 0.5 0.2 105.7 -

20.6 

-178.4 549.0 B 

H0230x_XF SKS EQ030040515 27.6 85.1 56 19.5 0.5 0.4 105.4 -

20.6 

-177.7 378.0 B 

H0230x_XF SKS EQ030730255 27.6 85.1 83 6.0 1.6 0.4 151.2 -
62.1 

161.7 10.0 B 

H0230x_XF SKS EQ030922131 27.6 85.1 -85 13.5 0.8 0.3 110.6 -

25.1 

179.9 498.0 B 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H0230x_XF SKS EQ031171603 27.6 85.1 -88 11.0 0.9 0.3 110.9 -
20.9 

169.8 77.4 B 

H0230x_XF SKS EQ031292026 27.6 85.1 74 14.0 0.7 0.3 212.2 -

48.2 

32.3 10.0 A 

H0230x_XF SKS EQ032160437 27.6 85.1 86 19.5 1.4 0.8 211.6 -

60.5 

-43.4 10.0 B 

H0230x_XF SKS EQ032331212 27.6 85.1 -87 11.5 1.0 0.2 133.8 -
45.1 

167.1 28.0 B 

H0230x_XF SKS EQ032731408 27.6 85.1 73 7.0 0.7 0.1 114.8 -

30.4 

-177.4 10.0 B 

H0230x_XF SKS EQ032880219 27.6 85.1 66 19.0 0.6 0.2 103.2 -

17.8 

-178.7 582.6 B 

H0230x_XF SKS EQ033060532 27.6 85.1 90 9.0 1.0 0.2 134.0 -
45.2 

166.5 10.0 B 

H0230x_XF SKS EQ033612238 27.6 85.1 80 17.0 0.8 0.3 111.5 -

21.7 

169.8 10.0 B 

H0230x_XF SKS EQ040110807 27.6 85.1 48 17.5 0.6 0.3 100.7 -

16.2 

-176.2 366.1 B 

H0230x_XF SKS EQ040561652 27.6 85.1 63 14.0 0.6 0.2 104.4 -
20.7 

-175.0 55.8 B 

H0240x_XF SKKS EQ033090058 27.6 85.1 82 4.5 0.9 0.1 330.4 5.0 -77.8 33.0 B 

H0240x_XF SKS EQ030160053 27.6 85.1 -79 3.0 1.2 0.3 24.3 44.3 -129.0 10.0 B 

H0240x_XF SKS EQ030271756 27.6 85.1 81 19.5 0.7 0.3 212.4 -
46.0 

35.1 10.0 B 

H0240x_XF SKS EQ031292026 27.6 85.1 73 12.0 0.9 0.2 212.2 -

48.2 

32.3 10.0 A 

H0240x_XF SKS EQ033170249 27.6 85.1 -88 7.5 1.0 0.2 149.7 -

54.2 

143.8 10.0 B 

H0250x_XF SKKS EQ032650445 27.6 85.1 -88 11.5 0.9 0.3 330.9 19.8 -70.7 10.0 B 

H0250x_XF SKS EQ030730255 27.6 85.1 89 8.5 1.4 0.3 151.2 -

62.1 

161.7 10.0 B 

H0250x_XF SKS EQ032331212 27.6 85.1 81 13.0 0.9 0.2 133.8 -

45.1 

167.1 28.0 B 

H0260x_XF SKKS EQ032650445 27.7 85.1 -89 13.0 0.8 0.2 330.9 19.8 -70.7 10.0 A 

H0260x_XF SKKS EQ032731408 27.7 85.1 76 18.5 1.4 0.6 114.8 -

30.4 

-177.4 10.0 A 

H0260x_XF SKKS EQ033090058 27.7 85.1 -77 11.5 0.6 0.1 330.4 5.0 -77.8 33.0 A 

H0260x_XF SKS EQ030730255 27.7 85.1 -84 4.0 1.4 0.1 151.2 -
62.1 

161.7 10.0 B 

H0260x_XF SKS EQ032231340 27.7 85.1 87 16.0 1.0 0.4 150.5 -

56.9 

147.6 10.0 B 

H0260x_XF SKS EQ033060532 27.7 85.1 -78 17.5 0.9 0.3 134.0 -

45.2 

166.5 10.0 A 

H0260x_XF SKS EQ033170249 27.7 85.1 -77 13.0 0.8 0.2 149.7 -
54.2 

143.8 10.0 B 

H0270x_XF SKKS EQ032650445 27.7 85.1 88 14.0 0.9 0.3 330.9 19.8 -70.7 10.0 A 

H0270x_XF SKS EQ030730255 27.7 85.1 -77 4.0 1.4 0.1 151.2 -

62.1 

161.7 10.0 B 

H0270x_XF SKS EQ032331212 27.7 85.1 -84 13.0 1.0 0.2 133.7 -
45.1 

167.1 28.0 A 

H0270x_XF SKS EQ033060532 27.7 85.1 86 17.0 0.9 0.5 134.0 -

45.2 

166.5 10.0 A 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H0280x_XF SKKS EQ032731408 27.7 85.1 57 19.5 1.2 0.7 114.7 -
30.4 

-177.4 10.0 B 

H0290x_XF SKKS EQ032650445 27.8 85.1 -89 8.5 0.9 0.2 331.0 19.8 -70.7 10.0 B 

H0290x_XF SKKS EQ033090058 27.8 85.1 -69 12.5 0.7 0.2 330.5 5.0 -77.8 33.0 B 

H0290x_XF SKKS EQ040351159 27.8 85.1 -78 5.0 0.9 0.1 340.3 8.4 -82.9 29.2 B 

H0290x_XF SKS EQ033612238 27.8 85.1 -82 8.0 1.4 0.5 111.5 -

21.7 

169.8 10.0 B 

H0310x_XF SKS EQ030160053 27.8 85.0 -78 3.0 1.0 0.2 24.2 44.3 -129.0 10.0 B 

H0330x_XF SKKS EQ032080204 27.9 85.1 62 10.0 0.9 0.2 105.4 -
21.1 

-176.6 212.9 B 

H0330x_XF SKS EQ032261823 27.9 85.1 53 17.5 0.5 0.3 104.8 -

19.9 

-178.0 563.3 B 

H0330x_XF SKS EQ032731408 27.9 85.1 88 12.5 0.8 0.2 114.7 -

30.4 

-177.4 10.0 A 

H0330x_XF SKS EQ033060532 27.9 85.1 82 9.5 1.3 0.3 134.0 -
45.2 

166.5 10.0 A 

H0330x_XF SKS EQ033592042 27.9 85.1 71 6.5 1.2 0.1 112.2 -

22.3 

169.5 10.0 A 

H0330x_XF SKS EQ040561652 27.9 85.1 76 15.5 0.6 0.2 104.4 -

20.7 

-175.0 55.8 B 

H0360x_XF SKS EQ033170249 27.9 85.2 80 3.0 1.5 0.2 149.7 -
54.2 

143.8 10.0 B 

H0370x_XF SKKS EQ032731408 28.0 85.2 66 16.5 1.2 0.6 114.7 -

30.4 

-177.4 10.0 B 

H0370x_XF SKS EQ022900423 28.0 85.2 36 8.5 1.0 0.2 104.9 -

19.8 

-178.4 627.6 B 

H0370x_XF SKS EQ030952203 28.0 85.2 36 6.0 1.0 0.2 107.6 -

16.2 

167.9 177.5 B 

H0370x_XF SKS EQ031171603 28.0 85.2 53 14.0 0.6 0.2 110.9 -

20.9 

169.8 77.4 B 

H0370x_XF SKS EQ040110929 28.0 85.2 44 14.0 1.2 0.4 105.5 -

20.1 

-179.2 673.1 B 

H0380x_XF SKS EQ022900423 28.0 85.2 55 11.0 0.6 0.1 104.9 -
19.8 

-178.4 627.6 A 

H0380x_XF SKS EQ030040515 28.0 85.2 41 13.5 0.6 0.2 105.3 -

20.6 

-177.7 378.0 A 

H0380x_XF SKS EQ031171603 28.0 85.2 71 13.5 0.5 0.2 110.9 -

20.9 

169.8 77.4 A 

H0380x_XF SKS EQ032080204 28.0 85.2 30 8.5 0.8 0.3 105.4 -
21.1 

-176.6 212.9 B 

H0380x_XF SKS EQ032261823 28.0 85.2 46 18.0 0.6 0.2 104.8 -

19.9 

-178.0 563.3 B 

H0380x_XF SKS EQ032731408 28.0 85.2 58 16.0 0.7 0.2 114.7 -

30.4 

-177.4 10.0 A 

H0380x_XF SKS EQ032960758 28.0 85.2 57 19.0 0.5 0.3 109.3 -
23.7 

179.8 503.8 B 

H0380x_XF SKS EQ040110929 28.0 85.2 42 9.5 1.0 0.3 105.5 -

20.1 

-179.2 673.1 B 

H0380x_XF SKS EQ040251143 28.0 85.2 31 8.5 1.0 0.3 100.4 -

16.8 

-174.2 129.8 B 

H0380x_XF SKS EQ040561652 28.0 85.2 50 14.5 0.6 0.2 104.4 -
20.7 

-175.0 55.8 B 

H0390x_XF SKS EQ033060532 28.0 85.2 76 17.5 0.9 0.3 134.0 -

45.2 

166.5 10.0 B 

 



45 

Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H0390x_XF SKS EQ040561652 28.0 85.2 53 17.5 0.5 0.3 104.4 -
20.7 

-175.0 55.8 B 

H0400x_XF SKKS EQ032731408 28.1 85.2 76 11.5 1.2 0.3 114.7 -

30.4 

-177.4 10.0 A 

H0400x_XF SKKS EQ033090058 28.1 85.2 78 16.0 1.0 0.5 330.8 5.0 -77.8 33.0 B 

H0400x_XF SKS EQ032731408 28.1 85.2 81 9.5 0.7 0.2 114.7 -
30.4 

-177.4 10.0 A 

H0400x_XF SKS EQ033101038 28.1 85.2 60 13.5 0.7 0.2 109.8 -

19.3 

168.9 113.7 A 

H0410x_XF SKKS EQ032731408 28.1 85.3 63 8.5 1.2 0.2 114.7 -

30.4 

-177.4 10.0 B 

H0410x_XF SKS EQ023620320 28.1 85.3 48 12.0 0.9 0.2 103.5 -
18.2 

-178.5 626.6 B 

H0410x_XF SKS EQ030040515 28.1 85.3 59 13.0 0.6 0.2 105.3 -

20.6 

-177.7 378.0 A 

H0410x_XF SKS EQ030952203 28.1 85.3 79 7.5 0.7 0.2 107.6 -

16.2 

167.9 177.5 A 

H0410x_XF SKS EQ031171603 28.1 85.3 72 16.5 0.6 0.3 110.9 -
20.9 

169.8 77.4 B 

H0410x_XF SKS EQ032731408 28.1 85.3 67 7.0 0.7 0.1 114.7 -

30.4 

-177.4 10.0 A 

H0410x_XF SKS EQ040110929 28.1 85.3 63 18.0 0.6 0.3 105.5 -

20.1 

-179.2 673.1 B 

H0410x_XF SKS EQ040561652 28.1 85.3 57 17.0 0.7 0.3 104.4 -
20.7 

-175.0 55.8 B 

H0420x_XF PKS EQ040351159 28.1 85.3 88 5.0 1.0 0.2 340.8 8.4 -82.9 29.2 B 

H0420x_XF SKS EQ030040515 28.1 85.3 54 16.0 0.7 0.3 105.3 -

20.6 

-177.7 378.0 B 

H0420x_XF SKS EQ031171603 28.1 85.3 63 18.5 0.6 0.3 110.9 -

20.9 

169.8 77.4 B 

H0480x_XF SKS EQ041160219 28.3 85.4 82 11.5 1.3 0.4 111.8 -

21.8 

169.6 10.0 B 

H0490x_XF PKS EQ033590711 28.3 85.4 -84 15.5 0.8 0.3 340.9 8.4 -82.8 33.0 B 

H0490x_XF PKS EQ040620347 28.3 85.4 -78 16.5 1.0 0.4 348.0 11.6 -86.8 28.0 A 

H0490x_XF SKS EQ032231340 28.3 85.4 -88 9.0 1.2 0.3 150.5 -

56.9 

147.6 10.0 B 

H0490x_XF SKS EQ032650445 28.3 85.4 89 13.0 1.1 0.3 331.4 19.8 -70.7 10.0 B 

H0490x_XF SKS EQ040700348 28.3 85.4 58 18.5 1.0 0.4 116.8 -
32.3 

-178.1 10.0 B 

H0490x_XF SKS EQ041160219 28.3 85.4 72 5.0 1.5 0.2 111.8 -

21.8 

169.6 10.0 B 

H0500x_XF PKS EQ040620347 28.3 85.4 -83 16.0 1.1 0.5 348.0 11.6 -86.8 28.0 A 

H0500x_XF SKS EQ032231340 28.3 85.4 83 8.0 1.3 0.3 150.5 -
56.9 

147.6 10.0 B 

H0500x_XF SKS EQ041280126 28.3 85.4 58 11.5 1.2 0.3 111.7 -

22.0 

170.3 14.0 B 

H0510x_XF SKKS EQ033090058 28.4 85.4 82 3.5 2.0 0.3 331.2 5.0 -77.8 33.0 B 

H0510x_XF SKKS EQ033300742 28.4 85.4 76 5.0 1.2 0.2 322.2 -1.9 -75.7 183.5 B 

H0510x_XF SKS EQ032880219 28.4 85.4 59 15.5 0.5 0.2 103.2 -

17.8 

-178.7 582.6 B 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H0510x_XF SKS EQ033612238 28.4 85.4 58 15.5 0.9 0.2 111.6 -
21.7 

169.8 10.0 A 

H0520x_XF PKS EQ041200057 28.4 85.3 -72 18.5 0.7 0.3 346.6 10.8 -86.0 10.0 B 

H0530x_XF SKS EQ032231340 28.5 85.2 84 5.0 1.6 0.3 150.4 -

56.9 

147.6 10.0 B 

H0550x_XF SKKS EQ032731408 28.5 85.2 89 8.5 1.3 0.3 114.5 -
30.4 

-177.4 10.0 B 

H0560x_XF SKS EQ033170249 28.6 85.3 80 18.0 1.1 0.5 149.7 -

54.2 

143.8 10.0 B 

H0570x_XF SKKS EQ033090058 28.6 85.3 81 1.5 2.0 0.2 331.2 5.0 -77.8 33.0 B 

H0570x_XF SKS EQ041612252 28.6 85.3 -77 9.0 1.4 0.2 149.5 -
51.6 

139.6 10.0 B 

H0580x_XF SKKS EQ033090058 28.6 85.3 77 3.5 1.5 0.3 331.3 5.0 -77.8 33.0 B 

H0580x_XF SKS EQ032231340 28.6 85.3 82 14.0 1.0 0.4 150.4 -

56.9 

147.6 10.0 B 

H0580x_XF SKS EQ033631148 28.6 85.3 78 11.5 1.0 0.3 112.3 -
22.5 

169.6 27.1 B 

H0590x_XF SKS EQ033170249 28.7 85.3 85 19.5 0.9 0.3 149.7 -

54.2 

143.8 10.0 B 

H0590x_XF SKS EQ033631148 28.7 85.3 81 5.5 1.5 0.2 112.3 -

22.5 

169.6 27.1 B 

H0600x_XF SKS EQ040741630 28.7 85.3 42 19.5 0.9 0.4 99.8 -
17.3 

-172.3 12.0 B 

H0600x_XF SKS EQ041071658 28.7 85.3 69 19.0 1.1 0.4 108.2 -

24.5 

-175.9 10.0 B 

H0620x_XF SKKS EQ032081141 28.8 85.3 56 11.0 0.8 0.2 281.2 -

20.1 

-65.2 345.3 B 

H0620x_XF SKKS EQ040820422 28.8 85.3 51 13.5 0.8 0.3 275.0 -

22.9 

-64.4 16.0 B 

H0620x_XF SKS EQ040561652 28.8 85.3 57 18.5 0.6 0.3 104.1 -

20.7 

-175.0 55.8 B 

H0630x_XF SKKS EQ031241315 28.8 85.3 63 18.0 1.1 0.6 114.8 -

30.5 

-178.2 62.4 B 

H0630x_XF SKKS EQ032081141 28.8 85.3 66 7.0 1.2 0.2 281.2 -
20.1 

-65.2 345.3 B 

H0630x_XF SKKS EQ040350518 28.8 85.3 72 4.0 1.1 0.2 268.1 -

26.1 

-63.5 558.4 A 

H0630x_XF SKS EQ040692207 28.8 85.3 54 9.0 1.2 0.3 116.7 -

32.6 

-178.0 10.0 B 

H0641x_XF PKS EQ043250807 28.9 85.3 85 10.0 0.9 0.3 343.6 9.6 -84.2 16.0 B 

H0641x_XF SKKS EQ040350518 28.9 85.3 62 10.0 0.8 0.2 268.1 -

26.1 

-63.5 558.4 B 

H0660x_XF SKKS EQ032731408 28.9 85.4 54 6.5 1.6 0.3 114.5 -

30.4 

-177.4 10.0 B 

H0660x_XF SKKS EQ040350518 28.9 85.4 54 8.0 0.6 0.1 268.3 -
26.1 

-63.5 558.4 B 

H0660x_XF SKS EQ031242008 28.9 85.4 55 19.0 1.1 0.5 114.9 -

30.6 

-178.3 45.6 B 

H0670x_XF SKKS EQ033090058 28.9 85.4 81 8.0 1.5 0.5 331.7 5.0 -77.8 33.0 B 

H0670x_XF SKS EQ031292026 28.9 85.4 76 11.0 0.7 0.1 212.4 -
48.2 

32.3 10.0 A 

H0680x_XF SKKS EQ032650445 29.0 85.4 81 6.0 1.2 0.3 331.8 19.8 -70.7 10.0 A 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H0680x_XF SKKS EQ033090058 29.0 85.4 79 5.5 1.1 0.2 331.7 5.0 -77.8 33.0 B 

H0720x_XF SKS EQ032080204 29.1 85.4 -82 1.5 1.5 0.4 105.1 -

21.1 

-176.6 212.9 B 

H0780x_XF SKKS EQ042411341 29.3 85.2 10 14.0 0.7 0.2 247.9 -

35.2 

-70.5 5.0 B 

H0790x_XF PKS EQ043250807 29.4 85.2 86 3.0 1.5 0.3 343.6 9.6 -84.2 16.0 B 

H0810x_XF PKS EQ043200906 29.5 85.2 -45 11.0 1.3 0.4 331.2 4.7 -77.5 15.0 B 

H0810x_XF SKKS EQ041810701 29.5 85.2 -42 5.5 1.6 0.2 348.3 10.7 -87.0 9.0 B 

H0810x_XF SKKS EQ043282104 29.5 85.2 -84 3.5 1.3 0.3 109.8 -
24.3 

179.0 532.3 B 

H0810x_XF SKKS EQ050281546 29.5 85.2 -63 6.5 1.0 0.1 332.9 -1.1 -81.2 10.0 A 

H0810x_XF SKKS EQ051410511 29.5 85.2 -79 12.5 1.1 0.3 330.8 -3.3 -81.0 39.5 A 

H1000x_XF SKKS EQ043170636 29.3 85.9 57 17.0 0.6 0.2 267.9 -
26.7 

-63.3 568.7 A 

H1010x_XF PKS EQ042511153 29.3 85.8 60 9.0 1.1 0.3 264.8 -

28.6 

-65.8 22.3 B 

H1010x_XF SKKS EQ041970427 29.3 85.8 -8 20.5 1.1 0.6 102.9 -

17.6 

-178.6 560.0 A 

H1010x_XF SKKS EQ043170636 29.3 85.8 69 18.0 1.2 0.5 268.0 -
26.7 

-63.3 568.7 B 

H1010x_XF SKKS EQ051531056 29.3 85.8 62 15.5 1.2 0.5 275.5 -

24.2 

-67.0 196.2 B 

H1030x_XF PKS EQ050590105 29.5 85.8 67 10.5 0.8 0.2 13.0 18.8 -104.6 10.0 B 

H1030x_XF SKS EQ043520713 29.5 85.8 -84 2.0 1.7 0.2 107.1 -

21.9 

-179.3 593.3 B 

H1030x_XF SKS EQ043591339 29.5 85.8 87 6.5 1.3 0.3 105.4 -

20.4 

-178.7 614.5 B 

H1030x_XF SKS EQ050781734 29.5 85.8 -83 8.0 1.3 0.5 107.2 -

21.9 

-179.5 598.7 B 

H1030x_XF SKS EQ051401240 29.5 85.8 -84 2.5 1.5 0.2 110.3 -
24.5 

178.8 565.3 B 

H1040x_XF PKS EQ043200906 29.6 85.7 85 6.0 1.1 0.3 332.0 4.7 -77.5 15.0 A 

H1040x_XF PKS EQ043250807 29.6 85.7 84 2.0 1.1 0.2 344.5 9.6 -84.2 16.0 A 

H1040x_XF SKKS EQ050031759 29.6 85.7 82 6.5 1.3 0.2 140.4 -
50.7 

161.9 10.0 B 

H1050x_XF PKS EQ043200906 29.6 85.7 -48 3.0 2.2 0.3 332.0 4.7 -77.5 15.0 B 

H1050x_XF PKS EQ043250807 29.6 85.7 -36 4.5 1.1 0.2 344.5 9.6 -84.2 16.0 B 

H1050x_XF SKKS EQ051380910 29.6 85.7 60 4.0 1.6 0.3 219.7 -
56.4 

-26.9 102.2 B 

H1100x_XF SKKS EQ043170636 30.0 85.7 19 5.0 1.5 0.3 269.2 -

26.7 

-63.3 568.7 B 

H1100x_XF SKS EQ043071002 30.0 85.7 53 15.0 0.9 0.3 21.9 49.3 -128.8 10.0 A 

H1110x_XF SKKS EQ042411341 30.1 85.6 10 16.0 0.9 0.4 249.6 -
35.2 

-70.5 5.0 B 

H1110x_XF SKKS EQ043282104 30.1 85.6 35 4.5 1.2 0.3 109.8 -

24.3 

179.0 532.3 B 

 



48 

Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H1110x_XF SKS EQ043222109 30.1 85.6 29 16.5 0.7 0.3 104.9 -
20.1 

-178.7 622.6 B 

H1110x_XF SKS EQ051401240 30.1 85.6 32 7.5 0.9 0.3 110.1 -

24.5 

178.8 565.3 B 

H1120x_XF SKKS EQ042511153 30.1 85.4 45 16.0 0.7 0.3 266.4 -

28.6 

-65.8 22.3 B 

H1120x_XF SKKS EQ043170636 30.1 85.4 58 11.5 0.6 0.2 269.4 -
26.7 

-63.3 568.7 B 

H1140x_XF SKKS EQ042411341 30.3 85.3 30 16.5 0.7 0.3 250.2 -

35.2 

-70.5 5.0 B 

H1140x_XF SKKS EQ042471904 30.3 85.3 33 10.0 1.3 0.4 97.9 -

15.3 

-173.3 10.0 B 

H1150x_XF PKS EQ043250807 30.4 85.3 -6 2.0 1.8 0.3 344.1 9.6 -84.2 16.0 B 

H1150x_XF SKKS EQ042400043 30.4 85.3 70 11.0 1.3 0.5 272.0 -

27.4 

-70.8 30.0 B 

H1150x_XF SKS EQ042472318 30.4 85.3 27 13.5 1.0 0.3 97.7 -

15.0 

-173.5 10.0 B 

H1150x_XF SKS EQ042872030 30.4 85.3 75 3.0 2.0 0.2 102.6 -
17.6 

-178.9 566.3 B 

H1150x_XF SKS EQ043071002 30.4 85.3 51 12.5 1.3 0.4 21.6 49.3 -128.8 10.0 B 

H1150x_XF SKS EQ043261107 30.4 85.3 24 4.0 1.4 0.3 98.7 -

15.4 

-174.9 256.1 B 

H1160x_XF PKS EQ041810701 30.4 85.3 2 4.5 1.2 0.3 348.6 10.7 -87.0 9.0 A 

H1160x_XF PKS EQ043250807 30.4 85.3 -1 2.0 1.2 0.2 344.1 9.6 -84.2 16.0 A 

H1160x_XF PKS EQ043252201 30.4 85.3 5 17.0 0.9 0.4 353.5 13.4 -90.1 40.6 A 

H1160x_XF SKKS EQ042400043 30.4 85.3 71 5.0 1.6 0.3 272.2 -

27.4 

-70.8 30.0 B 

H1160x_XF SKKS EQ042411341 30.4 85.3 38 19.5 0.7 0.3 250.5 -

35.2 

-70.5 5.0 B 

H1160x_XF SKKS EQ043170636 30.4 85.3 28 15.0 0.7 0.3 269.9 -

26.7 

-63.3 568.7 A 

H1160x_XF SKS EQ041970427 30.4 85.3 30 3.5 1.8 0.3 102.4 -
17.6 

-178.6 560.0 B 

H1160x_XF SKS EQ042010801 30.4 85.3 75 11.5 0.7 0.2 20.4 49.6 -127.0 23.7 A 

H1160x_XF SKS EQ042831544 30.4 85.3 36 19.5 1.2 0.7 97.7 -

15.2 

-173.3 10.0 A 

H1160x_XF SKS EQ042872030 30.4 85.3 75 4.0 1.7 0.3 102.5 -
17.6 

-178.9 566.3 A 

H1160x_XF SKS EQ043071002 30.4 85.3 69 13.5 1.0 0.3 21.6 49.3 -128.8 10.0 A 

H1160x_XF SKS EQ043222109 30.4 85.3 29 5.5 1.5 0.4 104.7 -

20.1 

-178.7 622.6 B 

H1160x_XF SKS EQ043282104 30.4 85.3 30 3.0 1.5 0.3 109.6 -
24.3 

179.0 532.3 B 

H1160x_XF SKS EQ050391448 30.4 85.3 28 3.0 1.6 0.3 106.2 -

14.3 

167.3 206.3 B 

H1160x_XF SKS EQ050580454 30.4 85.3 42 10.0 1.0 0.2 102.5 -

17.7 

-178.6 555.9 B 

H1160x_XF SKS EQ050781502 30.4 85.3 29 4.5 1.3 0.3 103.1 -
20.4 

-174.3 18.0 B 

H1160x_XF SKS EQ050781734 30.4 85.3 28 2.0 1.8 0.3 106.7 -

21.9 

-179.5 598.7 B 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H1160x_XF SKS EQ051011708 30.4 85.3 31 1.5 1.8 0.2 111.2 -
22.0 

170.6 68.0 B 

H1170x_XF SKKS EQ041970427 30.5 85.2 30 16.5 1.2 0.7 102.4 -

17.6 

-178.6 560.0 A 

H1170x_XF SKKS EQ042010801 30.5 85.2 74 8.5 0.7 0.2 20.4 49.6 -127.0 23.7 B 

H1170x_XF SKS EQ041970427 30.5 85.2 39 8.0 1.5 0.4 102.4 -
17.6 

-178.6 560.0 B 

H1170x_XF SKS EQ043071002 30.5 85.2 72 16.0 0.7 0.3 21.6 49.3 -128.8 10.0 A 

H1170x_XF SKS EQ043282104 30.5 85.2 37 1.5 1.4 0.1 109.5 -

24.3 

179.0 532.3 B 

H1180x_XF SKS EQ041970427 30.6 85.2 46 12.5 1.2 0.4 102.4 -
17.6 

-178.6 560.0 B 

H1180x_XF SKS EQ042010801 30.6 85.2 88 6.0 1.2 0.2 20.3 49.6 -127.0 23.7 B 

H1180x_XF SKS EQ042482024 30.6 85.2 32 8.0 1.4 0.3 97.3 -

14.8 

-173.2 10.0 A 

H1180x_XF SKS EQ043222109 30.6 85.2 48 10.5 0.8 0.2 104.6 -
20.1 

-178.7 622.6 B 

H1180x_XF SKS EQ043520713 30.6 85.2 44 4.5 1.1 0.2 106.6 -

21.9 

-179.3 593.3 A 

H1180x_XF SKS EQ043542013 30.6 85.2 50 14.5 0.8 0.2 102.9 -

18.1 

-178.9 563.8 B 

H1180x_XF SKS EQ043550739 30.6 85.2 35 7.5 0.9 0.2 98.9 -
15.9 

-174.6 227.8 B 

H1180x_XF SKS EQ043591339 30.6 85.2 43 7.0 1.1 0.2 104.9 -

20.4 

-178.7 614.5 B 

H1190x_XF SKKS EQ043282104 30.7 85.1 39 2.5 1.4 0.2 109.5 -

24.3 

179.0 532.3 A 

H1190x_XF SKS EQ043222109 30.7 85.1 48 12.0 0.7 0.2 104.6 -

20.1 

-178.7 622.6 B 

H1190x_XF SKS EQ043261107 30.7 85.1 34 10.0 0.9 0.2 98.6 -

15.4 

-174.9 256.1 A 

H1190x_XF SKS EQ043282104 30.7 85.1 43 2.0 1.0 0.1 109.5 -

24.3 

179.0 532.3 A 

H1190x_XF SKS EQ043520713 30.7 85.1 49 5.0 0.9 0.1 106.5 -
21.9 

-179.3 593.3 B 

H1190x_XF SKS EQ043591339 30.7 85.1 47 14.0 1.1 0.5 104.8 -

20.4 

-178.7 614.5 B 

H1190x_XF SKS EQ050182120 30.7 85.1 41 14.5 1.0 0.4 108.2 -

22.9 

179.0 588.9 B 

H1190x_XF SKS EQ050391448 30.7 85.1 33 3.5 1.2 0.2 106.2 -
14.3 

167.3 206.3 B 

H1190x_XF SKS EQ051401240 30.7 85.1 45 5.0 1.1 0.2 109.7 -

24.5 

178.8 565.3 B 

H1190x_XF SKS EQ052372309 30.7 85.1 43 4.0 1.1 0.2 108.4 -

23.7 

-180.0 530.7 B 

H1200x_XF SKS EQ041740904 30.7 85.1 31 2.0 1.4 0.2 103.8 -
10.9 

166.3 152.8 B 

H1200x_XF SKS EQ042472318 30.7 85.1 31 9.5 1.3 0.4 97.5 -

15.0 

-173.5 10.0 B 

H1200x_XF SKS EQ043222109 30.7 85.1 44 6.0 1.0 0.2 104.6 -

20.1 

-178.7 622.6 B 

H1200x_XF SKS EQ043261107 30.7 85.1 39 9.0 0.9 0.2 98.5 -
15.4 

-174.9 256.1 A 

H1200x_XF SKS EQ043282104 30.7 85.1 45 6.0 1.2 0.2 109.4 -

24.3 

179.0 532.3 B 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H1200x_XF SKS EQ043520713 30.7 85.1 48 6.0 1.1 0.2 106.5 -
21.9 

-179.3 593.3 B 

H1200x_XF SKS EQ043550739 30.7 85.1 29 13.0 0.9 0.3 98.8 -

15.9 

-174.6 227.8 B 

H1200x_XF SKS EQ050182120 30.7 85.1 44 5.5 1.0 0.2 108.1 -

22.9 

179.0 588.9 B 

H1200x_XF SKS EQ050781734 30.7 85.1 43 5.0 1.1 0.2 106.6 -
21.9 

-179.5 598.7 A 

H1200x_XF SKS EQ051401240 30.7 85.1 48 5.5 1.1 0.2 109.7 -

24.5 

178.8 565.3 B 

H1210x_XF SKKS EQ042020340 30.8 85.1 48 9.5 0.9 0.2 110.3 -

20.3 

169.4 37.0 B 

H1210x_XF SKKS EQ042411341 30.8 85.1 48 10.0 0.8 0.2 251.4 -
35.2 

-70.5 5.0 B 

H1210x_XF SKKS EQ043542013 30.8 85.1 29 5.5 1.3 0.3 102.8 -

18.1 

-178.9 563.8 B 

H1210x_XF SKS EQ041970427 30.8 85.1 46 13.5 0.7 0.2 102.3 -

17.6 

-178.6 560.0 A 

H1210x_XF SKS EQ042521100 30.8 85.1 45 15.0 0.9 0.3 97.6 -
15.2 

-173.4 12.7 B 

H1210x_XF SKS EQ043222109 30.8 85.1 54 7.5 0.8 0.1 104.5 -

20.1 

-178.7 622.6 B 

H1210x_XF SKS EQ043231227 30.8 85.1 55 16.0 0.8 0.3 105.6 -

21.1 

-179.1 625.4 B 

H1210x_XF SKS EQ043261107 30.8 85.1 42 10.0 0.7 0.2 98.5 -
15.4 

-174.9 256.1 A 

H1210x_XF SKS EQ043450053 30.8 85.1 46 7.5 1.1 0.3 109.3 -

18.9 

169.0 137.5 B 

H1210x_XF SKS EQ043542013 30.8 85.1 46 13.0 0.9 0.3 102.8 -

18.1 

-178.9 563.8 B 

H1210x_XF SKS EQ050182120 30.8 85.1 53 10.0 0.8 0.2 108.1 -

22.9 

179.0 588.9 B 

H1210x_XF SKS EQ050391448 30.8 85.1 40 3.0 1.1 0.1 106.1 -

14.3 

167.3 206.3 B 

H1210x_XF SKS EQ050580454 30.8 85.1 53 10.0 0.8 0.2 102.3 -

17.7 

-178.6 555.9 B 

H1210x_XF SKS EQ051341002 30.8 85.1 58 11.5 0.8 0.2 106.0 -
22.7 

-176.7 119.2 A 

H1210x_XF SKS EQ051401240 30.8 85.1 55 4.5 0.8 0.1 109.7 -

24.5 

178.8 565.3 A 

H1210x_XF SKS EQ051660250 30.8 85.1 75 9.0 1.0 0.2 23.5 41.3 -126.0 16.0 A 

H1210x_XF SKS EQ052372309 30.8 85.1 58 5.0 0.8 0.1 108.4 -
23.7 

-180.0 530.7 B 

H1220x_XF PKS EQ051321115 30.9 85.1 71 10.0 1.1 0.4 144.2 -

57.4 

-139.2 10.0 B 

H1220x_XF SKKS EQ043170636 30.9 85.1 67 17.5 0.8 0.4 270.5 -

26.7 

-63.3 568.7 B 

H1220x_XF SKKS EQ043282104 30.9 85.1 47 3.5 1.2 0.2 109.4 -
24.3 

179.0 532.3 A 

H1220x_XF SKS EQ041740904 30.9 85.1 46 10.0 0.9 0.2 103.8 -

10.9 

166.3 152.8 B 

H1220x_XF SKS EQ041970427 30.9 85.1 64 13.5 0.8 0.2 102.2 -

17.6 

-178.6 560.0 A 

H1220x_XF SKS EQ042872030 30.9 85.1 66 7.0 1.2 0.2 102.3 -
17.6 

-178.9 566.3 B 

H1220x_XF SKS EQ043101731 30.9 85.1 63 10.5 1.0 0.2 109.0 -

18.6 

169.0 186.7 B 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H1220x_XF SKS EQ043222109 30.9 85.1 68 7.5 0.9 0.2 104.5 -
20.1 

-178.7 622.6 B 

H1220x_XF SKS EQ043282104 30.9 85.1 68 5.0 0.9 0.1 109.4 -

24.3 

179.0 532.3 A 

H1220x_XF SKS EQ051401240 30.9 85.1 72 5.0 1.0 0.1 109.7 -

24.5 

178.8 565.3 A 

H1220x_XF SKS EQ051660250 30.9 85.1 74 11.5 1.3 0.3 23.5 41.3 -126.0 16.0 B 

H1230x_XF PKS EQ051321115 30.9 85.1 84 11.0 1.3 0.3 144.2 -

57.4 

-139.2 10.0 B 

H1230x_XF SKKS EQ042020340 30.9 85.1 50 7.5 1.4 0.3 110.3 -

20.3 

169.4 37.0 B 

H1230x_XF SKKS EQ043282104 30.9 85.1 55 3.5 1.5 0.2 109.4 -
24.3 

179.0 532.3 A 

H1230x_XF SKKS EQ043520713 30.9 85.1 62 12.5 0.8 0.2 106.4 -

21.9 

-179.3 593.3 B 

H1230x_XF SKKS EQ050781734 30.9 85.1 51 7.5 1.0 0.2 106.5 -

21.9 

-179.5 598.7 A 

H1230x_XF SKKS EQ051922306 30.9 85.1 62 17.0 1.1 0.4 109.9 -
27.0 

-176.3 10.0 B 

H1230x_XF SKS EQ041970427 30.9 85.1 67 6.0 1.0 0.2 102.2 -

17.6 

-178.6 560.0 A 

H1230x_XF SKS EQ042872030 30.9 85.1 67 5.0 1.5 0.2 102.3 -

17.6 

-178.9 566.3 B 

H1230x_XF SKS EQ043071002 30.9 85.1 89 12.0 1.1 0.3 21.5 49.3 -128.8 10.0 B 

H1230x_XF SKS EQ043101731 30.9 85.1 60 3.5 1.3 0.1 109.0 -

18.6 

169.0 186.7 B 

H1230x_XF SKS EQ043180024 30.9 85.1 53 5.5 0.8 0.1 104.1 -

10.3 

164.7 10.0 B 

H1230x_XF SKS EQ043261107 30.9 85.1 67 4.5 1.1 0.2 98.5 -

15.4 

-174.9 256.1 A 

H1230x_XF SKS EQ043282104 30.9 85.1 68 3.5 1.1 0.1 109.4 -

24.3 

179.0 532.3 A 

H1230x_XF SKS EQ043450053 30.9 85.1 72 3.5 1.1 0.1 109.2 -

18.9 

169.0 137.5 B 

H1230x_XF SKS EQ043520713 30.9 85.1 72 4.0 1.1 0.1 106.4 -
21.9 

-179.3 593.3 B 

H1230x_XF SKS EQ043542013 30.9 85.1 68 6.5 1.1 0.2 102.8 -

18.1 

-178.9 563.8 B 

H1230x_XF SKS EQ043550739 30.9 85.1 67 4.5 1.0 0.1 98.8 -

15.9 

-174.6 227.8 B 

H1230x_XF SKS EQ043591339 30.9 85.1 66 8.0 0.9 0.2 104.7 -
20.4 

-178.7 614.5 B 

H1230x_XF SKS EQ050160825 30.9 85.1 77 5.5 1.2 0.2 108.5 -

25.5 

-176.3 16.0 A 

H1230x_XF SKS EQ050182120 30.9 85.1 74 10.5 1.2 0.4 108.1 -

22.9 

179.0 588.9 B 

H1230x_XF SKS EQ050391448 30.9 85.1 62 2.5 1.1 0.1 106.1 -
14.3 

167.3 206.3 B 

H1230x_XF SKS EQ050580454 30.9 85.1 70 3.0 1.0 0.1 102.3 -

17.7 

-178.6 555.9 B 

H1230x_XF SKS EQ050750341 30.9 85.1 73 6.5 1.1 0.2 109.0 -

24.4 

179.9 507.1 B 

H1230x_XF SKS EQ050781734 30.9 85.1 68 2.5 1.2 0.1 106.5 -
21.9 

-179.5 598.7 A 

H1230x_XF SKS EQ051011708 30.9 85.1 61 6.0 1.1 0.2 111.1 -

22.0 

170.6 68.0 B 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H1230x_XF SKS EQ051042209 30.9 85.1 67 7.5 1.3 0.2 110.9 -
22.2 

171.4 123.5 B 

H1230x_XF SKS EQ051341002 30.9 85.1 69 18.0 0.9 0.4 106.0 -

22.7 

-176.7 119.2 B 

H1230x_XF SKS EQ052040104 30.9 85.1 67 9.5 1.1 0.2 106.8 -

15.2 

167.6 125.7 B 

H1230x_XF SKS EQ052180956 30.9 85.1 62 15.5 1.0 0.3 102.8 -
19.6 

-175.9 205.4 B 

H1230x_XF SKS EQ052210526 30.9 85.1 53 14.0 1.1 0.4 108.7 -

20.9 

173.8 23.6 B 

H1230x_XF SKS EQ052230908 30.9 85.1 61 5.0 1.3 0.2 112.2 -

22.7 

169.5 10.0 B 

H1230x_XF SKS EQ052372309 30.9 85.1 70 2.5 1.1 0.1 108.3 -
23.7 

-180.0 530.7 B 

H1240x_XF SKKS EQ043520713 31.0 85.1 54 11.0 0.7 0.2 106.4 -

21.9 

-179.3 593.3 B 

H1240x_XF SKKS EQ050781734 31.0 85.1 51 3.5 0.9 0.1 106.5 -

21.9 

-179.5 598.7 A 

H1240x_XF SKS EQ041740904 31.0 85.1 66 6.0 1.0 0.2 103.8 -
10.9 

166.3 152.8 B 

H1240x_XF SKS EQ041742139 31.0 85.1 73 6.5 1.4 0.3 102.2 -

19.1 

-175.7 231.0 B 

H1240x_XF SKS EQ041970427 31.0 85.1 73 7.5 1.1 0.2 102.2 -

17.6 

-178.6 560.0 A 

H1240x_XF SKS EQ043101731 31.0 85.1 67 4.0 1.2 0.1 109.0 -
18.6 

169.0 186.7 B 

H1240x_XF SKS EQ043450053 31.0 85.1 74 6.5 1.1 0.2 109.2 -

18.9 

169.0 137.5 B 

H1240x_XF SKS EQ043520713 31.0 85.1 75 8.0 1.0 0.2 106.4 -

21.9 

-179.3 593.3 B 

H1240x_XF SKS EQ043591339 31.0 85.1 72 10.0 0.9 0.2 104.7 -

20.4 

-178.7 614.5 B 

H1240x_XF SKS EQ050391448 31.0 85.1 63 2.5 1.0 0.1 106.2 -

14.3 

167.3 206.3 A 

H1240x_XF SKS EQ050781734 31.0 85.1 74 2.0 1.0 0.1 106.5 -

21.9 

-179.5 598.7 A 

H1240x_XF SKS EQ051401240 31.0 85.1 72 2.5 1.1 0.1 109.6 -
24.5 

178.8 565.3 B 

H1250x_XF SKKS EQ041970427 31.1 85.0 61 10.5 1.1 0.2 102.2 -

17.6 

-178.6 560.0 B 

H1250x_XF SKKS EQ043520713 31.1 85.0 72 8.0 0.6 0.2 106.3 -

21.9 

-179.3 593.3 B 

H1250x_XF SKKS EQ050781734 31.1 85.0 75 16.0 0.6 0.2 106.4 -
21.9 

-179.5 598.7 A 

H1250x_XF SKKS EQ051401240 31.1 85.0 72 12.5 0.9 0.3 109.6 -

24.5 

178.8 565.3 B 

H1250x_XF SKS EQ041601054 31.1 85.0 75 8.5 0.9 0.2 106.8 -

15.2 

167.5 115.7 B 

H1250x_XF SKS EQ041740904 31.1 85.0 74 4.0 0.8 0.1 103.8 -
10.9 

166.3 152.8 A 

H1250x_XF SKS EQ041970427 31.1 85.0 87 2.5 1.7 0.3 102.2 -

17.6 

-178.6 560.0 B 

H1250x_XF SKS EQ042251559 31.1 85.0 71 7.0 0.7 0.2 104.4 -

11.9 

166.7 205.7 B 

H1250x_XF SKS EQ043101731 31.1 85.0 75 7.0 0.9 0.2 108.9 -
18.6 

169.0 186.7 A 

H1250x_XF SKS EQ043222109 31.1 85.0 86 11.0 0.9 0.3 104.4 -

20.1 

-178.7 622.6 B 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H1250x_XF SKS EQ043261107 31.1 85.0 83 11.5 1.0 0.4 98.4 -
15.4 

-174.9 256.1 B 

H1250x_XF SKS EQ043261141 31.1 85.0 75 4.0 1.7 0.3 320.6 15.7 -61.7 14.0 B 

H1250x_XF SKS EQ043282104 31.1 85.0 82 4.0 1.0 0.1 109.3 -

24.3 

179.0 532.3 A 

H1250x_XF SKS EQ043450053 31.1 85.0 72 4.0 0.9 0.1 109.2 -
18.9 

169.0 137.5 B 

H1250x_XF SKS EQ043520713 31.1 85.0 85 5.0 0.9 0.2 106.3 -

21.9 

-179.3 593.3 B 

H1250x_XF SKS EQ050182120 31.1 85.0 79 10.0 0.8 0.2 108.0 -

22.9 

179.0 588.9 B 

H1250x_XF SKS EQ050391448 31.1 85.0 73 3.0 0.8 0.1 106.1 -
14.3 

167.3 206.3 A 

H1250x_XF SKS EQ050580454 31.1 85.0 76 11.5 0.8 0.2 102.2 -

17.7 

-178.6 555.9 B 

H1250x_XF SKS EQ050781734 31.1 85.0 85 5.0 1.0 0.2 106.4 -

21.9 

-179.5 598.7 A 

H1250x_XF SKS EQ050981138 31.1 85.0 70 9.5 0.9 0.2 112.7 -
23.1 

169.3 10.0 B 

H1250x_XF SKS EQ051011708 31.1 85.0 73 8.5 1.0 0.2 111.0 -

22.0 

170.6 68.0 B 

H1250x_XF SKS EQ051401240 31.1 85.0 80 4.0 0.9 0.1 109.6 -

24.5 

178.8 565.3 A 

H1250x_XF SKS EQ052230908 31.1 85.0 75 5.0 1.0 0.1 112.2 -
22.7 

169.5 10.0 A 

H1260x_XF SKKS EQ043282104 31.2 85.0 64 15.5 0.7 0.2 109.3 -

24.3 

179.0 532.3 B 

H1260x_XF SKKS EQ051580422 31.2 85.0 73 4.5 1.3 0.2 113.4 -

29.5 

-179.1 318.3 B 

H1260x_XF SKS EQ042851814 31.2 85.0 66 14.0 0.9 0.2 108.3 -

17.2 

167.8 25.0 A 

H1260x_XF SKS EQ043101731 31.2 85.0 63 12.0 1.1 0.3 108.9 -

18.6 

169.0 186.7 A 

H1260x_XF SKS EQ043231227 31.2 85.0 82 4.5 1.3 0.2 105.4 -

21.1 

-179.1 625.4 B 

H1260x_XF SKS EQ043282104 31.2 85.0 78 5.0 0.9 0.1 109.3 -
24.3 

179.0 532.3 A 

H1260x_XF SKS EQ043450053 31.2 85.0 67 10.0 1.1 0.3 109.2 -

18.9 

169.0 137.5 B 

H1260x_XF SKS EQ043520713 31.2 85.0 80 12.5 0.8 0.2 106.3 -

21.9 

-179.3 593.3 B 

H1260x_XF SKS EQ050391448 31.2 85.0 73 4.5 0.9 0.1 106.1 -
14.3 

167.3 206.3 A 

H1260x_XF SKS EQ050411653 31.2 85.0 59 6.0 1.2 0.2 112.7 -

23.1 

169.2 9.0 A 

H1260x_XF SKS EQ050580454 31.2 85.0 81 2.0 1.5 0.2 102.2 -

17.7 

-178.6 555.9 B 

H1260x_XF SKS EQ050781734 31.2 85.0 80 4.0 1.0 0.1 106.4 -
21.9 

-179.5 598.7 B 

H1260x_XF SKS EQ050981138 31.2 85.0 65 9.0 1.1 0.2 112.7 -

23.1 

169.3 10.0 B 

H1260x_XF SKS EQ051011708 31.2 85.0 68 6.0 1.0 0.1 111.0 -

22.0 

170.6 68.0 B 

H1260x_XF SKS EQ051042209 31.2 85.0 49 7.0 1.3 0.3 110.8 -
22.2 

171.4 123.5 B 

H1260x_XF SKS EQ051401240 31.2 85.0 79 10.5 0.9 0.3 109.6 -

24.5 

178.8 565.3 B 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H1260x_XF SKS EQ052230908 31.2 85.0 69 6.5 1.1 0.2 112.2 -
22.7 

169.5 10.0 B 

H1270x_XF SKKS EQ043282104 31.2 85.1 71 13.5 0.6 0.2 109.3 -

24.3 

179.0 532.3 A 

H1270x_XF SKKS EQ043520713 31.2 85.1 80 5.5 0.9 0.2 106.3 -

21.9 

-179.3 593.3 B 

H1270x_XF SKKS EQ050781734 31.2 85.1 77 9.0 0.8 0.2 106.4 -
21.9 

-179.5 598.7 A 

H1270x_XF SKKS EQ051580422 31.2 85.1 63 7.0 0.9 0.2 113.4 -

29.5 

-179.1 318.3 B 

H1270x_XF SKS EQ041740904 31.2 85.1 81 7.0 0.7 0.2 103.8 -

10.9 

166.3 152.8 B 

H1270x_XF SKS EQ042251559 31.2 85.1 71 8.5 0.8 0.2 104.4 -
11.9 

166.7 205.7 B 

H1270x_XF SKS EQ042851814 31.2 85.1 58 3.5 1.0 0.1 108.4 -

17.2 

167.8 25.0 B 

H1270x_XF SKS EQ043101731 31.2 85.1 65 8.0 1.0 0.2 108.9 -

18.6 

169.0 186.7 B 

H1270x_XF SKS EQ043282104 31.2 85.1 81 3.5 1.0 0.1 109.3 -
24.3 

179.0 532.3 A 

H1270x_XF SKS EQ043450053 31.2 85.1 60 13.5 0.8 0.2 109.2 -

18.9 

169.0 137.5 B 

H1270x_XF SKS EQ043520713 31.2 85.1 87 14.5 0.8 0.3 106.3 -

21.9 

-179.3 593.3 B 

H1270x_XF SKS EQ050182120 31.2 85.1 79 10.5 1.0 0.2 108.0 -
22.9 

179.0 588.9 B 

H1270x_XF SKS EQ050391448 31.2 85.1 72 6.0 0.8 0.1 106.1 -

14.3 

167.3 206.3 A 

H1270x_XF SKS EQ050781734 31.2 85.1 79 3.0 0.9 0.1 106.4 -

21.9 

-179.5 598.7 A 

H1270x_XF SKS EQ050981138 31.2 85.1 69 9.5 0.9 0.2 112.7 -

23.1 

169.3 10.0 B 

H1270x_XF SKS EQ051011708 31.2 85.1 72 4.5 1.0 0.1 111.0 -

22.0 

170.6 68.0 B 

H1270x_XF SKS EQ051401240 31.2 85.1 80 5.0 0.9 0.1 109.6 -

24.5 

178.8 565.3 A 

H1270x_XF SKS EQ052230908 31.2 85.1 78 4.0 1.1 0.1 112.2 -
22.7 

169.5 10.0 A 

H1280x_XF SKKS EQ043282104 31.3 85.1 57 14.0 0.9 0.3 109.3 -

24.3 

179.0 532.3 B 

H1280x_XF SKS EQ043222109 31.3 85.1 -84 1.5 1.6 0.3 104.4 -

20.1 

-178.7 622.6 B 

H1280x_XF SKS EQ043282104 31.3 85.1 85 15.0 0.8 0.3 109.3 -
24.3 

179.0 532.3 B 

H1280x_XF SKS EQ050781734 31.3 85.1 -84 1.0 1.5 0.2 106.4 -

21.9 

-179.5 598.7 A 

H1280x_XF SKS EQ050981138 31.3 85.1 -81 1.5 1.6 0.2 112.7 -

23.1 

169.3 10.0 B 

H1280x_XF SKS EQ051042209 31.3 85.1 81 14.5 1.1 0.5 110.9 -
22.2 

171.4 123.5 B 

H1280x_XF SKS EQ052180956 31.3 85.1 -85 2.0 1.5 0.3 102.7 -

19.6 

-175.9 205.4 B 

H1290x_XF SKKS EQ041970427 31.4 85.1 26 5.0 1.5 0.5 102.1 -

17.6 

-178.6 560.0 A 

H1290x_XF SKS EQ041740904 31.4 85.1 52 16.5 0.6 0.2 103.8 -
10.9 

166.3 152.8 B 

H1300x_XF SKKS EQ041970427 31.5 85.2 73 13.0 0.8 0.3 102.1 -

17.6 

-178.6 560.0 A 

 



55 

Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H1300x_XF SKKS EQ042020340 31.5 85.2 53 15.5 0.9 0.3 110.2 -
20.3 

169.4 37.0 B 

H1300x_XF SKKS EQ042552152 31.5 85.2 72 17.5 0.6 0.3 218.6 -

58.0 

-25.3 63.9 A 

H1300x_XF SKKS EQ043282104 31.5 85.2 68 10.5 1.0 0.3 109.3 -

24.3 

179.0 532.3 A 

H1300x_XF SKS EQ041740904 31.5 85.2 82 4.5 0.8 0.1 103.9 -
10.9 

166.3 152.8 A 

H1300x_XF SKS EQ041970427 31.5 85.2 82 8.5 1.3 0.5 102.1 -

17.6 

-178.6 560.0 B 

H1300x_XF SKS EQ043261107 31.5 85.2 83 6.5 1.1 0.3 98.3 -

15.4 

-174.9 256.1 B 

H1300x_XF SKS EQ043282104 31.5 85.2 80 4.0 1.1 0.1 109.3 -
24.3 

179.0 532.3 A 

H1300x_XF SKS EQ043520713 31.5 85.2 82 4.5 0.9 0.2 106.3 -

21.9 

-179.3 593.3 A 

H1300x_XF SKS EQ050182120 31.5 85.2 83 5.0 1.1 0.2 108.0 -

22.9 

179.0 588.9 B 

H1300x_XF SKS EQ050391448 31.5 85.2 69 8.0 0.7 0.2 106.2 -
14.3 

167.3 206.3 A 

H1300x_XF SKS EQ050411653 31.5 85.2 77 14.5 0.9 0.3 112.7 -

23.1 

169.2 9.0 B 

H1300x_XF SKS EQ050781734 31.5 85.2 84 3.0 1.1 0.1 106.4 -

21.9 

-179.5 598.7 A 

H1300x_XF SKS EQ050981138 31.5 85.2 71 10.0 1.1 0.2 112.7 -
23.1 

169.3 10.0 B 

H1310x_XF PKS EQ051321115 31.5 85.2 80 8.0 1.0 0.3 143.7 -

57.4 

-139.2 10.0 B 

H1310x_XF SKKS EQ041970427 31.5 85.2 71 15.0 0.6 0.3 102.1 -

17.6 

-178.6 560.0 B 

H1310x_XF SKKS EQ042552152 31.5 85.2 79 19.0 0.6 0.3 218.6 -

58.0 

-25.3 63.9 B 

H1310x_XF SKKS EQ043282104 31.5 85.2 68 16.0 0.8 0.3 109.2 -

24.3 

179.0 532.3 A 

H1310x_XF SKKS EQ050781734 31.5 85.2 75 12.5 0.8 0.2 106.4 -

21.9 

-179.5 598.7 A 

H1310x_XF SKS EQ041740904 31.5 85.2 63 10.5 0.7 0.2 103.9 -
10.9 

166.3 152.8 B 

H1310x_XF SKS EQ042721529 31.5 85.2 60 10.5 0.6 0.1 211.2 -

52.5 

28.0 10.0 A 

H1310x_XF SKS EQ043101731 31.5 85.2 53 7.5 0.8 0.1 109.0 -

18.6 

169.0 186.7 A 

H1310x_XF SKS EQ043231227 31.5 85.2 75 6.5 1.2 0.2 105.4 -
21.1 

-179.1 625.4 B 

H1310x_XF SKS EQ043261107 31.5 85.2 72 19.5 0.6 0.3 98.3 -

15.4 

-174.9 256.1 B 

H1310x_XF SKS EQ043282104 31.5 85.2 75 9.5 0.9 0.2 109.2 -

24.3 

179.0 532.3 A 

H1310x_XF SKS EQ043520713 31.5 85.2 76 7.5 0.8 0.2 106.3 -
21.9 

-179.3 593.3 A 

H1310x_XF SKS EQ043591339 31.5 85.2 76 14.5 0.7 0.2 104.6 -

20.4 

-178.7 614.5 B 

H1310x_XF SKS EQ050182120 31.5 85.2 73 15.0 0.8 0.3 108.0 -

22.9 

179.0 588.9 B 

H1310x_XF SKS EQ050391448 31.5 85.2 64 5.5 0.7 0.1 106.2 -
14.3 

167.3 206.3 B 

H1310x_XF SKS EQ050781734 31.5 85.2 73 10.0 0.8 0.2 106.4 -

21.9 

-179.5 598.7 A 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H1310x_XF SKS EQ050981138 31.5 85.2 67 14.0 1.0 0.3 112.7 -
23.1 

169.3 10.0 B 

H1310x_XF SKS EQ051011708 31.5 85.2 58 3.0 0.9 0.1 111.1 -

22.0 

170.6 68.0 A 

H1310x_XF SKS EQ051042209 31.5 85.2 64 8.5 0.8 0.2 110.9 -

22.2 

171.4 123.5 B 

H1310x_XF SKS EQ052180956 31.5 85.2 69 5.0 0.9 0.1 102.6 -
19.6 

-175.9 205.4 B 

H1310x_XF SKS EQ052230908 31.5 85.2 61 14.0 0.7 0.2 112.2 -

22.7 

169.5 10.0 A 

H1320x_XF SKKS EQ043542013 31.6 85.2 38 11.5 0.7 0.2 102.6 -

18.1 

-178.9 563.8 B 

H1320x_XF SKKS EQ050781734 31.6 85.2 60 19.0 0.5 0.4 106.4 -
21.9 

-179.5 598.7 B 

H1320x_XF SKS EQ042251559 31.6 85.2 51 14.5 0.6 0.2 104.5 -

11.9 

166.7 205.7 B 

H1320x_XF SKS EQ043101731 31.6 85.2 59 11.5 0.7 0.1 109.0 -

18.6 

169.0 186.7 A 

H1320x_XF SKS EQ043222109 31.6 85.2 54 14.0 0.6 0.2 104.4 -
20.1 

-178.7 622.6 A 

H1320x_XF SKS EQ043231227 31.6 85.2 70 15.0 0.7 0.2 105.4 -

21.1 

-179.1 625.4 B 

H1320x_XF SKS EQ043282104 31.6 85.2 70 7.0 0.7 0.1 109.2 -

24.3 

179.0 532.3 A 

H1320x_XF SKS EQ043450053 31.6 85.2 61 9.5 0.7 0.2 109.2 -
18.9 

169.0 137.5 B 

H1320x_XF SKS EQ043520713 31.6 85.2 58 9.0 0.5 0.1 106.3 -

21.9 

-179.3 593.3 B 

H1320x_XF SKS EQ043542013 31.6 85.2 62 5.5 0.7 0.1 102.6 -

18.1 

-178.9 563.8 A 

H1320x_XF SKS EQ050182120 31.6 85.2 63 5.5 0.8 0.1 108.0 -

22.9 

179.0 588.9 B 

H1320x_XF SKS EQ050221127 31.6 85.2 66 7.0 1.0 0.2 114.8 -

31.6 

-177.9 23.5 B 

H1320x_XF SKS EQ050391448 31.6 85.2 53 8.0 0.7 0.1 106.2 -

14.3 

167.3 206.3 A 

H1320x_XF SKS EQ050580454 31.6 85.2 57 12.5 0.8 0.2 102.2 -
17.7 

-178.6 555.9 B 

H1320x_XF SKS EQ050781734 31.6 85.2 66 7.5 0.6 0.1 106.4 -

21.9 

-179.5 598.7 A 

H1320x_XF SKS EQ051011708 31.6 85.2 63 6.5 0.8 0.1 111.1 -

22.0 

170.6 68.0 B 

H1320x_XF SKS EQ051341002 31.6 85.2 53 12.0 0.6 0.1 105.8 -
22.7 

-176.7 119.2 A 

H1330x_XF SKKS EQ042552152 31.7 85.2 -65 9.5 0.7 0.3 218.7 -

58.0 

-25.3 63.9 A 

H1330x_XF SKKS EQ043170636 31.7 85.2 60 13.0 0.5 0.1 272.1 -

26.7 

-63.3 568.7 A 

H1330x_XF SKKS EQ043381459 31.7 85.2 85 17.5 1.0 0.5 118.6 -
34.4 

179.3 157.4 B 

H1330x_XF SKKS EQ050391448 31.7 85.2 80 8.0 0.6 0.2 106.2 -

14.3 

167.3 206.3 B 

H1330x_XF SKS EQ041601054 31.7 85.2 69 11.0 0.7 0.2 106.9 -

15.2 

167.5 115.7 B 

H1330x_XF SKS EQ041740904 31.7 85.2 90 7.0 1.1 0.4 103.9 -
10.9 

166.3 152.8 B 

H1330x_XF SKS EQ043101731 31.7 85.2 85 18.0 0.9 0.4 108.9 -

18.6 

169.0 186.7 B 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H1330x_XF SKS EQ043222109 31.7 85.2 85 11.5 1.0 0.3 104.3 -
20.1 

-178.7 622.6 B 

H1330x_XF SKS EQ043282104 31.7 85.2 85 3.0 0.9 0.1 109.2 -

24.3 

179.0 532.3 A 

H1330x_XF SKS EQ043450053 31.7 85.2 78 11.0 1.0 0.3 109.2 -

18.9 

169.0 137.5 B 

H1330x_XF SKS EQ043520713 31.7 85.2 84 2.5 1.0 0.1 106.3 -
21.9 

-179.3 593.3 A 

H1330x_XF SKS EQ043542013 31.7 85.2 78 7.0 0.8 0.2 102.6 -

18.1 

-178.9 563.8 B 

H1330x_XF SKS EQ043591339 31.7 85.2 84 6.5 0.9 0.2 104.6 -

20.4 

-178.7 614.5 B 

H1330x_XF SKS EQ050182120 31.7 85.2 84 4.0 0.9 0.2 107.9 -
22.9 

179.0 588.9 A 

H1330x_XF SKS EQ050391448 31.7 85.2 81 5.5 0.7 0.2 106.2 -

14.3 

167.3 206.3 A 

H1330x_XF SKS EQ050580454 31.7 85.2 81 10.0 1.1 0.4 102.1 -

17.7 

-178.6 555.9 B 

H1330x_XF SKS EQ050781734 31.7 85.2 86 2.5 1.0 0.1 106.4 -
21.9 

-179.5 598.7 A 

H1340x_XF SKKS EQ042020340 31.7 85.1 72 10.5 0.9 0.2 110.2 -

20.3 

169.4 37.0 B 

H1340x_XF SKKS EQ043282104 31.7 85.1 86 7.0 1.3 0.3 109.2 -

24.3 

179.0 532.3 A 

H1340x_XF SKKS EQ051401240 31.7 85.1 85 6.5 1.4 0.3 109.5 -
24.5 

178.8 565.3 B 

H1340x_XF SKS EQ041740904 31.7 85.1 85 11.5 1.1 0.3 103.9 -

10.9 

166.3 152.8 B 

H1340x_XF SKS EQ043231227 31.7 85.1 -89 5.5 1.4 0.4 105.4 -

21.1 

-179.1 625.4 B 

H1340x_XF SKS EQ043261107 31.7 85.1 87 3.5 1.7 0.5 98.3 -

15.4 

-174.9 256.1 B 

H1340x_XF SKS EQ043282104 31.7 85.1 88 5.5 1.2 0.3 109.2 -

24.3 

179.0 532.3 B 

H1340x_XF SKS EQ043450053 31.7 85.1 77 8.5 1.0 0.2 109.2 -

18.9 

169.0 137.5 B 

H1340x_XF SKS EQ050391448 31.7 85.1 83 2.5 1.1 0.1 106.2 -
14.3 

167.3 206.3 B 

H1340x_XF SKS EQ050411653 31.7 85.1 75 13.5 1.0 0.3 112.7 -

23.1 

169.2 9.0 B 

H1340x_XF SKS EQ050580454 31.7 85.1 86 7.5 1.2 0.4 102.1 -

17.7 

-178.6 555.9 B 

H1340x_XF SKS EQ050781734 31.7 85.1 89 3.0 1.4 0.2 106.3 -
21.9 

-179.5 598.7 B 

H1340x_XF SKS EQ051011708 31.7 85.1 82 5.5 1.1 0.2 111.0 -

22.0 

170.6 68.0 A 

H1340x_XF SKS EQ051341002 31.7 85.1 88 4.5 1.2 0.2 105.8 -

22.7 

-176.7 119.2 B 

H1340x_XF SKS EQ051401240 31.7 85.1 -88 5.0 1.2 0.3 109.5 -
24.5 

178.8 565.3 B 

H1340x_XF SKS EQ052210526 31.7 85.1 69 18.0 0.7 0.3 108.6 -

20.9 

173.8 23.6 B 

H1340x_XF SKS EQ052230908 31.7 85.1 77 9.0 0.9 0.2 112.2 -

22.7 

169.5 10.0 B 

H1350x_XF SKS EQ043101731 31.8 85.0 72 13.0 0.7 0.2 108.9 -
18.6 

169.0 186.7 B 

H1350x_XF SKS EQ043282104 31.8 85.0 89 8.5 0.7 0.2 109.1 -

24.3 

179.0 532.3 A 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H1350x_XF SKS EQ043450053 31.8 85.0 76 16.0 0.7 0.3 109.1 -
18.9 

169.0 137.5 B 

H1350x_XF SKS EQ043520713 31.8 85.0 89 12.5 0.7 0.3 106.2 -

21.9 

-179.3 593.3 B 

H1350x_XF SKS EQ050391448 31.8 85.0 88 4.0 1.0 0.2 106.1 -

14.3 

167.3 206.3 A 

H1350x_XF SKS EQ051341002 31.8 85.0 89 17.5 1.1 0.6 105.7 -
22.7 

-176.7 119.2 B 

H1350x_XF SKS EQ052230908 31.8 85.0 76 4.5 1.0 0.1 112.1 -

22.7 

169.5 10.0 B 

H1360x_XF SKS EQ043231227 31.9 85.0 85 9.0 1.0 0.3 105.2 -

21.1 

-179.1 625.4 B 

H1360x_XF SKS EQ043282104 31.9 85.0 -89 2.0 1.2 0.2 109.1 -
24.3 

179.0 532.3 A 

H1360x_XF SKS EQ043450053 31.9 85.0 82 11.5 1.0 0.3 109.1 -

18.9 

169.0 137.5 B 

H1360x_XF SKS EQ043520713 31.9 85.0 -88 2.0 1.4 0.2 106.1 -

21.9 

-179.3 593.3 B 

H1360x_XF SKS EQ050391448 31.9 85.0 88 2.5 1.3 0.2 106.0 -
14.3 

167.3 206.3 B 

H1360x_XF SKS EQ050781734 31.9 85.0 -89 2.0 1.6 0.2 106.2 -

21.9 

-179.5 598.7 B 

H1360x_XF SKS EQ050981138 31.9 85.0 75 14.5 1.0 0.3 112.6 -

23.1 

169.3 10.0 B 

H1360x_XF SKS EQ051011708 31.9 85.0 84 4.0 1.1 0.1 110.9 -
22.0 

170.6 68.0 A 

H1360x_XF SKS EQ051401240 31.9 85.0 89 4.5 1.2 0.2 109.3 -

24.5 

178.8 565.3 B 

H1370x_XF SKKS EQ042552152 32.0 84.9 -66 3.5 1.4 0.3 218.8 -

58.0 

-25.3 63.9 B 

H1370x_XF SKKS EQ050781734 32.0 84.9 87 5.0 1.1 0.2 106.2 -

21.9 

-179.5 598.7 A 

H1370x_XF SKS EQ043101731 32.0 84.9 67 8.5 1.2 0.2 108.8 -

18.6 

169.0 186.7 A 

H1370x_XF SKS EQ043231227 32.0 84.9 -89 3.0 1.7 0.3 105.2 -

21.1 

-179.1 625.4 B 

H1370x_XF SKS EQ043282104 32.0 84.9 -87 3.5 1.4 0.3 109.0 -
24.3 

179.0 532.3 B 

H1370x_XF SKS EQ043450053 32.0 84.9 81 7.0 1.5 0.4 109.1 -

18.9 

169.0 137.5 B 

H1370x_XF SKS EQ043520713 32.0 84.9 82 4.5 1.3 0.3 106.1 -

21.9 

-179.3 593.3 B 

H1370x_XF SKS EQ043550739 32.0 84.9 89 7.0 1.6 0.8 98.4 -
15.9 

-174.6 227.8 B 

H1370x_XF SKS EQ043591339 32.0 84.9 83 8.0 1.0 0.3 104.4 -

20.4 

-178.7 614.5 B 

H1370x_XF SKS EQ050411653 32.0 84.9 -85 6.5 1.5 0.4 112.5 -

23.1 

169.2 9.0 B 

H1370x_XF SKS EQ050781734 32.0 84.9 89 3.0 1.4 0.3 106.2 -
21.9 

-179.5 598.7 B 

H1370x_XF SKS EQ051011708 32.0 84.9 87 6.0 1.1 0.2 110.9 -

22.0 

170.6 68.0 A 

H1380x_XF SKS EQ043282104 32.0 84.8 90 2.5 1.3 0.2 109.0 -

24.3 

179.0 532.3 B 

H1380x_XF SKS EQ043450053 32.0 84.8 79 9.0 1.3 0.3 109.0 -
18.9 

169.0 137.5 B 

H1380x_XF SKS EQ043520713 32.0 84.8 86 2.0 1.2 0.1 106.0 -

21.9 

-179.3 593.3 A 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H1380x_XF SKS EQ043591339 32.0 84.8 86 6.0 1.1 0.3 104.3 -
20.4 

-178.7 614.5 B 

H1380x_XF SKS EQ050391448 32.0 84.8 86 7.0 1.4 0.4 106.0 -

14.3 

167.3 206.3 B 

H1380x_XF SKS EQ051401240 32.0 84.8 87 2.5 1.2 0.1 109.2 -

24.5 

178.8 565.3 B 

H1380x_XF SKS EQ052040104 32.0 84.8 81 8.0 1.1 0.3 106.6 -
15.2 

167.6 125.7 B 

H1380x_XF SKS EQ052210526 32.0 84.8 89 8.0 1.4 0.4 108.4 -

20.9 

173.8 23.6 B 

H1380x_XF SKS EQ052230908 32.0 84.8 77 7.5 1.1 0.2 112.0 -

22.7 

169.5 10.0 B 

H1390x_XF SKS EQ041740904 32.1 84.9 82 7.5 1.5 0.4 103.8 -
10.9 

166.3 152.8 B 

H1400x_XF SKKS EQ043282104 32.1 84.7 -84 3.5 1.6 0.4 108.9 -

24.3 

179.0 532.3 B 

H1400x_XF SKKS EQ051580422 32.1 84.7 88 11.5 0.8 0.3 112.9 -

29.5 

-179.1 318.3 B 

H1400x_XF SKS EQ043101731 32.1 84.7 -87 6.5 1.3 0.4 108.7 -
18.6 

169.0 186.7 B 

H1400x_XF SKS EQ043180024 32.1 84.7 87 9.5 1.3 0.4 104.0 -

10.3 

164.7 10.0 B 

H1400x_XF SKS EQ043282104 32.1 84.7 -81 1.5 1.6 0.2 108.9 -

24.3 

179.0 532.3 B 

H1400x_XF SKS EQ050391448 32.1 84.7 -87 4.0 1.2 0.3 105.9 -
14.3 

167.3 206.3 B 

H1400x_XF SKS EQ050411653 32.1 84.7 -86 11.0 1.0 0.3 112.4 -

23.1 

169.2 9.0 B 

H1400x_XF SKS EQ051011708 32.1 84.7 -87 5.0 1.3 0.3 110.7 -

22.0 

170.6 68.0 B 

H1405x_XF PKS EQ041810701 32.2 84.5 30 18.5 0.4 0.2 347.9 10.7 -87.0 9.0 A 

H1405x_XF SKKS EQ042411341 32.2 84.5 31 10.5 0.9 0.2 255.0 -

35.2 

-70.5 5.0 B 

H1410x_XF SKKS EQ042010801 32.2 84.4 72 18.5 1.1 0.4 19.8 49.6 -127.0 23.7 B 

H1410x_XF SKKS EQ050801223 32.2 84.4 23 11.0 1.6 0.8 276.1 -
25.0 

-63.5 579.1 B 

H1410x_XF SKKS EQ050801243 32.2 84.4 28 2.5 1.8 0.2 276.7 -

24.7 

-63.5 570.1 B 

H1410x_XF SKS EQ043261107 32.2 84.4 33 10.0 1.0 0.3 97.7 -

15.4 

-174.9 256.1 B 

H1410x_XF SKS EQ043450053 32.2 84.4 71 18.5 0.6 0.3 108.8 -
18.9 

169.0 137.5 B 

H1410x_XF SKS EQ043520713 32.2 84.4 63 13.5 0.6 0.2 105.7 -

21.9 

-179.3 593.3 A 

H1410x_XF SKS EQ050182120 32.2 84.4 56 19.5 0.7 0.4 107.4 -

22.9 

179.0 588.9 B 

H1410x_XF SKS EQ050781734 32.2 84.4 55 17.0 0.6 0.2 105.8 -
21.9 

-179.5 598.7 A 

H1410x_XF SKS EQ050981138 32.2 84.4 35 6.5 1.5 0.5 112.2 -

23.1 

169.3 10.0 B 

H1410x_XF SKS EQ051011708 32.2 84.4 75 15.0 0.6 0.2 110.6 -

22.0 

170.6 68.0 B 

H1410x_XF SKS EQ051401240 32.2 84.4 68 8.5 0.6 0.1 109.0 -
24.5 

178.8 565.3 A 

H1415x_XF PKS EQ041810701 32.3 84.2 62 5.0 1.3 0.3 347.5 10.7 -87.0 9.0 B 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H1415x_XF SKKS EQ042010801 32.3 84.2 85 5.5 1.6 0.3 19.7 49.6 -127.0 23.7 B 

H1415x_XF SKS EQ042721529 32.3 84.2 49 9.5 1.1 0.4 210.8 -

52.5 

28.0 10.0 B 

H1415x_XF SKS EQ043071002 32.3 84.2 72 6.0 1.9 0.3 20.9 49.3 -128.8 10.0 B 

H1420x_XF PKS EQ041810701 31.9 83.8 17 6.0 0.7 0.1 346.9 10.7 -87.0 9.0 A 

H1420x_XF SKS EQ042721529 31.9 83.8 -17 14.0 0.5 0.2 210.6 -

52.5 

28.0 10.0 B 

H1421x_XF PKS EQ041810701 32.0 83.9 26 15.0 0.6 0.2 346.9 10.7 -87.0 9.0 A 

H1421x_XF PKS EQ042310903 32.0 83.9 36 18.5 0.7 0.2 358.5 16.4 -94.9 62.9 B 

H1421x_XF PKS EQ043250807 32.0 83.9 17 12.5 0.6 0.1 342.5 9.6 -84.2 16.0 A 

H1422x_XF PKS EQ041662254 32.1 83.9 57 14.5 0.7 0.2 2.3 16.3 -97.8 10.0 B 

H1422x_XF PKS EQ041810701 32.1 83.9 61 5.0 1.0 0.2 347.0 10.7 -87.0 9.0 A 

H1422x_XF SKKS EQ051062241 32.1 83.9 52 15.5 0.8 0.3 294.7 -

17.6 

-69.7 118.7 B 

H1422x_XF SKS EQ042552152 32.1 83.9 63 9.5 0.9 0.2 218.8 -

58.0 

-25.3 63.9 B 

H1422x_XF SKS EQ050580454 32.1 83.9 29 18.0 0.8 0.3 101.4 -
17.7 

-178.6 555.9 B 

H1423x_XF SKKS EQ041810701 32.2 83.9 1 13.5 1.7 0.6 347.1 10.7 -87.0 9.0 B 

H1423x_XF SKS EQ042851814 32.2 83.9 38 9.0 0.8 0.3 107.7 -

17.2 

167.8 25.0 B 

H1423x_XF SKS EQ043101731 32.2 83.9 71 13.0 0.5 0.1 108.3 -

18.6 

169.0 186.7 B 

H1425x_XF PKS EQ043250807 32.3 84.1 -65 12.0 0.5 0.1 342.9 9.6 -84.2 16.0 A 

H1430x_XF SKKS EQ042411341 32.4 84.1 32 12.0 0.8 0.2 255.5 -

35.2 

-70.5 5.0 B 

H1430x_XF SKKS EQ042511153 32.4 84.1 44 8.0 1.4 0.3 270.4 -
28.6 

-65.8 22.3 A 

H1430x_XF SKKS EQ042552152 32.4 84.1 65 8.0 1.1 0.2 219.0 -

58.0 

-25.3 63.9 A 

H1430x_XF SKKS EQ050781734 32.4 84.1 54 10.0 0.8 0.2 105.7 -

21.9 

-179.5 598.7 A 

H1430x_XF SKKS EQ050900146 32.4 84.1 53 18.5 1.2 0.6 104.8 -
18.4 

176.0 10.0 B 

H1430x_XF SKKS EQ051401240 32.4 84.1 65 17.0 1.1 0.4 108.8 -

24.5 

178.8 565.3 B 

H1430x_XF SKKS EQ052260239 32.4 84.1 47 7.0 1.0 0.2 290.9 -

19.8 

-69.0 113.8 B 

H1430x_XF SKS EQ042721529 32.4 84.1 51 3.5 1.3 0.2 210.8 -
52.5 

28.0 10.0 B 

H1430x_XF SKS EQ043101731 32.4 84.1 55 8.5 1.2 0.2 108.4 -

18.6 

169.0 186.7 B 

H1430x_XF SKS EQ043450053 32.4 84.1 58 5.5 1.2 0.2 108.6 -

18.9 

169.0 137.5 B 

H1430x_XF SKS EQ043520713 32.4 84.1 52 8.0 1.1 0.2 105.6 -
21.9 

-179.3 593.3 B 

H1430x_XF SKS EQ043542013 32.4 84.1 51 9.5 1.2 0.3 101.9 -

18.1 

-178.9 563.8 B 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H1430x_XF SKS EQ050391448 32.4 84.1 53 3.5 1.2 0.1 105.6 -
14.3 

167.3 206.3 B 

H1430x_XF SKS EQ050781734 32.4 84.1 52 8.5 1.4 0.3 105.7 -

21.9 

-179.5 598.7 B 

H1430x_XF SKS EQ050981138 32.4 84.1 51 4.5 1.2 0.2 112.1 -

23.1 

169.3 10.0 B 

H1430x_XF SKS EQ051011708 32.4 84.1 50 4.5 1.3 0.2 110.4 -
22.0 

170.6 68.0 B 

H1430x_XF SKS EQ051401240 32.4 84.1 55 3.5 1.4 0.1 108.8 -

24.5 

178.8 565.3 B 

H1430x_XF SKS EQ052180956 32.4 84.1 45 6.0 1.6 0.3 101.9 -

19.6 

-175.9 205.4 B 

H1430x_XF SKS EQ052230908 32.4 84.1 49 8.0 1.1 0.3 111.6 -
22.7 

169.5 10.0 A 

H1440x_XF SKKS EQ042010801 32.5 84.2 86 5.5 1.5 0.3 19.7 49.6 -127.0 23.7 B 

H1440x_XF SKKS EQ051401240 32.5 84.2 57 10.5 1.4 0.3 108.9 -

24.5 

178.8 565.3 B 

H1440x_XF SKKS EQ051531056 32.5 84.2 58 11.5 1.0 0.3 280.6 -
24.2 

-67.0 196.2 B 

H1440x_XF SKKS EQ052260239 32.5 84.2 70 9.5 1.1 0.2 291.2 -

19.8 

-69.0 113.8 B 

H1440x_XF SKS EQ041740904 32.5 84.2 74 18.5 0.7 0.3 103.4 -

10.9 

166.3 152.8 B 

H1440x_XF SKS EQ043450053 32.5 84.2 68 3.0 1.3 0.1 108.7 -
18.9 

169.0 137.5 B 

H1440x_XF SKS EQ043520713 32.5 84.2 64 7.5 1.3 0.3 105.6 -

21.9 

-179.3 593.3 B 

H1440x_XF SKS EQ050391448 32.5 84.2 74 3.0 1.3 0.1 105.7 -

14.3 

167.3 206.3 B 

H1440x_XF SKS EQ050411653 32.5 84.2 61 10.5 1.1 0.2 112.1 -

23.1 

169.2 9.0 A 

H1440x_XF SKS EQ050781734 32.5 84.2 61 3.0 1.2 0.1 105.7 -

21.9 

-179.5 598.7 A 

H1440x_XF SKS EQ050981138 32.5 84.2 56 4.0 1.4 0.2 112.1 -

23.1 

169.3 10.0 B 

H1440x_XF SKS EQ051011708 32.5 84.2 66 6.0 1.1 0.1 110.5 -
22.0 

170.6 68.0 B 

H1440x_XF SKS EQ051401240 32.5 84.2 70 5.0 1.2 0.2 108.9 -

24.5 

178.8 565.3 B 

H1440x_XF SKS EQ052230908 32.5 84.2 60 7.0 1.2 0.2 111.6 -

22.7 

169.5 10.0 B 

H1450x_XF SKKS EQ043170636 32.5 84.3 49 3.5 1.3 0.1 273.2 -
26.7 

-63.3 568.7 B 

H1450x_XF SKS EQ041740904 32.5 84.3 77 14.0 1.0 0.3 103.4 -

10.9 

166.3 152.8 B 

H1450x_XF SKS EQ042851814 32.5 84.3 65 12.0 0.9 0.2 107.9 -

17.2 

167.8 25.0 B 

H1450x_XF SKS EQ043101731 32.5 84.3 63 17.0 0.8 0.4 108.4 -
18.6 

169.0 186.7 B 

H1450x_XF SKS EQ043282104 32.5 84.3 79 9.0 1.1 0.3 108.6 -

24.3 

179.0 532.3 A 

H1450x_XF SKS EQ043450053 32.5 84.3 80 16.0 1.0 0.3 108.7 -

18.9 

169.0 137.5 A 

H1450x_XF SKS EQ043520713 32.5 84.3 72 17.5 1.0 0.4 105.6 -
21.9 

-179.3 593.3 B 

H1450x_XF SKS EQ043542013 32.5 84.3 64 9.5 1.3 0.3 102.0 -

18.1 

-178.9 563.8 B 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H1450x_XF SKS EQ051401240 32.5 84.3 73 11.0 1.0 0.3 108.9 -
24.5 

178.8 565.3 B 

H1460x_XF SKKS EQ043170636 32.6 84.2 43 6.5 1.2 0.2 273.3 -

26.7 

-63.3 568.7 B 

H1460x_XF SKKS EQ043282104 32.6 84.2 75 17.0 0.7 0.3 108.5 -

24.3 

179.0 532.3 B 

H1460x_XF SKKS EQ043520713 32.6 84.2 61 11.0 0.9 0.2 105.6 -
21.9 

-179.3 593.3 B 

H1460x_XF SKKS EQ050781734 32.6 84.2 81 5.0 0.9 0.2 105.7 -

21.9 

-179.5 598.7 B 

H1460x_XF SKKS EQ050801223 32.6 84.2 45 9.0 1.3 0.3 276.7 -

25.0 

-63.5 579.1 B 

H1460x_XF SKKS EQ051401240 32.6 84.2 69 16.0 0.7 0.2 108.8 -
24.5 

178.8 565.3 B 

H1460x_XF SKKS EQ052260239 32.6 84.2 62 16.5 0.7 0.3 291.4 -

19.8 

-69.0 113.8 B 

H1460x_XF SKS EQ041740904 32.6 84.2 70 2.0 0.9 0.1 103.4 -

10.9 

166.3 152.8 A 

H1460x_XF SKS EQ042820827 32.6 84.2 50 6.5 0.9 0.2 105.7 -
11.0 

162.2 36.0 B 

H1460x_XF SKS EQ043101731 32.6 84.2 62 19.0 0.9 0.4 108.4 -

18.6 

169.0 186.7 B 

H1460x_XF SKS EQ043282104 32.6 84.2 59 13.0 0.9 0.2 108.5 -

24.3 

179.0 532.3 B 

H1460x_XF SKS EQ043450053 32.6 84.2 71 7.0 1.2 0.2 108.7 -
18.9 

169.0 137.5 B 

H1460x_XF SKS EQ043520713 32.6 84.2 58 14.5 0.8 0.2 105.6 -

21.9 

-179.3 593.3 B 

H1460x_XF SKS EQ050182120 32.6 84.2 58 9.5 1.1 0.3 107.2 -

22.9 

179.0 588.9 B 

H1460x_XF SKS EQ050391448 32.6 84.2 62 4.5 0.8 0.1 105.6 -

14.3 

167.3 206.3 A 

H1460x_XF SKS EQ050781734 32.6 84.2 54 6.0 1.0 0.1 105.7 -

21.9 

-179.5 598.7 A 

H1460x_XF SKS EQ050981138 32.6 84.2 62 5.5 1.2 0.2 112.1 -

23.1 

169.3 10.0 B 

H1460x_XF SKS EQ051011708 32.6 84.2 60 4.0 1.1 0.1 110.5 -
22.0 

170.6 68.0 A 

H1460x_XF SKS EQ051401240 32.6 84.2 61 7.5 0.9 0.2 108.8 -

24.5 

178.8 565.3 A 

H1470x_XF SKKS EQ042010801 32.7 84.2 84 6.0 1.5 0.3 19.7 49.6 -127.0 23.7 B 

H1470x_XF SKKS EQ042400043 32.7 84.2 58 8.5 1.2 0.3 277.1 -
27.4 

-70.8 30.0 B 

H1470x_XF SKKS EQ050781734 32.7 84.2 71 13.0 0.5 0.1 105.6 -

21.9 

-179.5 598.7 A 

H1470x_XF SKKS EQ051531056 32.7 84.2 42 9.5 1.2 0.3 281.1 -

24.2 

-67.0 196.2 B 

H1470x_XF SKKS EQ051580422 32.7 84.2 52 9.0 0.9 0.2 112.5 -
29.5 

-179.1 318.3 B 

H1470x_XF SKKS EQ052040851 32.7 84.2 65 18.5 0.7 0.3 112.8 -

30.3 

-178.1 10.0 B 

H1470x_XF SKS EQ041740904 32.7 84.2 57 6.5 0.6 0.1 103.4 -

10.9 

166.3 152.8 A 

H1470x_XF SKS EQ041970427 32.7 84.2 44 12.0 1.0 0.3 101.4 -
17.6 

-178.6 560.0 B 

H1470x_XF SKS EQ042721529 32.7 84.2 66 6.5 1.0 0.2 210.9 -

52.5 

28.0 10.0 B 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H1470x_XF SKS EQ043101731 32.7 84.2 59 10.5 0.9 0.2 108.4 -
18.6 

169.0 186.7 B 

H1470x_XF SKS EQ043261107 32.7 84.2 44 14.5 0.7 0.2 97.5 -

15.4 

-174.9 256.1 B 

H1470x_XF SKS EQ043282104 32.7 84.2 51 14.5 0.6 0.2 108.5 -

24.3 

179.0 532.3 A 

H1470x_XF SKS EQ043450053 32.7 84.2 71 15.0 0.6 0.2 108.7 -
18.9 

169.0 137.5 A 

H1470x_XF SKS EQ050391448 32.7 84.2 66 8.5 0.6 0.1 105.6 -

14.3 

167.3 206.3 A 

H1470x_XF SKS EQ050781734 32.7 84.2 54 7.0 0.7 0.1 105.6 -

21.9 

-179.5 598.7 A 

H1470x_XF SKS EQ050981138 32.7 84.2 49 9.0 1.1 0.3 112.1 -
23.1 

169.3 10.0 B 

H1470x_XF SKS EQ051011708 32.7 84.2 58 7.0 0.8 0.1 110.4 -

22.0 

170.6 68.0 B 

H1470x_XF SKS EQ051401240 32.7 84.2 50 7.0 0.6 0.1 108.8 -

24.5 

178.8 565.3 B 

H1470x_XF SKS EQ052230908 32.7 84.2 64 13.5 0.7 0.2 111.6 -
22.7 

169.5 10.0 B 

H1480x_XF PKS EQ041662254 32.8 84.2 49 15.0 0.8 0.3 2.6 16.3 -97.8 10.0 B 

H1480x_XF SKKS EQ043170636 32.8 84.2 62 7.5 1.0 0.2 273.5 -

26.7 

-63.3 568.7 B 

H1480x_XF SKS EQ041740904 32.8 84.2 78 6.0 1.1 0.2 103.4 -
10.9 

166.3 152.8 A 

H1480x_XF SKS EQ041970427 32.8 84.2 54 11.5 1.0 0.3 101.3 -

17.6 

-178.6 560.0 B 

H1480x_XF SKS EQ042721529 32.8 84.2 71 15.5 0.6 0.2 210.9 -

52.5 

28.0 10.0 B 

H1480x_XF SKS EQ042851814 32.8 84.2 70 9.0 0.8 0.2 107.8 -

17.2 

167.8 25.0 B 

H1490x_XF SKKS EQ043170636 32.8 84.3 65 3.5 1.2 0.2 273.7 -

26.7 

-63.3 568.7 A 

H1490x_XF SKKS EQ043282104 32.8 84.3 -85 7.0 1.3 0.4 108.5 -

24.3 

179.0 532.3 B 

H1490x_XF SKKS EQ050801243 32.8 84.3 63 11.5 1.0 0.2 277.6 -
24.7 

-63.5 570.1 B 

H1490x_XF SKKS EQ051531056 32.8 84.3 52 15.5 0.9 0.4 281.4 -

24.2 

-67.0 196.2 B 

H1490x_XF SKS EQ041740904 32.8 84.3 87 7.0 1.2 0.3 103.4 -

10.9 

166.3 152.8 B 

H1490x_XF SKS EQ042851814 32.8 84.3 82 12.5 0.9 0.3 107.9 -
17.2 

167.8 25.0 B 

H1490x_XF SKS EQ043071002 32.8 84.3 -89 2.5 1.7 0.2 21.0 49.3 -128.8 10.0 B 

H1490x_XF SKS EQ043101731 32.8 84.3 77 5.5 0.9 0.1 108.4 -

18.6 

169.0 186.7 B 

H1490x_XF SKS EQ043282104 32.8 84.3 70 11.5 0.7 0.2 108.5 -
24.3 

179.0 532.3 A 

H1490x_XF SKS EQ043450053 32.8 84.3 81 16.5 0.9 0.4 108.7 -

18.9 

169.0 137.5 B 

H1490x_XF SKS EQ043542013 32.8 84.3 57 16.5 0.7 0.3 101.9 -

18.1 

-178.9 563.8 B 

H1490x_XF SKS EQ050391448 32.8 84.3 83 4.0 0.9 0.1 105.7 -
14.3 

167.3 206.3 B 

H1490x_XF SKS EQ050781734 32.8 84.3 73 10.5 0.7 0.1 105.6 -

21.9 

-179.5 598.7 A 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H1490x_XF SKS EQ050981138 32.8 84.3 83 14.0 0.8 0.3 112.1 -
23.1 

169.3 10.0 B 

H1490x_XF SKS EQ051011708 32.8 84.3 76 4.5 0.9 0.1 110.4 -

22.0 

170.6 68.0 A 

H1490x_XF SKS EQ051401240 32.8 84.3 70 4.5 0.7 0.1 108.8 -

24.5 

178.8 565.3 A 

H1490x_XF SKS EQ052230908 32.8 84.3 81 11.0 1.0 0.3 111.6 -
22.7 

169.5 10.0 B 

H1500x_XF SKKS EQ050781734 32.9 84.3 65 19.0 0.5 0.5 105.6 -

21.9 

-179.5 598.7 B 

H1500x_XF SKKS EQ050801223 32.9 84.3 39 14.5 1.2 0.4 277.2 -

25.0 

-63.5 579.1 A 

H1500x_XF SKKS EQ050801243 32.9 84.3 68 11.5 1.0 0.3 277.7 -
24.7 

-63.5 570.1 B 

H1500x_XF SKS EQ042721529 32.9 84.3 -86 4.0 1.2 0.2 210.9 -

52.5 

28.0 10.0 A 

H1500x_XF SKS EQ050391448 32.9 84.3 87 8.5 1.1 0.3 105.7 -

14.3 

167.3 206.3 B 

H1500x_XF SKS EQ050411653 32.9 84.3 76 10.0 1.3 0.3 112.1 -
23.1 

169.2 9.0 B 

H1500x_XF SKS EQ050781734 32.9 84.3 73 8.0 0.8 0.2 105.6 -

21.9 

-179.5 598.7 A 

H1500x_XF SKS EQ050981138 32.9 84.3 78 16.5 0.8 0.3 112.1 -

23.1 

169.3 10.0 B 

H1500x_XF SKS EQ051011708 32.9 84.3 80 5.0 1.0 0.1 110.4 -
22.0 

170.6 68.0 A 

H1500x_XF SKS EQ051401240 32.9 84.3 70 9.5 0.9 0.2 108.8 -

24.5 

178.8 565.3 B 

H1510x_XF SKKS EQ050801223 33.0 84.3 37 10.0 1.3 0.3 277.4 -

25.0 

-63.5 579.1 A 

H1510x_XF SKKS EQ050801243 33.0 84.3 80 8.0 1.6 0.5 277.9 -

24.7 

-63.5 570.1 B 

H1510x_XF SKS EQ050391448 33.0 84.3 89 15.5 1.1 0.4 105.7 -

14.3 

167.3 206.3 B 

H1510x_XF SKS EQ050411653 33.0 84.3 67 9.5 1.1 0.2 112.1 -

23.1 

169.2 9.0 B 

H1510x_XF SKS EQ050781734 33.0 84.3 82 13.5 1.0 0.4 105.6 -
21.9 

-179.5 598.7 B 

H1510x_XF SKS EQ051011708 33.0 84.3 84 7.0 1.1 0.2 110.4 -

22.0 

170.6 68.0 B 

H1510x_XF SKS EQ051401240 33.0 84.3 85 7.0 1.3 0.3 108.7 -

24.5 

178.8 565.3 B 

H1520x_XF SKKS EQ042010801 33.0 84.3 -85 13.5 1.5 0.7 19.8 49.6 -127.0 23.7 B 

H1520x_XF SKKS EQ042552152 33.0 84.3 -71 8.5 0.8 0.2 219.3 -

58.0 

-25.3 63.9 A 

H1520x_XF SKKS EQ043170636 33.0 84.3 68 11.5 0.7 0.2 274.1 -

26.7 

-63.3 568.7 B 

H1520x_XF SKKS EQ043261141 33.0 84.3 -58 14.5 1.0 0.4 320.8 15.7 -61.7 14.0 B 

H1520x_XF SKKS EQ050801223 33.0 84.3 55 12.0 0.9 0.2 277.5 -

25.0 

-63.5 579.1 A 

H1530x_XF PKS EQ043481523 33.1 84.2 52 6.0 0.9 0.2 351.4 13.4 -89.4 62.3 B 

H1530x_XF SKS EQ042721529 33.1 84.2 71 6.0 0.9 0.1 210.9 -
52.5 

28.0 10.0 B 

H1530x_XF SKS EQ043282104 33.1 84.2 53 14.0 0.6 0.2 108.4 -

24.3 

179.0 532.3 B 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H1530x_XF SKS EQ043542013 33.1 84.2 62 9.0 0.7 0.1 101.8 -
18.1 

-178.9 563.8 B 

H1530x_XF SKS EQ050781734 33.1 84.2 36 11.5 0.8 0.3 105.5 -

21.9 

-179.5 598.7 B 

H1530x_XF SKS EQ051401240 33.1 84.2 48 15.5 0.5 0.2 108.7 -

24.5 

178.8 565.3 B 

H1530x_XF SKS EQ051660250 33.1 84.2 84 10.0 1.3 0.4 22.7 41.3 -126.0 16.0 B 

H1540x_XF PKS EQ043200906 33.2 84.2 74 4.5 1.3 0.3 331.9 4.7 -77.5 15.0 A 

H1540x_XF SKKS EQ043170636 33.2 84.2 56 17.5 0.5 0.2 274.3 -

26.7 

-63.3 568.7 B 

H1540x_XF SKKS EQ050242323 33.2 84.2 -79 12.5 1.4 0.5 333.0 -1.4 -80.8 16.9 B 

H1550x_XF PKS EQ051252341 33.3 84.3 88 14.0 0.8 0.4 339.1 5.1 -82.4 10.0 A 

H1550x_XF SKKS EQ042552152 33.3 84.3 -64 13.5 1.0 0.5 219.4 -

58.0 

-25.3 63.9 B 

H1550x_XF SKKS EQ051631926 33.3 84.3 -74 17.5 1.0 0.4 221.6 -
56.3 

-27.1 94.1 A 

H1550x_XF SKS EQ041740904 33.3 84.3 -89 1.5 1.6 0.2 103.4 -

10.9 

166.3 152.8 B 

H1550x_XF SKS EQ043542013 33.3 84.3 72 13.5 1.1 0.4 101.8 -

18.1 

-178.9 563.8 B 

H1550x_XF SKS EQ050391448 33.3 84.3 -89 8.5 1.1 0.4 105.6 -
14.3 

167.3 206.3 B 

H1560x_XF PKS EQ043200906 33.3 84.3 71 8.5 1.6 0.6 332.0 4.7 -77.5 15.0 B 

H1560x_XF PKS EQ051252341 33.3 84.3 -90 7.5 1.0 0.2 339.1 5.1 -82.4 10.0 A 

H1560x_XF SKKS EQ042552152 33.3 84.3 -78 13.0 0.5 0.2 219.4 -

58.0 

-25.3 63.9 A 

H1560x_XF SKS EQ042721529 33.3 84.3 82 10.5 0.9 0.2 210.9 -

52.5 

28.0 10.0 B 

H1570x_XF PKS EQ041810701 33.4 84.3 -64 12.0 0.5 0.1 347.8 10.7 -87.0 9.0 A 

H1580x_XF PKS EQ041810701 33.5 84.3 -78 10.5 0.9 0.3 347.9 10.7 -87.0 9.0 A 

H1580x_XF PKS EQ042832126 33.5 84.3 -84 13.5 1.3 0.5 347.5 11.4 -86.7 35.0 B 

H1580x_XF PKS EQ043200906 33.5 84.3 -90 3.5 1.4 0.1 332.1 4.7 -77.5 15.0 A 

H1580x_XF PKS EQ051830216 33.5 84.3 -90 4.0 1.7 0.4 346.8 11.2 -86.2 27.0 B 

H1580x_XF SKKS EQ042552152 33.5 84.3 -71 12.5 1.0 0.4 219.5 -

58.0 

-25.3 63.9 A 

H1580x_XF SKKS EQ051631926 33.5 84.3 -79 15.0 0.6 0.2 221.8 -

56.3 

-27.1 94.1 B 

H1590x_XF SKKS EQ051631926 33.6 84.2 -67 13.0 0.9 0.4 221.8 -
56.3 

-27.1 94.1 B 

H1600x_XF PKS EQ043200906 33.8 84.3 -85 17.5 0.6 0.2 332.2 4.7 -77.5 15.0 A 

H1600x_XF PKS EQ051252341 33.8 84.3 -88 4.5 1.1 0.2 339.4 5.1 -82.4 10.0 B 

H1600x_XF PKS EQ051812126 33.8 84.3 -80 11.0 1.0 0.3 341.4 8.4 -82.9 37.6 B 

H1600x_XF SKKS EQ042552152 33.8 84.3 -67 4.5 1.3 0.3 219.6 -

58.0 

-25.3 63.9 A 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

H1600x_XF SKS EQ042552152 33.8 84.3 -77 9.0 1.4 0.5 219.6 -
58.0 

-25.3 63.9 B 

H1610x_XF PKS EQ041810701 33.9 84.3 -87 2.0 1.4 0.2 347.9 10.7 -87.0 9.0 B 

H1610x_XF PKS EQ043200906 33.9 84.3 82 4.0 1.4 0.2 332.3 4.7 -77.5 15.0 B 

H1610x_XF PKS EQ051812126 33.9 84.3 -90 6.5 1.4 0.4 341.4 8.4 -82.9 37.6 B 

H1610x_XF SKKS EQ042552152 33.9 84.3 82 17.5 0.6 0.3 219.7 -

58.0 

-25.3 63.9 A 

H1610x_XF SKKS EQ051410511 33.9 84.3 83 6.5 1.6 0.3 332.5 -3.3 -81.0 39.5 B 

H1610x_XF SKS EQ050781734 33.9 84.3 -89 2.5 1.7 0.2 105.3 -
21.9 

-179.5 598.7 B 

H1610x_XF SKS EQ051011708 33.9 84.3 -84 4.5 1.4 0.3 110.3 -

22.0 

170.6 68.0 B 

H1610x_XF SKS EQ052190217 33.9 84.3 82 14.0 1.2 0.4 211.9 -

47.1 

33.6 10.0 B 

H1620x_XF PKS EQ041810701 34.0 84.2 -83 12.5 0.8 0.2 347.9 10.7 -87.0 9.0 A 

H1620x_XF PKS EQ042832126 34.0 84.2 -77 7.0 0.9 0.2 347.5 11.4 -86.7 35.0 A 

H1620x_XF PKS EQ043200906 34.0 84.2 -84 15.5 1.0 0.3 332.3 4.7 -77.5 15.0 A 

H1630x_XF PKS EQ043250807 34.1 84.2 83 12.5 0.8 0.5 343.7 9.6 -84.2 16.0 B 

H1630x_XF PKS EQ051252341 34.1 84.2 90 5.0 1.2 0.2 339.4 5.1 -82.4 10.0 B 

H1630x_XF SKKS EQ042552152 34.1 84.2 89 15.0 0.7 0.3 219.8 -

58.0 

-25.3 63.9 B 

H1630x_XF SKS EQ043071002 34.1 84.2 -87 11.0 1.9 0.7 20.9 49.3 -128.8 10.0 B 

NBENSx_XF SKS EQ030040515 28.2 84.4 -86 16.0 1.1 0.5 104.9 -

20.6 

-177.7 378.0 B 

NBENSx_XF SKS EQ030160053 28.2 84.4 90 10.0 0.6 0.2 23.8 44.3 -129.0 10.0 B 

NDOMLx_XF PKS EQ030210246 28.0 84.3 -86 3.5 1.5 0.3 352.8 13.6 -90.8 24.0 A 

NG020x_XF PKS EQ030210246 27.6 84.3 -83 4.5 1.5 0.4 352.8 13.6 -90.8 24.0 B 

NG020x_XF SKKS EQ023571346 27.6 84.3 -74 6.0 1.2 0.2 346.4 17.0 -85.6 33.0 B 

NG040x_XF PKS EQ023191958 27.8 84.5 -80 13.5 0.8 0.3 218.8 -
56.1 

-36.4 10.0 A 

NG050x_XF PKS EQ023191958 27.9 84.6 80 12.0 0.7 0.2 218.8 -

56.1 

-36.4 10.0 B 

NGUMBx_XF PKS EQ023130014 27.6 83.8 -78 4.5 1.5 0.3 352.7 13.7 -91.2 33.0 B 

NGUMBx_XF PKS EQ030210246 27.6 83.8 -81 4.5 1.8 0.4 352.1 13.6 -90.8 24.0 B 

NJANAx_XF PKS EQ030210246 26.7 85.9 -60 13.5 0.6 0.2 355.0 13.6 -90.8 24.0 A 

NP035x_XF PKS EQ040620347 27.8 83.5 -88 6.5 1.4 0.4 345.2 11.6 -86.8 28.0 A 

NP040x_XF PKS EQ030210246 27.9 83.5 -90 2.0 1.7 0.3 351.7 13.6 -90.8 24.0 B 

NP050x_XF PKS EQ030210246 27.9 83.6 -82 6.5 1.2 0.3 351.8 13.6 -90.8 24.0 A 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

NP050x_XF SKS EQ030160053 27.9 83.6 -75 3.0 1.5 0.4 23.4 44.3 -129.0 10.0 B 

NP060x_XF PKS EQ030210246 28.0 83.8 -87 1.0 1.6 0.2 352.0 13.6 -90.8 24.0 A 

NP060x_XF PKS EQ030321630 28.0 83.8 -80 2.0 1.6 0.2 355.4 16.6 -92.9 211.2 B 

NP060x_XF SKS EQ030160053 28.0 83.8 -75 2.5 1.2 0.3 23.5 44.3 -129.0 10.0 B 

NP071x_XF PKS EQ040351159 28.1 83.8 -86 5.5 1.1 0.3 338.6 8.4 -82.9 29.2 B 

NP071x_XF PKS EQ040561822 28.1 83.8 -85 1.0 1.4 0.2 354.2 14.0 -92.1 35.5 A 

NP071x_XF PKS EQ040620347 28.1 83.8 -88 3.5 1.6 0.3 345.7 11.6 -86.8 28.0 B 

NP080x_XF PKS EQ023191958 28.2 84.0 -88 9.5 0.7 0.1 219.0 -

56.1 

-36.4 10.0 A 

NP085x_XF PKS EQ041200057 28.4 84.0 -84 19.5 0.7 0.3 344.6 10.8 -86.0 10.0 B 

NP090x_XF PKS EQ023130014 28.3 83.6 -82 18.5 0.8 0.4 352.4 13.7 -91.2 33.0 A 

NSINDx_XF SKKS EQ030040515 27.2 85.9 88 6.5 1.0 0.3 105.8 -

20.6 

-177.7 378.0 B 

NSINDx_XF SKKS EQ030731254 27.2 85.9 82 12.5 0.9 0.3 101.8 -

17.4 

-175.2 274.9 B 

SINDxx_YL SKKS EQ022511315 27.2 85.9 -88 7.5 0.9 0.3 109.2 -
22.8 

178.9 618.8 B 

SINDxx_YL SKS EQ021111758 27.2 85.9 66 8.0 1.8 0.3 114.3 -

20.5 

162.2 33.0 B 

SINDxx_YL SKS EQ022311108 27.2 85.9 -82 3.5 1.0 0.2 110.4 -

23.9 

178.5 675.4 B 

SINDxx_YL SKS EQ022951139 27.2 85.9 -84 2.5 1.2 0.3 106.1 -

20.6 

-178.4 549.0 B 

THAKxx_YL SKS EQ013212210 27.6 85.6 -62 11.0 1.0 0.3 151.8 -

60.6 

154.1 10.0 B 

THAKxx_YL SKS EQ022311108 27.6 85.6 -78 6.5 1.2 0.4 110.2 -

23.9 

178.5 675.4 B 

WT09xx_Y2 SKKS EQ093211530 32.4 83.6 77 12.0 1.4 0.4 20.7 52.1 -131.4 17.0 B 

WT09xx_Y2 SKKS EQ093260748 32.4 83.6 45 17.5 0.8 0.3 101.2 -

17.8 

-178.4 522.6 B 

WT09xx_Y2 SKKS EQ093430946 32.4 83.6 87 15.0 0.9 0.3 110.2 -

22.2 

171.0 45.0 A 

WT09xx_Y2 SKKS EQ103620834 32.4 83.6 61 10.0 0.8 0.2 106.9 -
23.4 

-179.8 551.0 B 

WT09xx_Y2 SKKS EQ110521057 32.4 83.6 74 6.5 0.8 0.1 110.3 -

26.1 

178.4 558.1 A 

WT09xx_Y2 SKKS EQ110931407 32.4 83.6 67 7.0 0.9 0.2 101.1 -

17.6 

-178.6 551.7 A 

WT09xx_Y2 SKS EQ092751547 32.4 83.6 65 6.5 1.3 0.2 104.0 -
17.0 

174.5 10.0 A 

WT09xx_Y2 SKS EQ092852059 32.4 83.6 79 8.0 0.9 0.2 105.7 -

14.1 

166.3 35.0 B 

WT09xx_Y2 SKS EQ092901318 32.4 83.6 87 8.5 1.1 0.4 104.7 -

13.0 

166.4 35.0 B 

WT09xx_Y2 SKS EQ093041909 32.4 83.6 78 17.0 0.8 0.4 103.4 -
11.4 

166.4 133.9 A 

WT09xx_Y2 SKS EQ093061047 32.4 83.6 54 15.5 1.2 0.6 105.5 -

24.1 

-175.2 9.0 B 
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Table S1. Well-defined Individual Splitting Parameters. (cont.) 

WT09xx_Y2 SKS EQ093121546 32.4 83.6 74 17.5 0.8 0.3 106.4 -
16.0 

168.0 179.4 B 

WT09xx_Y2 SKS EQ093131044 32.4 83.6 70 12.5 0.8 0.2 102.3 -

17.2 

178.3 595.0 A 

WT09xx_Y2 SKS EQ093260748 32.4 83.6 68 7.5 0.7 0.2 101.2 -

17.8 

-178.4 522.6 A 

WT09xx_Y2 SKS EQ093281247 32.4 83.6 83 17.0 1.1 0.5 101.8 -
20.7 

-174.0 18.0 B 

WT09xx_Y2 SKS EQ093430946 32.4 83.6 69 6.0 1.0 0.1 110.2 -

22.2 

171.0 45.0 A 

WT09xx_Y2 SKS EQ100631402 32.4 83.6 84 5.5 1.0 0.2 104.8 -

13.6 

167.2 176.0 A 

WT09xx_Y2 SKS EQ102222318 32.4 83.6 77 7.5 0.9 0.2 105.4 -
14.5 

167.3 191.6 A 

WT09xx_Y2 SKS EQ102892008 32.4 83.6 42 12.0 1.2 0.3 101.4 -

20.4 

-173.8 8.0 B 

WT09xx_Y2 SKS EQ103261618 32.4 83.6 77 9.5 0.9 0.2 116.3 -

33.6 

-178.9 10.0 B 

WT09xx_Y2 SKS EQ103620834 32.4 83.6 89 7.5 1.3 0.3 106.9 -
23.4 

-179.8 551.0 A 

WT09xx_Y2 SKS EQ110050646 32.4 83.6 75 4.0 1.0 0.1 109.9 -

22.3 

171.6 112.2 A 

WT09xx_Y2 SKS EQ110231915 32.4 83.6 61 9.5 1.1 0.2 102.5 -

20.3 

-176.3 236.1 B 

WT09xx_Y2 SKS EQ110521057 32.4 83.6 69 10.5 0.7 0.2 110.3 -
26.1 

178.4 558.1 A 

WT09xx_Y2 SKS EQ110931407 32.4 83.6 80 15.5 0.9 0.4 101.1 -

17.6 

-178.6 551.7 A 

WT09xx_Y2 SKS EQ111081303 32.4 83.6 82 19.5 0.9 0.5 117.4 -

34.3 

179.9 86.0 A 

XIXIxx_YL SKS EQ022951139 28.7 85.7 86 17.5 0.8 0.4 105.7 -

20.6 

-178.4 549.0 B 

 

Table S2. Null Individual Splitting Parameters. 

Station Phase Event St-

lat. 

St-

lon. 

Phi STD 

of 

Phi 

DT STD 

of 

DT 

BAZ Ev-

Lat. 

Ev-

Lon. 

Ev-

Dep. 

R. 

BUNGxx_YL SKS EQ020021722 27.9 85.9 24.0 3.0 1.8 1.1 109.2 -
17.6 

167.9 21.0 N 

H0010x_XF PKS EQ030220206 27.0 84.9 15.0 1.5 4.0 4.0 11.8 18.8 -104.1 24.0 N 

H0010x_XF PKS EQ032160437 27.0 84.9 -

56.0 

5.0 1.8 2.9 211.3 -

60.5 

-43.4 10.0 N 

H0010x_XF SKKS EQ033611600 27.0 84.9 34.0 17.0 1.3 0.7 111.8 -
22.0 

169.8 10.0 N 

H0020x_XF PKS EQ032160437 27.0 84.9 42.0 21.5 0.4 0.5 211.4 -

60.5 

-43.4 10.0 N 

H0030x_XF PKS EQ030220206 27.0 84.9 15.0 22.5 4.0 4.0 11.8 18.8 -104.1 24.0 N 

H0030x_XF SKS EQ022951139 27.0 84.9 22.0 6.5 1.1 0.4 105.8 -
20.6 

-178.4 549.0 N 

H0040x_XF PKS EQ032160437 27.1 84.9 -

77.0 

22.5 0.4 2.2 211.4 -

60.5 

-43.4 10.0 N 

H0060x_XF SKS EQ030040515 27.1 85.0 18.0 22.5 4.0 4.0 105.5 -

20.6 

-177.7 378.0 N 
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Table S2. Null Individual Splitting Parameters. (cont.) 

H0060x_XF SKS EQ030731254 27.1 85.0 -
76.0 

22.5 2.2 3.1 101.5 -
17.4 

-175.2 274.9 N 

H0070x_XF PKS EQ030220206 27.1 85.0 15.0 1.0 4.0 4.0 11.9 18.8 -104.1 24.0 N 

H0070x_XF SKS EQ022900423 27.1 85.0 10.0 1.0 1.6 1.9 105.1 -

19.8 

-178.4 627.6 N 

H0080x_XF SKS EQ030731254 27.2 85.0 -
75.0 

3.5 1.6 0.8 101.5 -
17.4 

-175.2 274.9 N 

H0090x_XF PKS EQ030220206 27.2 85.0 3.0 22.5 0.2 2.1 11.9 18.8 -104.1 24.0 N 

H0090x_XF SKS EQ022951139 27.2 85.0 12.0 3.5 1.2 2.6 105.8 -

20.6 

-178.4 549.0 N 

H0100x_XF PKS EQ030220206 27.2 85.0 -
73.0 

3.5 1.7 2.9 11.9 18.8 -104.1 24.0 N 

H0100x_XF PKS EQ032160437 27.2 85.0 -

55.0 

22.5 2.4 3.2 211.4 -

60.5 

-43.4 10.0 N 

H0100x_XF SKS EQ030651024 27.2 85.0 -

76.0 

22.5 1.3 2.6 107.6 -

23.6 

-175.8 10.0 N 

H0100x_XF SKS EQ032080204 27.2 85.0 -
77.0 

22.5 1.9 2.9 105.5 -
21.1 

-176.6 212.9 N 

H0100x_XF SKS EQ032880219 27.2 85.0 18.0 12.5 2.5 1.5 103.3 -

17.8 

-178.7 582.6 N 

H0100x_XF SKS EQ033131952 27.2 85.0 -

81.0 

22.5 4.0 4.0 276.2 -0.7 -19.7 10.0 N 

H0120x_XF SKS EQ033101038 27.3 85.0 -
78.0 

22.5 1.4 2.0 109.8 -
19.3 

168.9 113.7 N 

H0120x_XF SKS EQ033611600 27.3 85.0 -

87.0 

12.5 0.9 0.4 111.8 -

22.0 

169.8 10.0 N 

H0120x_XF SKS EQ040722213 27.3 85.0 -

83.0 

2.5 2.9 3.2 99.7 -

15.6 

-175.1 271.5 N 

H0130x_XF SKS EQ040722213 27.3 85.0 -

76.0 

2.0 2.0 0.5 99.7 -

15.6 

-175.1 271.5 N 

H0150x_XF PKS EQ030220206 27.4 85.0 -

77.0 

22.5 4.0 4.0 11.9 18.8 -104.1 24.0 N 

H0150x_XF SKS EQ030731254 27.4 85.0 13.0 22.5 2.5 3.3 101.4 -

17.4 

-175.2 274.9 N 

H0150x_XF SKS EQ031292026 27.4 85.0 54.0 18.5 0.6 0.3 212.2 -
48.2 

32.3 10.0 N 

H0150x_XF SKS EQ040510558 27.4 85.0 -

73.0 

22.5 3.6 3.8 104.2 -

11.6 

166.5 84.0 N 

H0170x_XF PKS EQ040012331 27.4 85.0 6.0 22.5 1.6 2.8 8.6 17.5 -101.3 29.4 N 

H0180x_XF PKS EQ032372324 27.5 85.0 -
59.0 

22.5 0.3 2.1 15.3 18.5 -106.7 10.0 N 

H0190x_XF SKS EQ032451828 27.5 85.0 -

89.0 

22.5 1.0 2.5 98.5 -

15.2 

-173.2 10.0 N 

H0190x_XF SKS EQ033611600 27.5 85.0 79.0 13.0 0.8 0.3 111.8 -

22.0 

169.8 10.0 N 

H0210x_XF PKS EQ030220206 27.5 85.1 17.0 22.5 0.8 2.4 11.9 18.8 -104.1 24.0 N 

H0210x_XF SKS EQ032451828 27.5 85.1 -

84.0 

1.0 4.0 4.0 98.5 -

15.2 

-173.2 10.0 N 

H0210x_XF SKS EQ040510558 27.5 85.1 -

83.0 

5.5 1.1 0.6 104.2 -

11.6 

166.5 84.0 N 

H0220x_XF PKS EQ030220206 27.6 85.1 23.0 22.5 0.5 2.3 11.9 18.8 -104.1 24.0 N 

H0230x_XF PKS EQ030220206 27.6 85.1 -

83.0 

22.5 0.7 2.3 11.9 18.8 -104.1 24.0 N 
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Table S2. Null Individual Splitting Parameters. (cont.) 

H0240x_XF PKS EQ030220206 27.6 85.1 24.0 22.5 0.3 2.1 12.0 18.8 -104.1 24.0 N 

H0240x_XF SKS EQ032451828 27.6 85.1 -

79.0 

22.5 2.3 3.2 98.5 -

15.2 

-173.2 10.0 N 

H0250x_XF PKS EQ030220206 27.6 85.1 11.0 22.5 2.4 3.2 12.0 18.8 -104.1 24.0 N 

H0250x_XF SKS EQ032451828 27.6 85.1 6.0 22.5 2.2 3.1 98.5 -
15.2 

-173.2 10.0 N 

H0260x_XF PKS EQ032160437 27.7 85.1 36.0 22.5 0.7 2.4 211.6 -

60.5 

-43.4 10.0 N 

H0260x_XF SKS EQ030731254 27.7 85.1 -

80.0 

22.5 4.0 4.0 101.4 -

17.4 

-175.2 274.9 N 

H0270x_XF PKS EQ030220206 27.7 85.1 -
73.0 

22.5 1.2 2.6 11.9 18.8 -104.1 24.0 N 

H0270x_XF SKS EQ030871731 27.7 85.1 -

87.0 

22.5 1.2 2.6 98.7 -

15.3 

-173.5 41.2 N 

H0270x_XF SKS EQ030952203 27.7 85.1 -

76.0 

22.5 1.0 2.5 107.5 -

16.2 

167.9 177.5 N 

H0280x_XF PKS EQ032160437 27.7 85.1 -
80.0 

22.5 0.4 0.5 211.6 -
60.5 

-43.4 10.0 N 

H0310x_XF PKS EQ030220206 27.8 85.0 8.0 2.0 2.6 0.9 11.8 18.8 -104.1 24.0 N 

H0330x_XF PKS EQ030220206 27.9 85.1 10.0 22.5 2.6 3.3 11.9 18.8 -104.1 24.0 N 

H0340x_XF PKS EQ031711330 27.9 85.2 87.0 22.5 0.8 1.6 256.8 -
30.6 

-71.6 33.0 N 

H0350x_XF SKS EQ040510558 27.9 85.1 11.0 22.5 2.6 3.3 104.2 -

11.6 

166.5 84.0 N 

H0360x_XF SKKS EQ022852009 27.9 85.2 42.0 2.5 1.8 0.8 307.5 -8.3 -71.7 534.3 N 

H0360x_XF SKS EQ041001523 27.9 85.2 -

73.0 

22.5 4.0 4.0 105.3 -

13.2 

167.2 228.4 N 

H0370x_XF SKS EQ040510558 28.0 85.2 18.0 22.5 4.0 4.0 104.3 -

11.6 

166.5 84.0 N 

H0380x_XF PKS EQ032160437 28.0 85.2 -

64.0 

10.0 1.1 0.6 211.7 -

60.5 

-43.4 10.0 N 

H0390x_XF PKS EQ030220206 28.0 85.2 10.0 22.5 4.0 4.0 12.0 18.8 -104.1 24.0 N 

H0400x_XF PKS EQ030220206 28.1 85.2 9.0 1.0 4.0 4.0 12.1 18.8 -104.1 24.0 N 

H0440x_XF PKS EQ030220206 28.2 85.3 10.0 22.5 2.5 3.3 12.2 18.8 -104.1 24.0 N 

H0440x_XF SKS EQ032160437 28.2 85.3 -
61.0 

22.5 4.0 4.0 211.8 -
60.5 

-43.4 10.0 N 

H0460x_XF PKS EQ032160437 28.2 85.4 -

81.0 

22.5 0.4 1.3 211.8 -

60.5 

-43.4 10.0 N 

H0460x_XF SKS EQ032451828 28.2 85.4 11.0 22.5 2.3 3.2 98.4 -

15.2 

-173.2 10.0 N 

H0480x_XF SKS EQ032451828 28.3 85.4 13.0 22.5 0.8 2.4 98.4 -
15.2 

-173.2 10.0 N 

H0490x_XF PKS EQ032160437 28.3 85.4 -

76.0 

22.5 0.5 2.2 211.9 -

60.5 

-43.4 10.0 N 

H0490x_XF SKS EQ033611600 28.3 85.4 55.0 19.0 0.6 0.2 111.9 -

22.0 

169.8 10.0 N 

H0500x_XF PKS EQ032160437 28.3 85.4 37.0 22.5 0.7 2.3 211.9 -
60.5 

-43.4 10.0 N 

H0510x_XF SKS EQ033611600 28.4 85.4 34.0 12.0 1.3 1.2 111.9 -

22.0 

169.8 10.0 N 
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Table S2. Null Individual Splitting Parameters. (cont.) 

H0540x_XF PKS EQ032160437 28.5 85.2 -
66.0 

17.5 1.1 1.5 212.0 -
60.5 

-43.4 10.0 N 

H0550x_XF SKS EQ031340603 28.5 85.2 53.0 22.5 3.0 3.5 318.7 18.3 -58.6 41.5 N 

H0550x_XF SKS EQ040510558 28.5 85.2 22.0 22.5 1.5 2.8 104.3 -

11.6 

166.5 84.0 N 

H0560x_XF SKS EQ033131952 28.6 85.3 -
86.0 

22.5 1.4 2.7 276.6 -0.7 -19.7 10.0 N 

H0570x_XF PKS EQ041200057 28.6 85.3 -

10.0 

22.5 3.9 3.9 346.6 10.8 -86.0 10.0 N 

H0570x_XF SKS EQ033101038 28.6 85.3 32.0 15.0 1.7 0.7 109.8 -

19.3 

168.9 113.7 N 

H0570x_XF SKS EQ033592042 28.6 85.3 31.0 22.5 0.9 2.5 112.2 -
22.3 

169.5 10.0 N 

H0580x_XF SKS EQ033611600 28.6 85.3 26.0 22.5 2.6 3.3 111.8 -

22.0 

169.8 10.0 N 

H0590x_XF SKKS EQ033611600 28.7 85.3 25.0 22.5 1.7 2.8 111.8 -

22.0 

169.8 10.0 N 

H0600x_XF PKS EQ040012331 28.7 85.3 -1.0 22.5 0.5 2.2 8.7 17.5 -101.3 29.4 N 

H0600x_XF SKKS EQ033611600 28.7 85.3 -

73.0 

22.5 0.9 2.4 111.8 -

22.0 

169.8 10.0 N 

H0600x_XF SKKS EQ040561822 28.7 85.3 -

89.0 

6.0 2.2 3.1 356.3 14.0 -92.1 35.5 N 

H0600x_XF SKS EQ032331212 28.7 85.3 55.0 15.5 1.6 0.8 133.6 -
45.1 

167.1 28.0 N 

H0610x_XF SKS EQ032080204 28.8 85.3 -

84.0 

22.5 0.3 2.2 105.2 -

21.1 

-176.6 212.9 N 

H0610x_XF SKS EQ032650445 28.8 85.3 65.0 22.5 1.9 2.9 331.5 19.8 -70.7 10.0 N 

H0610x_XF SKS EQ033611600 28.8 85.3 28.0 22.5 1.3 2.7 111.8 -

22.0 

169.8 10.0 N 

H0610x_XF SKS EQ040510558 28.8 85.3 21.0 22.5 0.3 2.2 104.4 -

11.6 

166.5 84.0 N 

H0620x_XF PKS EQ040620347 28.8 85.3 81.0 22.5 1.2 2.6 348.1 11.6 -86.8 28.0 N 

H0620x_XF SKS EQ032080204 28.8 85.3 -
73.0 

22.5 3.4 3.7 105.2 -
21.1 

-176.6 212.9 N 

H0620x_XF SKS EQ032331212 28.8 85.3 -

55.0 

17.5 1.4 1.6 133.6 -

45.1 

167.1 28.0 N 

H0620x_XF SKS EQ040510558 28.8 85.3 13.0 22.5 3.8 3.9 104.4 -

11.6 

166.5 84.0 N 

H0630x_XF PKS EQ040012331 28.8 85.3 11.0 22.5 1.4 2.7 8.7 17.5 -101.3 29.4 N 

H0630x_XF PKS EQ040620347 28.8 85.3 -

13.0 

22.5 3.8 3.9 348.1 11.6 -86.8 28.0 N 

H0630x_XF PKS EQ041200057 28.8 85.3 84.0 22.5 0.6 2.3 346.7 10.8 -86.0 10.0 N 

H0630x_XF SKS EQ032080204 28.8 85.3 13.0 22.5 2.7 3.3 105.2 -
21.1 

-176.6 212.9 N 

H0630x_XF SKS EQ040251143 28.8 85.3 -

83.0 

22.5 2.1 3.1 100.2 -

16.8 

-174.2 129.8 N 

H0630x_XF SKS EQ040510558 28.8 85.3 10.0 22.5 3.7 3.9 104.4 -

11.6 

166.5 84.0 N 

H0641x_XF PKS EQ041200057 28.9 85.3 83.0 22.5 0.7 2.4 346.7 10.8 -86.0 10.0 N 

H0641x_XF PKS EQ041810701 28.9 85.3 -

19.0 

22.5 1.1 2.5 348.2 10.7 -87.0 9.0 N 
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Table S2. Null Individual Splitting Parameters. (cont.) 

H0641x_XF PKS EQ043252201 28.9 85.3 -4.0 22.5 4.0 4.0 353.3 13.4 -90.1 40.6 N 

H0641x_XF SKS EQ041800949 28.9 85.3 -

69.0 

22.5 2.3 3.2 21.6 54.8 -134.3 20.0 N 

H0660x_XF PKS EQ040620347 28.9 85.4 -

24.0 

22.5 0.7 1.0 348.3 11.6 -86.8 28.0 N 

H0660x_XF SKS EQ032080204 28.9 85.4 12.0 22.5 1.3 2.7 105.2 -
21.1 

-176.6 212.9 N 

H0660x_XF SKS EQ033611600 28.9 85.4 -

72.0 

22.5 4.0 4.0 111.9 -

22.0 

169.8 10.0 N 

H0670x_XF SKS EQ032080204 28.9 85.4 -

73.0 

22.5 2.2 3.1 105.2 -

21.1 

-176.6 212.9 N 

H0670x_XF SKS EQ032731408 28.9 85.4 30.0 3.5 1.6 1.2 114.5 -
30.4 

-177.4 10.0 N 

H0670x_XF SKS EQ033611600 28.9 85.4 -

70.0 

22.5 3.3 3.6 111.9 -

22.0 

169.8 10.0 N 

H0670x_XF SKS EQ041182328 28.9 85.4 24.0 22.5 1.1 2.6 109.1 -

17.8 

167.8 10.0 N 

H0670x_XF SKS EQ041280126 28.9 85.4 24.0 22.5 3.1 3.5 111.6 -
22.0 

170.3 14.0 N 

H0680x_XF SKS EQ033060532 29.0 85.4 41.0 22.5 2.4 3.2 133.9 -

45.2 

166.5 10.0 N 

H0680x_XF SKS EQ033101038 29.0 85.4 -

72.0 

22.5 4.0 4.0 109.9 -

19.3 

168.9 113.7 N 

H0700x_XF PKS EQ041200057 29.1 85.4 -
15.0 

22.5 2.9 3.5 347.0 10.8 -86.0 10.0 N 

H0700x_XF SKKS EQ033602126 29.1 85.4 35.0 22.5 0.6 1.6 112.3 -

22.3 

169.3 10.0 N 

H0700x_XF SKS EQ033592042 29.1 85.4 -

74.0 

22.5 1.1 2.5 112.2 -

22.3 

169.5 10.0 N 

H0700x_XF SKS EQ040510558 29.1 85.4 -

66.0 

22.5 0.6 2.3 104.4 -

11.6 

166.5 84.0 N 

H0700x_XF SKS EQ040692256 29.1 85.4 -

71.0 

17.0 1.6 1.2 116.6 -

32.3 

-178.4 18.4 N 

H0700x_XF SKS EQ040962034 29.1 85.4 -

84.0 

22.5 0.6 2.3 103.4 -

20.4 

-173.9 8.0 N 

H0700x_XF SKS EQ041071658 29.1 85.4 -
84.0 

22.5 0.6 2.3 108.1 -
24.5 

-175.9 10.0 N 

H0710x_XF PKS EQ041200057 29.1 85.4 76.0 22.5 4.0 4.0 346.9 10.8 -86.0 10.0 N 

H0710x_XF SKS EQ040561652 29.1 85.4 -

80.0 

22.5 2.4 3.2 104.1 -

20.7 

-175.0 55.8 N 

H0710x_XF SKS EQ041001523 29.1 85.4 14.0 22.5 3.0 3.5 105.4 -
13.2 

167.2 228.4 N 

H0710x_XF SKS EQ041071658 29.1 85.4 15.0 1.5 2.4 3.2 108.1 -

24.5 

-175.9 10.0 N 

H0720x_XF SKS EQ032451828 29.1 85.4 -

85.0 

22.5 2.3 3.1 98.2 -

15.2 

-173.2 10.0 N 

H0720x_XF SKS EQ033131952 29.1 85.4 76.0 22.5 0.7 1.7 276.8 -0.7 -19.7 10.0 N 

H0730x_XF SKS EQ032080204 29.2 85.4 -

78.0 

22.5 1.6 2.8 105.1 -

21.1 

-176.6 212.9 N 

H0730x_XF SKS EQ032331212 29.2 85.4 -

49.0 

22.5 2.6 3.3 133.6 -

45.1 

167.1 28.0 N 

H0730x_XF SKS EQ032451828 29.2 85.4 14.0 22.5 0.9 2.4 98.2 -
15.2 

-173.2 10.0 N 

H0730x_XF SKS EQ033101038 29.2 85.4 -

72.0 

22.5 2.6 3.3 109.8 -

19.3 

168.9 113.7 N 
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Table S2. Null Individual Splitting Parameters. (cont.) 

H0730x_XF SKS EQ033592042 29.2 85.4 -
70.0 

22.5 2.6 3.3 112.2 -
22.3 

169.5 10.0 N 

H0730x_XF SKS EQ040510558 29.2 85.4 -

65.0 

22.5 0.7 2.3 104.4 -

11.6 

166.5 84.0 N 

H0730x_XF SKS EQ040692256 29.2 85.4 28.0 22.5 2.6 3.3 116.5 -

32.3 

-178.4 18.4 N 

H0730x_XF SKS EQ040962034 29.2 85.4 16.0 22.5 2.9 1.5 103.4 -
20.4 

-173.9 8.0 N 

H0740x_XF PKS EQ040620347 29.2 85.4 81.0 22.5 2.8 3.4 348.3 11.6 -86.8 28.0 N 

H0740x_XF PKS EQ041200057 29.2 85.4 79.0 22.5 1.6 2.8 346.9 10.8 -86.0 10.0 N 

H0740x_XF SKS EQ033561915 29.2 85.4 27.0 22.5 0.7 2.4 22.8 35.7 -121.1 8.4 N 

H0740x_XF SKS EQ033592042 29.2 85.4 -

71.0 

22.5 3.3 3.6 112.2 -

22.3 

169.5 10.0 N 

H0740x_XF SKS EQ041001523 29.2 85.4 16.0 22.5 4.0 4.0 105.4 -

13.2 

167.2 228.4 N 

H0750x_XF SKS EQ032331212 29.2 85.3 -
52.0 

4.5 1.3 1.4 133.5 -
45.1 

167.1 28.0 N 

H0760x_XF SKKS EQ033611600 29.3 85.2 -

77.0 

9.0 1.0 0.5 111.8 -

22.0 

169.8 10.0 N 

H0760x_XF SKS EQ033592042 29.3 85.2 30.0 22.5 0.6 2.3 112.1 -

22.3 

169.5 10.0 N 

H0770x_XF SKS EQ040110929 29.3 85.2 -
78.0 

22.5 1.7 2.8 105.2 -
20.1 

-179.2 673.1 N 

H0770x_XF SKS EQ040692256 29.3 85.2 -

60.0 

1.5 4.0 4.0 116.4 -

32.3 

-178.4 18.4 N 

H0790x_XF PKS EQ042832126 29.4 85.2 -

15.0 

22.5 1.9 2.9 347.9 11.4 -86.7 35.0 N 

H0790x_XF SKS EQ041800949 29.4 85.2 26.0 5.0 2.8 1.3 21.6 54.8 -134.3 20.0 N 

H0790x_XF SKS EQ042721529 29.4 85.2 38.0 11.0 1.3 0.7 211.1 -

52.5 

28.0 10.0 N 

H0810x_XF PKS EQ041810701 29.5 85.2 -

17.0 

22.5 1.2 2.6 348.3 10.7 -87.0 9.0 N 

H0810x_XF SKKS EQ051642244 29.5 85.2 -
73.0 

22.5 4.0 4.0 286.3 -
20.0 

-69.2 115.6 N 

H1000x_XF PKS EQ051321115 29.3 85.9 53.0 22.5 1.4 2.7 145.0 -

57.4 

-139.2 10.0 N 

H1000x_XF SKS EQ043272026 29.3 85.9 44.0 5.0 4.0 1.9 136.0 -

46.7 

164.7 10.0 N 

H1010x_XF PKS EQ042531633 29.3 85.8 77.0 22.5 1.9 2.9 343.8 17.8 -81.6 25.2 N 

H1010x_XF PKS EQ051830216 29.3 85.8 80.0 22.5 4.0 4.0 348.0 11.2 -86.2 27.0 N 

H1010x_XF SKKS EQ051642244 29.3 85.8 -

68.0 

13.5 1.9 1.4 286.7 -

20.0 

-69.2 115.6 N 

H1010x_XF SKS EQ043272026 29.3 85.8 -
38.0 

22.5 1.2 2.6 135.9 -
46.7 

164.7 10.0 N 

H1050x_XF PKS EQ041810701 29.6 85.7 -

84.0 

22.5 0.1 2.1 349.1 10.7 -87.0 9.0 N 

H1070x_XF PKS EQ041810701 29.8 85.8 77.0 22.5 2.5 3.3 349.2 10.7 -87.0 9.0 N 

H1071x_XF SKS EQ050781734 29.8 85.8 -
76.0 

1.0 3.6 3.5 107.1 -
21.9 

-179.5 598.7 N 

H1080x_XF PKS EQ041810701 29.9 85.8 86.0 22.5 0.7 2.3 349.2 10.7 -87.0 9.0 N 
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Table S2. Null Individual Splitting Parameters. (cont.) 

H1080x_XF PKS EQ043250807 29.9 85.8 80.0 22.5 1.0 2.4 344.6 9.6 -84.2 16.0 N 

H1080x_XF PKS EQ043252201 29.9 85.8 -4.0 22.5 3.2 3.6 354.1 13.4 -90.1 40.6 N 

H1080x_XF SKS EQ041970427 29.9 85.8 -

80.0 

22.5 0.9 2.5 102.8 -

17.6 

-178.6 560.0 N 

H1080x_XF SKS EQ050391448 29.9 85.8 -
78.0 

22.5 2.2 3.1 106.5 -
14.3 

167.3 206.3 N 

H1090x_XF PKS EQ042832126 29.9 85.7 -7.0 22.5 1.4 2.7 348.8 11.4 -86.7 35.0 N 

H1090x_XF PKS EQ043250807 29.9 85.7 -5.0 22.5 0.5 1.7 344.6 9.6 -84.2 16.0 N 

H1090x_XF PKS EQ051830216 29.9 85.7 -
11.0 

22.5 4.0 4.0 348.0 11.2 -86.2 27.0 N 

H1090x_XF SKS EQ043002048 29.9 85.7 -

55.0 

22.5 1.8 2.9 219.0 -

57.1 

-24.8 10.0 N 

H1100x_XF PKS EQ041810701 30.0 85.7 -5.0 17.0 1.1 0.7 349.1 10.7 -87.0 9.0 N 

H1100x_XF SKKS EQ043200906 30.0 85.7 68.0 22.5 1.3 2.7 332.2 4.7 -77.5 15.0 N 

H1100x_XF SKS EQ042471904 30.0 85.7 -

89.0 

9.5 1.7 0.8 98.1 -

15.3 

-173.3 10.0 N 

H1120x_XF SKS EQ042501242 30.1 85.4 35.0 22.5 4.0 4.0 221.2 -

55.4 

-29.0 10.0 N 

H1140x_XF PKS EQ041810701 30.3 85.3 80.0 22.5 1.9 2.9 348.6 10.7 -87.0 9.0 N 

H1140x_XF PKS EQ043252201 30.3 85.3 -3.0 3.0 1.8 0.8 353.4 13.4 -90.1 40.6 N 

H1150x_XF SKS EQ042721529 30.4 85.3 -

55.0 

22.5 2.0 3.0 211.2 -

52.5 

28.0 10.0 N 

H1160x_XF SKS EQ042721529 30.4 85.3 -

55.0 

22.5 1.4 0.9 211.2 -

52.5 

28.0 10.0 N 

H1160x_XF SKS EQ050411653 30.4 85.3 -

64.0 

22.5 4.0 4.0 112.9 -

23.1 

169.2 9.0 N 

H1170x_XF SKS EQ043272026 30.5 85.2 -

46.0 

22.5 4.0 4.0 135.5 -

46.7 

164.7 10.0 N 

H1180x_XF PKS EQ043250807 30.6 85.2 78.0 22.5 1.4 2.7 344.0 9.6 -84.2 16.0 N 

H1190x_XF PKS EQ051830216 30.7 85.1 -

14.0 

22.5 2.9 3.5 347.3 11.2 -86.2 27.0 N 

H1190x_XF SKKS EQ051642244 30.7 85.1 -

85.0 

22.5 0.5 2.3 288.6 -

20.0 

-69.2 115.6 N 

H1200x_XF PKS EQ043250807 30.7 85.1 -
19.0 

22.5 2.4 3.2 343.9 9.6 -84.2 16.0 N 

H1210x_XF PKS EQ043252201 30.8 85.1 -9.0 22.5 2.3 3.1 353.2 13.4 -90.1 40.6 N 

H1210x_XF PKS EQ051830216 30.8 85.1 76.0 22.5 1.6 2.8 347.3 11.2 -86.2 27.0 N 

H1210x_XF SKS EQ042501242 30.8 85.1 45.0 22.5 3.9 3.9 221.6 -
55.4 

-29.0 10.0 N 

H1220x_XF PKS EQ042832126 30.9 85.1 80.0 22.5 4.0 4.0 348.0 11.4 -86.7 35.0 N 

H1220x_XF PKS EQ043252201 30.9 85.1 86.0 1.0 3.8 0.9 353.2 13.4 -90.1 40.6 N 

H1220x_XF SKS EQ043272026 30.9 85.1 -
77.0 

22.5 0.6 1.2 135.4 -
46.7 

164.7 10.0 N 

H1230x_XF PKS EQ042832126 30.9 85.1 82.0 1.0 4.0 0.4 348.1 11.4 -86.7 35.0 N 
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Table S2. Null Individual Splitting Parameters. (cont.) 

H1230x_XF PKS EQ043200906 30.9 85.1 -
50.0 

22.5 0.4 1.0 331.8 4.7 -77.5 15.0 N 

H1230x_XF PKS EQ043250807 30.9 85.1 77.0 22.5 1.3 2.7 344.0 9.6 -84.2 16.0 N 

H1250x_XF SKS EQ042721529 31.1 85.0 48.0 22.5 0.2 1.9 211.1 -

52.5 

28.0 10.0 N 

H1260x_XF PKS EQ041810701 31.2 85.0 86.0 22.5 1.0 2.5 348.4 10.7 -87.0 9.0 N 

H1260x_XF PKS EQ043250807 31.2 85.0 72.0 22.5 1.7 2.9 343.9 9.6 -84.2 16.0 N 

H1260x_XF SKKS EQ051642244 31.2 85.0 -

69.0 

22.5 3.5 3.7 289.5 -

20.0 

-69.2 115.6 N 

H1270x_XF PKS EQ042832126 31.2 85.1 -
14.0 

22.5 2.1 3.1 348.1 11.4 -86.7 35.0 N 

H1280x_XF SKS EQ043550739 31.3 85.1 -

84.0 

22.5 4.0 4.0 98.7 -

15.9 

-174.6 227.8 N 

H1300x_XF PKS EQ042832126 31.5 85.2 76.0 6.0 4.0 4.0 348.3 11.4 -86.7 35.0 N 

H1300x_XF PKS EQ043250807 31.5 85.2 71.0 22.5 2.2 3.1 344.2 9.6 -84.2 16.0 N 

H1320x_XF PKS EQ042832126 31.6 85.2 75.0 1.5 4.0 1.1 348.4 11.4 -86.7 35.0 N 

H1320x_XF PKS EQ043250807 31.6 85.2 70.0 22.5 1.5 2.8 344.3 9.6 -84.2 16.0 N 

H1320x_XF PKS EQ051830216 31.6 85.2 -
15.0 

22.5 4.0 4.0 347.6 11.2 -86.2 27.0 N 

H1330x_XF PKS EQ041810701 31.7 85.2 -6.0 22.5 2.7 3.3 348.7 10.7 -87.0 9.0 N 

H1330x_XF PKS EQ043200906 31.7 85.2 67.0 22.5 1.3 2.6 332.4 4.7 -77.5 15.0 N 

H1330x_XF SKS EQ042471904 31.7 85.2 -

89.0 

5.0 1.2 0.5 97.4 -

15.3 

-173.3 10.0 N 

H1340x_XF PKS EQ042832126 31.7 85.1 71.0 22.5 1.0 2.5 348.3 11.4 -86.7 35.0 N 

H1340x_XF PKS EQ043200906 31.7 85.1 -

30.0 

22.5 3.0 3.5 332.3 4.7 -77.5 15.0 N 

H1340x_XF PKS EQ051830216 31.7 85.1 79.0 22.5 4.0 4.0 347.6 11.2 -86.2 27.0 N 

H1350x_XF PKS EQ042832126 31.8 85.0 80.0 22.5 2.2 3.1 348.2 11.4 -86.7 35.0 N 

H1370x_XF PKS EQ042832126 32.0 84.9 76.0 22.5 2.4 3.2 348.0 11.4 -86.7 35.0 N 

H1370x_XF PKS EQ043252201 32.0 84.9 -
75.0 

22.5 0.3 2.2 353.1 13.4 -90.1 40.6 N 

H1400x_XF PKS EQ042832126 32.1 84.7 -

15.0 

22.5 3.8 3.9 347.8 11.4 -86.7 35.0 N 

H1421x_XF PKS EQ043200906 32.0 83.9 -

19.0 

22.5 0.6 1.3 330.7 4.7 -77.5 15.0 N 

H1421x_XF SKS EQ050981138 32.0 83.9 -
62.0 

22.5 0.8 2.4 112.0 -
23.1 

169.3 10.0 N 

H1422x_XF PKS EQ043200906 32.1 83.9 -

31.0 

22.5 3.9 4.0 330.8 4.7 -77.5 15.0 N 

H1440x_XF PKS EQ051830216 32.5 84.2 72.0 10.0 1.8 2.0 346.5 11.2 -86.2 27.0 N 

H1450x_XF SKKS EQ041970427 32.5 84.3 -
86.0 

22.5 0.8 2.4 101.4 -
17.6 

-178.6 560.0 N 

H1490x_XF PKS EQ043200906 32.8 84.3 -

36.0 

8.0 1.1 0.5 331.7 4.7 -77.5 15.0 N 
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Table S2. Null Individual Splitting Parameters. (cont.) 

H1500x_XF PKS EQ050761337 32.9 84.3 83.0 22.5 4.0 4.0 354.4 15.1 -91.4 197.4 N 

H1510x_XF PKS EQ041810701 33.0 84.3 -

15.0 

22.5 3.8 3.9 347.8 10.7 -87.0 9.0 N 

H1520x_XF PKS EQ042832126 33.0 84.3 73.0 22.5 1.3 2.7 347.4 11.4 -86.7 35.0 N 

H1520x_XF PKS EQ043200906 33.0 84.3 -
31.0 

22.5 4.0 4.0 331.9 4.7 -77.5 15.0 N 

H1520x_XF SKS EQ042501242 33.0 84.3 39.0 22.5 3.9 3.9 222.8 -

55.4 

-29.0 10.0 N 

H1540x_XF SKKS EQ041970427 33.2 84.2 -

82.0 

22.5 1.1 2.5 101.2 -

17.6 

-178.6 560.0 N 

H1580x_XF SKS EQ041970427 33.5 84.3 -
73.0 

22.5 1.6 2.8 101.2 -
17.6 

-178.6 560.0 N 

H1580x_XF SKS EQ051680621 33.5 84.3 -

68.0 

22.5 4.0 4.0 23.4 40.8 -126.6 12.0 N 

H1590x_XF PKS EQ043252201 33.6 84.2 85.0 22.5 2.5 3.3 352.3 13.4 -90.1 40.6 N 

H1610x_XF SKS EQ041970427 33.9 84.3 10.0 22.5 3.2 3.6 101.1 -
17.6 

-178.6 560.0 N 

H1620x_XF SKS EQ041970427 34.0 84.2 -

81.0 

22.5 4.0 4.0 101.0 -

17.6 

-178.6 560.0 N 

NBENSx_XF PKS EQ030220206 28.2 84.4 -

81.0 

22.5 2.7 3.4 10.9 18.8 -104.1 24.0 N 

NBUNGx_XF PKS EQ030220206 27.9 85.9 -3.0 14.5 0.5 0.2 12.9 18.8 -104.1 24.0 N 

NG030x_XF PKS EQ030221941 27.7 84.4 9.0 22.5 3.8 3.9 11.4 18.8 -104.4 10.0 N 

NG040x_XF PKS EQ030220206 27.8 84.5 13.0 1.5 1.7 1.2 11.1 18.8 -104.1 24.0 N 

NJANAx_XF PKS EQ030220206 26.7 85.9 -

73.0 

22.5 0.6 2.3 13.2 18.8 -104.1 24.0 N 

NP080x_XF PKS EQ030220206 28.2 84.0 -

86.0 

22.5 0.9 2.0 10.5 18.8 -104.1 24.0 N 
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II. ANNUAL PERIODICITY OF SEISMIC VELOCITIES IN YELLOWSTONE 

CALDERA AND ITS SURROUNDING AREAS REVEALED BY VELOCITY 

VARIATION ANALYSIS 

ABSTRACT 

In our study of seismic velocity variations in the Yellowstone caldera and its 

adjacent area, we utilized ambient noise-based methods in conjunction with moving 

window across spectrum and stretching techniques to analyze 13 years of seismic data 

from multiple permanent stations. Most station pairs displayed a relatively stable annual 

velocity change trend, with three regions - Norris Geyser Basin, Hot Spring Basin, and 

Jackson Lake - exhibiting pronounced annual periodicity compared to the rest of the 

study area. These variations were influenced by different geological structures, resulting 

in varying degrees of impact from environmental factors on velocity changes in these 

regions. The Norris Geyser Basin, characterized by its porous medium, is highly 

responsive to external conditions. The correlation coefficient exceeding 0.5 between 

atmospheric temperature and the annual cyclical function suggests that temperature 

predominantly drives the strong periodicity in earthquake velocities in this region. 

Similarly, in Hot Spring Basins where independent water storage entities lack 

interconnectedness, there's a notable correlation between the annual period function and 

environmental factors, indicating that the robust annual periodicity in this area results 

from pore pressure changes triggered by rainfall or atmospheric pressure. In contrast, 

Jackson Lake, with its extensive water coverage, exhibits a significant temporal overlap 

between the high seismic velocity zone and the peak water volume period. This suggests 
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that the intense annual periodicity in seismic velocity in this area is primarily due to 

variations in water storage capacity. 

Keywords: velocity variation, annual cycle, external environmental factors, ambient 

noise 

PLAIN LANGUAGE SUMMARY 

This study investigates changes in seismic velocities over time within the 

Yellowstone region, particularly near the caldera. Using an approach similar to ambient 

noise tomography methods, we focus on velocity variations between two stations within 

the study area. Our findings reveal that seismic velocity across Yellowstone National 

Park generally exhibits an annual periodicity, with the most pronounced effects observed 

in the Norris Geyser Basin (northwest corner of the caldera), the Hot Spring Basin (east 

of the caldera), and Jackson Lake (south of the caldera). The strong annual periodicity in 

these three regions is the result of a combination of various factors. Temperature acts as 

the primary driver in the Norris Geyser Basin, while air pressure and rainfall play pivotal 

roles in the Hot Spring Basin. In Jackson Lake, the dominant factor is water discharge. 

This study is the first to emphasize the strength of the annual velocity cycle as the central 

focus and analyze its underlying causes. It identifies areas with robust annual seismic 

velocity cycles influenced by distinct factors, offering a new perspective for future 

volcanic activity monitoring. 
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1. INTRODUCTION 

 

Understanding changes in shallow seismic velocities is critical for interpreting 

geophysical data, assessing seismic hazards, and conducting subsurface mapping. 

Seismic velocity, the speed at which seismic waves travel through the Earth's layers, is 

not constant but can vary significantly based on a range of geological and environmental 

factors. This change is particularly noticeable at shallow depths (De Fazio et al., 1973; 

Roumelioti et al., 2020). The composition of soil and rock stands as a primary 

determinant of seismic wave propagation velocities (Schnabel et al., 1972). Consolidated 

rocks typically show higher velocities compared to unconsolidated sediments (Houtz et 

al., 1968). Within this framework, factors such as porosity and moisture content play 

pivotal roles in dictating propagation velocities within the same medium. High porosity 

generally correlates with diminished velocities due to greater wave dispersion space 

(Winkler, 1983; Son & Kang, 2012). Beyond intrinsic medium characteristics, external 

elements also contribute to shallow seismic wave velocity variations. For instance, 

alterations in temperature can markedly impact seismic velocity at shallow (Jones & Nur, 

1983) as well as at depth (Anderson, 1987), particularly in regions marked by substantial 

temperature fluctuations. High temperatures tend to reduce material rigidity, 

consequently lowering seismic velocities (Jones & Nur, 1983). Additionally, subsurface 

pressure and stress conditions exert a discernible influence, with augmented pressure 

typically resulting in heightened velocities (Kern, 1978). The presence of cracks or faults 

can significantly disrupt seismic wave propagation, frequently leading to reduced 

velocities in these regions (Al‐Shukri & Mitchell, 1988; Pointer et al., 2000; Taira et al., 
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2015). Lastly, the degree of rock weathering and alteration is a factor of significance 

(Aster & Shearer, 1991), as weathered material often manifests lower seismic velocities 

compared to unaltered counterparts (Mohamad et al., 2010). 

Research on the shallow seismic velocity structure in Yellowstone Park has 

reached a considerable level of maturity. Pioneering work by Miller and Smith (1999) 

and Husen et al. (2004) involved predicting the P-wave velocity structure and Vp/Vs ratio 

in the vicinity of the caldera. This was achieved by conducting inversions based on the 

first arrival times of local earthquakes and controlled source explosions. Furthermore, the 

identification of a low-velocity zone beneath the caldera, as revealed by teleseismic 

tomography, lends support to the presence of hot, potentially moisture-rich rocks 

ascending from the mantle transition zone, which contributes to the occurrence of hot 

spot volcanism (Waite et al., 2006; Yuan & Dueker, 2005). Similarly, Rayleigh wave 

tomography has unveiled a comparable low-velocity plume layer (Schutt et al., 2008), 

albeit with some disparities in the extent of the low-velocity region between the two 

methods. Recent research endeavors have tended to adopt a multi-methodological 

approach. For instance, Pasquet et al. (2016) employed a combination of resistivity 

tomography, seismic refraction, and surface wave profile analysis to image the 

subsurface at depths ranging from 15 to 30 meters. Other progress involves enhancing the 

accuracy of velocity structure determination by augmenting station distribution and 

refining associated algorithms by limiting generalized parameters to make them more 

relevant to local conditions (e.g., Maguire et al., 2022). These efforts aim to provide a 

more precise comprehension of the subterranean dynamics surrounding the caldera, 

including the localization of underground magma chambers, magma flow patterns, the 
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property of hydrothermal reservoirs, etc. (e.g., Ciraula et al., 2023; Maguire et al., 2022; 

Nayak et al., 2020). 

While the aforementioned studies explore the seismic velocity variations at 

shallow depths specific to the Yellowstone area, it is also crucial to contextualize these 

findings within the larger framework of global seismic research. In this regard, exploring 

the existing body of work on annual velocity changes in diverse geological settings 

becomes imperative. Clements and Denolle (2018) leveraged ambient seismic noise to 

observe variations in seismic velocity (dv/v) associated with groundwater level 

fluctuations caused by drought and recharge in the San Gabriel Valley, California. 

Additionally, Polley et al. (2020) noted that seismic events in the L’Aquila region of Italy 

induced rapid shifts in near-surface velocities, whereas the hydrologic cycle induced 

slower changes in mid-crustal velocities. Powerful earthquakes have been shown to 

trigger short-term velocity reductions at stations near the rupture area, followed by 

recovery periods spanning days to months. This phenomenon was exemplified in events 

such as the 2019 Mw 7.1 Ridgecrest earthquake (Boschelli et al., 2021) and the 2021 Mw 

7.4 Maduo earthquake (Huang et al., 2022). Furthermore, beyond seismic activity, other 

geodynamic occurrences such as volcanic activity can also correlate with seismic velocity 

alterations, as evidenced by the 2014 intrusion of the Bárðarbunga-Holuhraun dyke in 

Iceland (Donaldson et al., 2019). 

Moreover, clear seasonal cycles in dv/v have been simulated and attributed to 

elastic and poroelastic responses linked to variations in snow thickness, atmospheric 

pressure, and groundwater levels. The influence of cyclical climatic factors on earthquake 

velocity has been observed in numerous regions, including the San Jacinto fault area. In  
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Figure 1. Yellowstone topographical map, depicting state boundaries (black solid line) 

and caldera demarcation (green dashed line). The gray circles, varying in size, denote 

earthquake events recorded from January 1, 2000, to December 31, 2022, with diverse 

magnitudes. The red triangles indicate the positions of permanent seismic stations 

employed in the study. The upper right inset offers a macroscopic overview of the 

research region's location. Red rectangular outlines three spots with strong seismic 

velocity annual cycles, and their geological features are shown in the enlarged subfigures. 

 

this region, the primary source mechanism for the velocity’s annual cycle is identified as 

thermoelastic strain induced by fluctuations in atmospheric temperature (Hillers et al., 

2015). A similar influence is noted in Taiwan, where velocity variations are significantly 
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shaped by intense precipitation events associated with the Madden–Julian Oscillation 

(Hillers et al., 2014). 

In this study, we employed approaches using ambient noise-based procedures to 

derive noise cross-correlation functions, which serve as the cornerstone of our analysis. 

This methodology was further complemented by the application of the moving window 

cross-spectral and stretching method, a technique pivotal in extracting precise velocity 

perturbations from the gathered data. The results of our comprehensive analysis reveal 

striking findings: three distinct areas exhibiting strong annual cycles in seismic velocity. 

These areas are located near the Norris Geyser Basin (Area A), the Hot Spring Basin 

(Area B), and Jackson Lake (Area C). Intriguingly, each of these areas is influenced by 

its unique set of dominating factors that contribute to the observed strong annual velocity 

cycles. The identification of these areas not only underscores the spatial variability of 

seismic velocity changes but also highlights the complex interplay of various factors at 

play in these regions.  

Our research marks a significant advancement in our understanding of seismic 

velocity variations at shallow surface levels, particularly in the Yellowstone region. 

Spanning an unprecedented duration of 12 years, our study is the first to document long-

term seismic velocity changes in Yellowstone and its adjacent area, addressing a notable 

gap in existing literature that largely focuses on shorter time frames. Additionally, while 

previous studies have primarily concentrated on limited factors influencing velocity 

variations near Yellowstone, our research provides a comprehensive analysis of multiple 

factors contributing to these changes. A particularly novel aspect of our work is the 

exploration of the strength and implications of the annual velocity cycle, a topic that has 
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not been thoroughly examined in prior studies. Furthermore, we expand the geographical 

scope of the investigation beyond the customary confines of the caldera rim, 

incorporating a broader area including regions south of the caldera. This expansive 

approach not only enhances the depth of our understanding but also contributes to a more 

holistic view of seismic behavior in this geologically significant area. Our findings offer 

invaluable insights for future seismic monitoring and research, paving the way for more 

detailed and extensive studies in this field. 

 

2. GEOLOGICAL SETTINGS 

The cyclical occurrence of rhyolite and basalt within the Yellowstone volcanic 

stratigraphy reflects volcanic events in the geological past: the Huckleberry Ridge Tuff 

Eruption (2.1 Ma), the Island Park Caldera Formation (1.3 Ma), and the Lava Creek Tuff 

Eruption (0.6 Ma). The outcrops from the first two stages are challenging to trace due to 

various geological processes, including glacial erosion. In contrast, the geological 

features from the third stage and the results of recent magmatic activities are observable 

in the vicinity of the caldera rim (White et al., 1988). 

2.1. NORRIS GEYSER BASIN 

Norris Geyser Basin is one of the places where Lava Creek Tuff is exposed. The 

vulnerability of Norris Geyser Basin's crust is supported by the presence of northeast-

trending fault zones (Gardner et al., 2013) and the high b-value in seismic events (Farrell 

et al., 2009). Within Norris Geyser Basin, the interplay of external climatic influences 
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and the complex hydrological system involving a shallow low-temperature aquifer and a 

deep high-temperature hydrothermal reservoir (Gardner et al., 2013) amplifies the 

seasonal geyser eruptions (Reed et al., 2021).  The presence of magnetic anomalies 

aligned with faults and geysers indicates that the hydrothermal alteration processes in this 

area are highly active (Finn & Morgan, 2002).  

2.2. HOT SPRING BASIN 

Hot spring basins consist primarily of multiple isolated acidification zones (Allen 

et al., 1935), contributing to the large lateral inhomogeneity within the crust using P wave 

seismic profiling (R. B. Smith et al., 1982). These acidified zones exhibit a grid-like 

distribution above the geothermally active land and are primarily characterized by 

lithologies such as Lava Creek Tuff, basalt, and Quaternary sediments (Werner et al., 

2008). This location is also characterized by a relatively rare fault trend in the 

Yellowstone area, running almost parallel to the edge of the caldera. It also coincides 

with the area showing the highest horizontal gradient in both geomagnetism and pseudo-

gravity data (Finn & Morgan, 2002). 

2.3. JACKSON LAKE 

Behrendt et al. (1968) conducted extensive geophysical studies, including gravity, 

seismic refraction, and aeromagnetic surveys, to uncover that the predominant rock 

composition in the vicinity of Jackson Lake and its surrounding mountains is gneiss. In 

addition to natural influences such as rainfall and snowfall, the ecological dynamics of 

Jackson Lake are also influenced by human activities, particularly the operation of the 
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Jackson Lake Dam (Marston et al., 2005). Notably, a normal fault running along the 

western edge of Jackson Lake introduces slight variations, including differences in 

riverbed permeability on both sides of the fault (McGreevy & Gordon, 1964). 

 

 

Figure 2. Velocity perturbation map spanning from January 1, 2010, to December 31, 

2022. (A1) displays the dv/V results derived via the moving window cross-spectral 

method (red curve) and the stretching method (blue curve) for station pair YMP-YTP. 

(b1) represents (a1) in the frequency domain, with spheres highlighting absolute 

maximum amplitudes at approximately 1.0 Hz, signifying the strength of the annual 

cycle.  (b1, b2), (c1, c2), and (d1, d2) parallel the content of (a1, a2) but pertain to station 

pairs YHH-YMP, IMW-MOOW, YFT-YMR, respectively. 

 

3. DATA AND METHOD 

The relative velocity perturbation approach is rooted in the principles of ambient 

noise theory and represents an alternative technique for investigating temporal variations 

in seismic velocity. As such, the data preprocessing closely resembles ambient noise 

tomography and encompasses procedures such as instrument response correction, 
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normalization, spectral whitening, cross-correlation, and stacking of the seismic traces 

obtained from 14 permanent stations. 

To capture the temporal variations in seismic velocity occurring at daily intervals, 

it is imperative to obtain stacked empirical Green's functions that are both time-sensitive 

and exhibit high signal-to-noise ratios. To achieve this, we first conduct an initial 

assessment to determine if the amplitude is abnormal, defined as exceeding five times the 

local amplitude maximum median, for each half-hour-long data segment. If such 

abnormal amplitudes are detected, we proceed to artificially clip the corresponding 

segments, setting the clipped portion to 0. Then we down-sample the original data to 

intervals of half an hour instead of one day, resulting in the potential presence of up to 48 

cross-correlation functions per day in theory, given a fixed station pair. We perform 

linear stacking of approximately 200 cross-correlation functions obtained over five 

consecutive days. The resulting traces, representing the empirical Green's function on the 

third day of the five-day period, serve as the initial input of the seismic velocity 

variations. 

In previous studies, two primary methods were commonly employed for rapid 

retrieval of seismic velocity changes. These methods are known as Stretching and 

Moving Window Cross Spectral techniques, which were initially introduced by Sens-

Schönfelder and Wegler (2006) and Poupinet et al. (1984), respectively. In this study, we 

utilize the empirical Green's function stacked over 13 years, from the beginning of 2010 

to the end of 2022, as a static velocity model for reference. Additionally, we construct a 

control group for comparison by superimposing the empirical Green's function over a 10-

day period. 
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When the propagation medium and structure do not undergo significant changes, 

the variation in seismic velocity (∆𝑣) exhibits a negative correlation with the change in 

delay time (∆𝑡) (Ratdomopurbo & Poupinet, 1995): 

∆𝑣

𝑣
= −

∆𝑡

𝑡
 

3.1. STRETCHING 

The stretching method involves adjusting Green's function in the time domain 

within a specific time window of the control group by retrieving a predetermined 

stretching coefficient. This adjustment aims to maximize the similarity between the 

stretched/compressed cross-correlation function and the cross-correlation function within 

the corresponding time window of the reference group. The error associated with the 

stretching method can be calculated using the approach proposed by Weaver et al. 

(2011): 

𝐸𝑟𝑟𝑜𝑟 =
√1 − 𝑋2

2𝑋
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where X represents the maximum correlation coefficient between the identical cross-

correlation functions in the control group and reference group, T is the center of the 

inverse of the pre-assumed frequency band, 𝜔𝑐 is the central pulsation, and t1 and t2 are 

the start and end of the time window. 
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3.2. MOVING WINDOW CROSS SPECTRUM 

In the analysis of the paired Normalized Cross-Correlation Function between the 

reference group and the control group, we initiate the process by partitioning the entire 

function into multiple overlapping segments based on a fixed time window and a step 

size. These smaller segments are initially combined with an 85% taper and then 

transformed into the frequency domain through a fast Fourier transform (𝐹𝑟𝑒𝑓(𝑣) and 

𝐹𝑐𝑜𝑛(𝑣) for Cross-Correlation Function in reference and control group, respectively). 

Subsequently, the cross-spectrum 𝑋(𝑣) is derived using a cross-correlation method, 

presented in the form of amplitude |𝑋(𝑣)| and phase 𝜑(𝑣): 

𝑋(𝑣) = |𝑋(𝑣)|𝑒𝑖𝜑(𝑣) 

In the absence of intricate structural complexities, it is feasible to regard velocity 

perturbation over a designated time frame as homogeneous. Consequently, the gradient of 

the cross-correlation lag time and the frequency can be approximated as a delay time 

parameter (∆𝑡), localized at the midpoint of the time window. To ensure that the 

compared segments meet the minimum requirements for comparison, we followed the 

cross-coherence 𝐶(𝑣) calculation method proposed by Clarke et al. (2011) to constrain 

all segments. This approach enables us to establish reliable comparisons between the 

fragments by applying appropriate threshold (e.g., 0.65): 

𝐶(𝑣) =
|𝑋(𝑣)̅̅ ̅̅ ̅̅ |

√|𝐹ref(𝑣)|2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ∙ |𝐹con(𝑣)|2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
 

where the bar above represents the desired smoothing process. Additional constraints, 

including the maximum permissible delay time and the range for selecting the time 

window, should be incorporated based on the geological context and the interstation 
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spacing. Segments that fulfill the specified criteria will be selected, and a weighted linear 

regression, incorporating the weighting factor, which is the reciprocal of the error for 

local delay time estimation, will be executed. The reciprocal of the resultant slope value 

obtained through this process represents the velocity perturbation at a specific time node. 

3.3. THE STRENGTH OF SEISMIC VELOCITY ANNUAL CYCLE 

Surface structures on Earth are susceptible to external environmental changes, 

leading to periodic variations in seismic wave velocity, often occurring over yearly 

cycles. To investigate these periodic patterns and their spatial distribution determinants, 

we introduced the concept of amplitude ratio as a quantitative measure of periodicity 

strength. In this approach, we resampled the velocity variation curve for each station pair 

at a rate of one day per year (1.0/365.25) and employed fast Fourier transform to identify 

the local maximum value nearest to 1 Hz, denoted as 𝐴𝑚𝑎𝑥. Simultaneously, we 

calculated the average amplitude across the 0.5 Hz to 10 Hz range, termed 𝐴𝑎𝑣𝑒. The 

ratio of 𝐴𝑚𝑎𝑥 to 𝐴𝑎𝑣𝑒, referred to as 𝐴𝑟𝑒𝑙, served as an indicator of local cycle intensity, 

mitigating the influence of uncertain factors on propagation paths and velocity curves. 

Additionally, to counteract the impact of geometric spreading, we employed the distance 

(𝐷𝑥_𝑦) between two stations as a divisor. The resultant relative strength (𝐴𝑟𝑒𝑙/𝐷𝑥_𝑦) is 

evenly distributed along the assumed propagation path and is recorded on the path's grid. 

For all grids, we calculated the arithmetic mean and further smoothed the resultant grid 

image using the generalized minimum-curvature method. 
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Figure 3. (a) Ray density distribution. A, B, and C mark three areas with strong annual 

cycle. (b) Resulting spatial distribution of annual cycle strength, obtained using the 

MWCS method. The current traces are composed of 40-day stacking, while the reference 

traces encompass a 12-year stacking. The frequency band for the traces is 0.05-0.5 Hz. 

Blue circles denote significant earthquake events (Ms>=3.5) since 2010. (c) Resulting 

spatial distribution of annual cycle strength map. Current and reference traces match 

those in (b) but the frequency band is set to 0.1-1.0 Hz. Blue circles signify two major 

earthquake swarms that occurred in 2022. (d) Same as (b) and (c) but for frequency bands 

0.5-1.5 Hz. 

 

3.4. WEATHER AND HYDROLOGICAL DATA PROCESSING 

The weather, climate, and hydrological data are obtained from National Water 

Information System, National Oceanic and Atmospheric Administration, and Jackson 

Lake at Dam on Snake River near Moran operated by US Geological Survey, US 

Department of Commerce, and Bureau of Reclamation, respectively. The average 
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unregulated flow, reservoir water surface elevation, snow water equivalent, reservoir 

water storage, average stream discharge, precipitation and the average air temperature are 

calculated daily from January 1st, 2010, to Dec. 31st, 2022. The blue curves in Figure 4, 5, 

6 and Figure S2, S3, S4 display all the factors in terms of time. Note that all data are 

normalized to correlate with strength of annual cycle. 

 

  

Figure 4. Cross-correlation coefficient between two parameters for Norris Geyser Basin. 

(a), (b), (c), (d), and (h) presents a direct comparison between various external factors and 

the functions exhibiting annual cycles after sinusoidal curve fitting. Subtitles within the 

figure provide information on different external factors, their correlation coefficients, and 

associated delay times. (e) A comparison between atmospheric temperature and water 

temperature. (f) The curve showing changes in pore pressure attributed to rainfall. (g) A 

comparison between the predicted curve showcasing velocity changes solely due to 

rainfall and the actual velocity variation curve. 
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4. RESULTS 

4.1. VELOCITY PERTURBATION AND THE STRENGTH OF ANNUAL CYCLE 

Figure 2 (a1, b1, c1, d1) illustrates the temporal evolution of dv/v for four sets of 

station pairs. To ensure comparability between the reference and current groups, we pre-

calibrated and established coherence and cross-correlation thresholds for the MWCS and 

Stretching methods, respectively. Given the use of 13 years of stacking results as the 

reference group and a time lag window spanning a lengthy interval of -120s to +120s, we 

opted for a threshold of 0.5 for both methods to maintain a reasonably high signal-to-

noise ratio while ensuring an adequate number of dv/v curves. The findings reveal that 

the trends of both methods are largely consistent, displaying a discernible annual 

periodicity while the stretching method exhibits slightly higher vibrational amplitudes 

compared to the MWCS method, resulting in a larger standard deviation in error 

estimation. 

To ascertain whether the annual cycle predominantly influences the 13-year 

velocity variation, we transformed the time-domain curves into the frequency domain and 

denoted the absolute amplitudes (a2, b2, c2, d2 in Figure 2) acquired through the two 

methods. It is evident that the annual cycle plays an unequivocal dominant role in the 

YMP-YTP and IMW-MOOW station pairs (a2, c2 in Figure 2). In the YHH-YMP station 

pair, it is relatively pronounced but less so compared to the first two (b2 in Figure 2). In 

contrast, the YFT-YMR station pair exhibits a weaker annual cycle, and its presence is 

inconspicuous (d2 in Figure 2). The strength of the seismic velocity annual cycle across 

the entire study area falls into the above three categories: strong, relative strong, and 



102 

weak, and the three bright spots (A, B and C in Figure 1) highlight the distribution of the 

areas with strong annual cycles. 

4.2. THE SEASONAL VARIATION AND THE CLIMATE DATA 

Like velocity variation curves over time, meteorological data (water discharge a 

in Figure 4, ground water level h in Figure S1, water temperature b in Figure 4, and air 

temperature c in Figure 4.1) across the entire study area also demonstrate annual 

fluctuations while some specific weather data reveal either local annual periodicity (e.g., 

snow depth in Figure 4d) or semiannual periodicity with interannual variability (e.g., rain 

fall in Figure 4f). For each candidate factor, we apply feature scaling, adjusting the range 

to either 0 to 1 or -1 to 1, based on whether negative values held physical significance. 

Subsequently, we compare these normalized factors with either the highly filtered dv/v 

curve using a bandpass filter with corner frequencies set at 0.9 and 1.1 Hz or fitting 

sinusoidal functions with different orders. These two resultant curves are then subjected 

to full-mode cross-correlation analysis, from which we derive the lag time between the 

two curves and the correlation coefficient following the corresponding time shift. 

4.2.1. Norris Geyser Basin (Area A).  In this area, the correlation between 

atmospheric air temperature and surface water temperature is notably strong at 0.86, with 

a lag time of 16 days (Figure 4e). Furthermore, the correlation coefficient peaks at 0.84 

within 6 days for the annual cycle function and the water temperature curve (refer to 

Figure 4b). Moreover, a qualitative examination of the association between snow depth 

and the annual periodic function reveals a negative correlation (depicted in Figure 4d), 

while the annual periodic function appears to have no direct relationship with water flow 
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(Figure 4a). No direct relation can be found between the annual cycle and the rainfall-or-

air induced pore pressure change, evidenced my Figure 4g and 4h. 

4.2.2. Hot Spring Basin Group (Area B). The region experiences abundant 

rainfall. While seismic velocity changes exhibit a weak direct correlation with rainfall, 

the alteration in pore pressure resulting from rainfall constitutes one of the primary 

factors influencing seismic wave velocity variations (as discussed in section 5.2), with a 

near perfect cross correlation for the fitting curves (Figure 5g).  Different from area A, 

the annual cycle curves are not comparable to water temperature variations with a 

correlation coefficient of -0.10 (Figure 5b) and air temperature variations with a 

correlation coefficient of -0.12 (Figure 5c). Furthermore, the annual cycle function 

displays a large negative correlation with snow depth (as shown in Figure 5d) and water 

discharge (as shown in Figure 5a). 

4.2.3. Jackson Lake (Area C). Given the extensive coverage of this area, we 

have selected seven stations (Figure S1) to monitor historical water flow changes. 

Although each station operates at varying times, they all exhibit a positive correlation 

between water flow (moisture content) and velocity variations (Figure S1). Rainfall 

exerts some influence on water flow. The annual cycle function and atmospheric 

temperature curve reach a peak cross-correlation coefficient after a 52-day lag (Figure 

6c). The melted snow water volume itself has no clear contribution to the annual cycle, 

with an absolute cross-correlation coefficient close to 0 (Figure 6d). The diminutive 

magnitude of the cross-correlation coefficient between the annual cyclical function and 

factors related to pressure (Figure 6g and 6h) negates the hypothesis of their principal 
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causative role. Notably, the water content in this area surpasses that in areas A and B, 

rendering it impractical to estimate water temperature based on atmospheric temperature. 

 

 

Figure 5. Same as Figure 4 but for Hot Spring Basin. 

 

4.3. FREQUENCY-DEPENDENT ANNUAL CYCLICAL STRENGTH 

In seismic exploration, the perennial debate revolves around the trade-off between 

high-frequency, high-resolution shallow penetration and low-frequency, low-resolution 

deep penetration. However, guided by the theoretical limit of ambient noise and 

recognizing minimal structural constraints below 15 km, this study pragmatically 

prescribes the frequency range to 0.04-2.00 Hz, ensuring the retention of shallow noise. 

The results at the lowest frequency of 0.05-0.5 Hz are depicted in Figure 3b. The 

comparison between the results at 0.1-1.0 Hz (Figure 3c) and 0.5-1.5 Hz (Figure 3d) 

reveals little marked disparities. This variance in outcomes between high and low 
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frequencies affirms that shallower depths are generally more prone to manifest robust 

annual cycles. This heightened sensitivity arises from their responsiveness to seasonal 

changes in surface conditions, indicating that seismic measurements in shallower layers 

are more attuned to surface conditions. Roumelioti et al. (2020) identified substantial 

impacts of seasonal variations in seismic wave velocities within shallow sediments on 

soil response, leading to discernible disparities in high-frequency ground motions 

between dry and wet seasons. Concurrently, surface temperature emerges as a principal 

determinant of the annual cyclical intensity. Beyond its influence on water temperature, 

low temperatures can induce soil frost or freezing, with the extent of impact diminishing 

with increasing depth. Consequently, near-surface earthquake velocities experience a 

marginal increase compared to normal temperatures, as substantiated by Miao et al. 

(2019). 

 

5. DISCUSSION 

Given that surface structures are particularly responsive to climatic changes, 

certain secondary surface structures or velocity-related factors (e.g., water saturation) 

influenced by meteorological factors may exhibit the same periodic pattern as 

meteorological data. However, there might be a discernible phase difference between the 

two due to differing response times. Owing to the intricate geological structures 

surrounding the Yellowstone crater, including but not limited to hydrological and 

altitudinal variations, the influence of diverse meteorological factors on seismic velocity 

varies, and the extent of their impact differs significantly, especially in three bright spots. 
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5.1. THE IMPACT OF ATMOSPHERIC TEMPERATURE 

The influence of atmospheric temperature on the temperature gradient within the 

shallow crust is characterized by distinct lag times at different locations (e.g., 35 days in 

Japan, as observed in Wang et al., 2017; 40 to 45 days in the San Jacinto Fault Zone, as 

reported by Hillers et al., 2015), contingent upon the thermoelastic strain characteristics 

in terms of thermal expansion and diffusivity coefficient (Ben‐Zion & Allam, 2013). 

Even though the surface water body is generally less susceptible to rapid changes in 

atmospheric temperature-induced thermoelastic strain due to high thermal conductivity 

and heat capacity, the thermal diffusivity coefficient for unconsolidated soil increases 

with the water content, which further indicates the better ability for moisture soil to 

absorbs and release heat. Furthermore, fluctuations in atmospheric temperature can 

induce alterations in fluid pressure within the porous and fractured matrices of geological 

formations, consequently modifying velocity by affecting the effective stress exerted on 

rock grains. Experimental findings by Zeinali and Abdelaziz (2020) indicate that pore 

water pressure increases with rising temperature, reaching a peak before sharply 

decreasing when temperature stabilizes. Variations in pore water pressure, influenced by 

factors like fluid saturation and porosity, can subsequently affect bulk modulus 

(Berryman, 1999), thereby influencing seismic wave velocity. Notably, the significance 

of pore pressure effects may vary, with consolidated rocks exhibiting lower porosity 

showing potentially less impact compared to unconsolidated sediments with higher 

porosity (Wyllie et al., 1958).   

While the distribution of stations dictates the kilometer resolution of the annual 

cyclical intensity profile, the densest concentration in Norris Geyser Basin (area A) is in 
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its southeastern region near the crater rim. In contrast to the hard quartzite and 

chalcedony sinter deposits in the northern part of the basin, the rock fragments in this 

area are incompletely cemented by opal, leading to the creation of relatively large 

porosity (White et al., 1988). The consistency of temperature with the annual cyclical 

function shows the dominant role in this region (Figure 4c). Within the framework of a 

two-dimensional elastic half-space subjected to plane strain conditions, the sensitivity 

kernel is estimated to span 3-5 km for frequencies ranging from 0.1 to 1.0 Hz, enabling 

the derivation of strain delay relative to temperature variations as 8 /T, with T 

symbolizing the wave's period (Tsai, 2011). In the context of Area A, the calculated delay 

duration approximates 36 days, which is significantly larger than the realistic 16 days. A 

potential explanation is that the fault pores within this region are saturated with water, 

enhancing the propagation velocity of thermoelastic strain, and thereby diminishing the 

delay interval. An alternative theory posits that the heat source is not situated at the 

Earth's surface but rather at a proximal upper stratum, which abbreviates the delay period 

by curtailing the propagation path (Ben‐Zion & Leary, 1986). The source heat can be 

the water temperature variation affected by the air temperature (Figure 4c and 4e). The 

lower correlation coefficient in the hot spring basin (area B) excludes the possibility that 

temperature plays a dominant role in this area. For Jackson Lake (area C), the relatively 

high similarity between atmospheric temperature and the annual cycle (Figure 6c) 

indicates secondary factors affecting velocity variations. The primary explanations for 

different regions will be elucidated later. 
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Figure 6. Same as Figure4 but for Jackson Lake. Note that (e) is the comparison between 

water surface elevation and the water volume. 

 

5.2. THE IMPACT OF PRECIPITATION 

Regional external factors, such as seasonal rainfall, inevitably impact surface 

seismic velocity, with their contribution contingent on precipitation volume and local 

geological and hydrological structures. The interaction of heavy rainfall with 

unconsolidated sediments can induce sediment erosion and transport, altering seismic 

wave velocity by modifying the original sediment composition (Zhang & Wang, 2017). 

However, this process is time-consuming and irreversible, making it challenging to 

replicate on an annual cycle. Annual fluctuations in seismic velocities due to rainfall are 

more likely attributed to variations in pore pressure. Rainfall infiltrates the ground, filling 

subsurface pore spaces, and alters the effective stress of subsurface materials by elevating 

pore pressure (Zhan et al., 2007). Increased pore pressure tends to diminish seismic 
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velocities, especially in unconsolidated sediments, as it affects the stiffness and 

compressibility of the porous medium (Bachrach et al., 2001; Zhao, 2005).  

To assess the influence of rainfall on the local area, we employ the one-

dimensional fully coupled diffusion equation (Talwani et al., 2007) in conjunction with 

local rainfall data to model the cumulative variations in pore pressure (P): 

𝑃(𝑟, 𝑡) = ∑ 𝜌 ∙ 𝑔 ∙ 𝛿ℎ𝑖 ∙ 𝑒𝑟𝑓𝑐 [
𝑟

√4𝑐(𝑛−1)𝛿𝑡
]𝑛

𝑖=1 , 

where n and 𝛿𝑡 represent the sample size (100 days in this study) and the moving step in 

the time window (1 day in this study) respectively, 𝜌 ∙ 𝑔 ∙ 𝛿ℎ𝑖 is the water pressure 

change induced by rainfall at a given time node 𝛿𝑡𝑖, r signifies the diffusion depth 

designated as 3 km to align with the local sensitivity kernel, c is the diffusion rate 

(𝑚2/𝑠), and erfc(x) is the complementary error function. Following the similar procedure 

constructed by Wang et al. (2017) and Feng et al. (2021), we assume a linear positive 

correlation between velocity changes and pore pressure changes, denoted by the 

equation 
∆𝑣

𝑣 𝑝𝑟𝑒𝑑
= 𝐾 ∙ 𝑃 + 𝐵, where the amplification coefficient K is represented by 

𝑐𝑜𝑣 (
∆𝑣

𝑣 𝑟𝑒𝑎𝑙
(𝑡), 𝑃(𝑡)) /𝑣𝑎𝑟(𝑃(𝑡)), and the intercept 'B' is a constant computed by 

∆𝑣

𝑣 𝑟𝑒𝑎𝑙
(𝑡)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
− 𝐾 ∙ 𝑃(𝑡)̅̅ ̅̅ ̅̅ , where the bar on the top indicates the average of corresponding 

variable. It is essential to highlight that the velocity variation 
∆𝑣

𝑣 𝑟𝑒𝑎𝑙
(𝑡) employed for 

amplification factor calculation is a highly filtered velocity variation curve. Subsequently, 

a grid search is conducted to identify the optimal diffusion coefficient (c) within the 

range of 0.1 to 10 𝑚2/𝑠 at intervals of 0.1 𝑚2/𝑠, aiming to minimize the sum of squares 

of residuals (𝜎2) between true velocity changes and predicted velocity changes: 
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𝜎2(𝑐) =
1

𝑛
∑ (

∆𝑣

𝑣 𝑟𝑒𝑎𝑙
(𝑖) −

∆𝑣

𝑣 𝑝𝑟𝑒𝑑
(𝑖, 𝑐))

2

𝑛
𝑖=1 . 

The optimal diffusion rates for Norris Geyser Basin (area A), Hot Spring Basin 

(area B), and Jackson Lake (area C) are determined to be 0.2, 1.2, 0.2 𝑚2/𝑠, respectively. 

To assess the influence of predicted velocity variation curves resulting from rainfall-

induced pore pressure changes, cross-correlation calculations are performed with true 

curves. Due to data quality variations, temporal discontinuities, and impact of seismic 

events on the original data, gaps exist in the real seismic velocity variation curves, 

leading to a reduction in the cross-correlation coefficient. Despite this, the correlation 

coefficient surpasses 70%, suggesting that pore pressure changes induced by rainfall are 

the primary factor influencing seismic velocity changes in Area B. Conversely, for 

Jackson Lake (area C), where more than 80% of the region is covered by lake water, the 

influence of pore pressure changes caused by rainfall can be neglected.  

5.3. THE IMPACT OF AIR PRESSURE 

Atmospheric pressure typically exerts an indirect impact on surface seismic 

velocity by influencing pore pressure. This influence from atmospheric pressure 

possesses a more protracted periodicity and broader scope compared to other factors such 

as temperature (Luan et al., 2022). Furthermore, it can emerge as a potential factor in the 

occurrence of significant earthquakes (Chen et al., 2014; Gao et al., 2000). The alteration 

in atmospheric pressure can, over an extended duration, modify the strain load to the sub-

surface (Tsai, 2011), consequently influencing pore pressure through changes in 
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permeability. Simultaneously, short-term variations in air pressure can swiftly affect pore 

content by manipulating pressure differentials within pores and capillary phenomena.  

In our analysis, Norris Geyser Basin and Jackson Lake exhibit an approximate 

100-day phase difference between the annual cycle and the fitting atmospheric pressure at 

stations, with a cross-correlation coefficient below 0.1 (Figure 4h and Figure 6h). This 

suggests that atmospheric pressure has no direct impact on velocity changes in these two 

areas. Conversely, in Hot Spring Basin, a notable phase correlation is observed between 

the smoothed pressure curve and the velocity annual cyclical curve, with a theoretical 

phase difference of 16 days (Figure 5h). The correlation coefficient surpassing 0.5 

(Figure 5h) indicates that air pressure influences pore pressure through geological and 

hydrological property changes, subsequently affecting velocity changes. Building on the 

previous chapter's conclusion that the strong annual periodicity in Hot Spring Basin is 

induced by pore pressure changes from rainfall, we can augment this finding by 

suggesting that the strong annual periodicity in area B results from a combination of pore 

pressure changes induced by both rainfall and atmospheric pressure. It's important to note 

that pressure and rainfall are interconnected factors; for instance, low-pressure systems 

often stimulate cloud formation and precipitation (Hurley & Boos, 2014). Consequently, 

the velocity changes in area B are attributed to climatic factors, and further detailed 

research is warranted to discern the specific dominant influences. 

5.4. THE IMPACT OF WATER DISCHARGE 

Water discharge, the movement of water in rivers, streams, or other water bodies, 

can impact near-surface seismic velocities through various mechanisms. Similar to 
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rainfall, it primarily influences seismic velocities by altering pore pressure, sediment 

transport, and groundwater flow.  Rapid changes in water discharge rate over a specific 

timeframe can lead to the redistribution of dynamic loads and stresses near the surface, 

exerting real-time effects on seismic velocity. Significantly, in areas predominantly 

covered by water (such as area C), variations in water discharge rate can serve as a proxy 

for groundwater content (Figure 6b and Figure S1h), subsequently reflecting water 

saturation. A higher water discharge rate indicates increased groundwater content, 

resulting in relatively larger seismic wave velocities compared to the low water flow 

stage in the same area, and vice versa. 

For area A, water discharge data were sourced from Tantalus Creek in Norris, 

coinciding with the region exhibiting the highest intensity of the annual cycle. 

Normalized discharge data indicate a weak annual periodicity of water flow in this area, 

showing no direct and clear correlation with the annual periodicity of seismic velocities. 

Due to the absence of long-term active surface water monitoring stations in area B, the 

nearest available station, located in the northern part of Yellowstone Park Lake, does not 

accurately represent local water flow. In area C, encompassing the north, south, and east 

of Jackson Lake, seven surface water monitoring stations were available (three of them 

are plotted in Figure1). Normalized data from these stations revealed a conspicuous 

annual periodicity in peak water flow, with high peaks occurring from May to July each 

year, reaching 3 to 5 times higher discharge rate than in other months. The peak water 

flow corresponds to the maximum value of seismic velocity. Despite artifacts introduced 

to prevent transients in the 2010 and 2022 periodic functions due to edge effects from the 

interaction of the finite duration filter with the boundary signal (Wallén et al., 2013), the 
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comparison of average water flow and the annual periodic function of velocity (Figure 

6a) shows a correlation coefficient reaching 0.99, and a lag time of 1 days illustrates the 

decisive role of surface aquifer saturation in causing the strong annual periodicity in this 

area. 

5.5. THE IMPACT OF FAULTS AND SEISMIC EVENTS 

Faults and earthquake events are primarily causative factors influencing seismic 

velocities. Faults represent structural discontinuities resulting from the compaction or 

expansion of the Earth's crust, and the stresses and strains generated by earthquake events 

offer external support for structural changes in the Earth's crust. The 2016 Borrego 

Springs earthquake, marked by a magnitude of 5.2 and attributed to relative plate motion 

along the San Jacinto fault zone induced, significant disturbances in both the fault zone 

and the nearby environment. This seismic event led to a swift reduction in seismic 

velocities, as detailed by Qiu et al. (2019). A comparable incident unfolded in Maduo in 

2021, involving a seismic event of magnitude 7.4. This earthquake resulted in a 

discernible reduction in rock slope velocity, estimated at 0.41%, as determined through 

dv/v analysis (Huang et al., 2022). In the context of Yellowstone, earthquakes mainly 

arise from the movement of magma beneath the surface, leading to the accumulation of 

pressure and stress until it surpasses the elastic limit of the rock. While volcanic 

earthquakes release relatively small energy (not exceeding 4.5 Richter magnitude in this 

study area), it is sufficient to impact the elastic properties of the subsurface in terms of 

crack opening and closing. 
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In comparison to tectonic earthquakes, volcanic earthquakes can have a 

pronounced effect on the elastic properties of the subsurface, specifically regarding crack 

dynamics. Faults, in this context, can serve as conduits for fluid flow. The movement of 

fluids along faults induces changes in pore pressure, thereby influencing seismic 

velocities. Consequently, climate-induced alterations in seismic velocity are particularly 

notable in regions characterized by abundant faults and seismic activity. In the case of 

Area C, a significant fault traverses Jackson Lake, and the occurrence of the two largest 

earthquake swarms in 2022 (Grizzly Lake earthquake swarm and Pelican Cone 

earthquake swarm in Figure 3c) further emphasizes the intricate interplay of faulting and 

seismic events in influencing seismic velocities. 

 

6. CONCLUSIONS 

Utilizing ambient seismic noise, we monitored velocity fluctuations within and 

surrounding the Yellowstone caldera over thirteen years, observing that these 

perturbations exhibit periodic variations on an annual scale. Notably, the Norris Geyser 

Basin (area A) located northwest of the crater, Hot Spring Basin to the west (area B), and 

Jackson Lake towards the south (area C) demonstrated the most pronounced annual 

changes. Through a cross-correlation analysis between environmental parameters and the 

modeled annual cycle function, it was determined that the primary contributors to 

velocity perturbations in area A include atmospheric temperature. Alterations in surface 

water temperature and subsurface heat sources collectively reduce the lag time of the 

velocity disturbance curve. In area B, the annual cycle of velocity fluctuation is 
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predominantly attributed to variations in pore pressure induced by precipitation. The 

impact of atmospheric pressure on porosity-related pressure changes in this area is also 

significant, whereas, in region C, the primary driver of annual velocity changes is the 

alteration in pore water saturation resulting from shifts in water storage. Moreover, the 

extensive fault networks present in these areas enhance the susceptibility of their 

velocities to external environmental factors. 
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APPENDIX 

  

Figure S1. Same as Figure 4. Herein, the red curves depict the annual cycle function, 

which is derived from the highly filtered dv/v curve within the frequency band of 0.9 Hz 

to 1.1 Hz. Meanwhile, the blue curves represent the normalized raw climate data, 

illustrating a direct comparison between the refined analytical function and the initial 

observational data. 

https://doi.org/10.7914/SN/IW
https://doi.org/10.7914/SN/US
https://doi.org/10.7914/SN/WY
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Figure S2. Same as Figure S1 but for Hot Spring Basin. 

 

 

Figure S3. Same as Figure S1 but for Jackson Lake. 
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Figure S4. (a) to (g) illustrate the relationship between the velocity periodicity and the 

water discharge obtained from different water monitoring sites near Jackson Lake. (h) 

reveals the directly proportional relationship between water discharge and water volume. 
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SECTION 

2. CONCLUSIONS AND RECOMMENDATIONS 

In this dissertation, we have embarked on an in-depth comparative study of 

seismic activities and their underlying geodynamic processes within two geologically 

distinct but equally fascinating regions: the Tibetan Plateau and Yellowstone National 

Park. Through a detailed examination of seismic anisotropy layering beneath the southern 

Tibetan Plateau, constrained by shear wave splitting and receiver function analyses 

(Paper I), and an innovative analysis revealing the annual periodicity of seismic velocities 

in Yellowstone Caldera and its surrounding areas (Paper II), this research offers new 

insights into the complexities of Earth's subsurface dynamics. 

The study's first component elucidates the intricate geodynamic structure of the 

Tibetan Plateau, unveiling the presence of multilayer anisotropy which signifies varying 

depths of seismic origins across the Plateau. By leveraging advanced seismic analysis 

techniques, the research provides a detailed 3-D model highlighting the coexistence of 

strong and weak anisotropy within the Plateau. This model not only sheds light on the 

Plateau's tectonic evolution but also emphasizes the influence of continental deformation 

and plate tectonics on seismic behaviors. 

Conversely, the investigation into the Yellowstone Caldera leverages surface 

wave analyses to decode the crustal velocity structure, revealing low-velocity anomaly 

zones and pronounced annual periodicity in seismic velocity profiles. This analysis 

underscores the significant impact of external environmental factors, such as temperature 
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and atmospheric pressure, on seismic velocities. Moreover, it accentuates the caldera's 

dynamic response to meteorological variations, providing a nuanced understanding of its 

geological stability. 

Together, these studies portray a comprehensive picture of the seismic 

phenomena occurring beneath the Tibetan Plateau and Yellowstone National Park. The 

juxtaposition of these regions' seismic characteristics enables a broader comprehension of 

the geological and tectonic processes at play. This research not only bridges gaps in the 

existing literature but also pioneers a holistic perspective on seismic monitoring, hazard 

assessment, and geological exploration. 

Considering these findings, it is recommended that future research continue to 

explore the intersection of geodynamic phenomena and seismic activities, with an 

emphasis on integrating advanced geophysical methods. Such endeavors will 

undoubtedly further our understanding of Earth's interior mechanisms, contributing to 

improved seismic hazard assessment and mitigation strategies. 
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