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Figure S1. The three types of models are type a) A positive velocity increase at the top of the D" discontinuity which is continued down to the CMB; type b) A positive velocity increase at the top of the D" discontinuity followed by a negative velocity gradient down to the CMB; and type c) The same as type b, except this model also has a negative velocity gradient starting at 200 km above the D" discontinuity. For each model type, we changed the position of the D" discontinuity from 150 to 375 km above the CMB in 25 km increments and changed the S-wave velocity perturbation from 1% to 3% in 1% increments. We used reflectivity, SHaxi and PSVaxi to generate the synthetic seismograms. The reflectivity method was used for generating synthetics for 58 1D model profiles, and the SHaxi technique was used for generating synthetics for both 1D profiles (for comparison to reflectivity technique) and also for more complicated 2D geometries which are described in the Discussion and Conclusions section. The PSVaxi technique was used for computing radial component synthetics.
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Figure S2.  a) Velocity profiles of 1-D discontinuity models with the S-wave velocity changing from 0% to 2% continuously in a “velocity transition zone” ranging from 10 km to 100 km thick centered at 300 km above the CMB.  b) Synthetic vespagrams of models with a sharp boundary, 50 km thick “velocity transition zone” and 100 km thick “velocity transition zone” at 70°, 73° and 76°. c) Synthetic seismograms computed based on D" discontinuity models with “velocity transition zone” for receivers located at a) 70° and b) 75°.  These models have a S-wave velocity increase from 0% to 2% in the “velocity transition zone” with the thickness of 10 km, 25 km, 50 km, 75 km and 100 km, respectively, centered at 300 km above the CMB. Our results demonstrate that as the “velocity transition zone” becomes thicker, the energy of the Scd arrivals on the vespagrams become less concentrated, and the Scd arrivals become broader with lower amplitudes on synthetic traces. We also noticed that the pulse broadening is distance dependent: that is, it is relatively more significant for shorter distances (~70°) than for longer distances (~75°). We picked the travel times and slowness of Scd phase from these vespagrams and obtained identical results regardless of the thickness of the transition in velocity. The Scd/S amplitude ratio decreased as we increased the thickness of the “velocity transition zone”, but even for the 100 km thick “velocity transition zone”, the Scd/S amplitude ratio (0.049) for the shortest distance (~70°) is still well above averaged noise level (0.027). Therefore, we can still resolve D" discontinuity for 7 second dominant period waves at the shortest epicentral distance for a 100 km thick “velocity transition zone”. In our study area, it is possible that the discontinuity is not a sharp discontinuity. If so, our depth estimations represent the central depth of the “velocity transition zone”.
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	Figure S3.  Mid-mantle seismic wave speed heterogeneity could bias our results if we do not have stable ScS-S differential travel-times across our study region. In order to assess this possibility we computed synthetic seismograms through three cross-sections of mantle tomography TXBW [Grand, 2002] for paths that sample the northernmost, center, and southernmost source-receiver combinations. The globe plot in the upper righthand corner is colored by tomography at the CMB.  Ray paths for S and ScS at distances of 70°, 75°, and 80° are indicated.
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	Figure S4. Synthetic seismograms through tomography crosssections shown in the previous figure.  Seismograms are shown at four different epicentral distances (65°, 70°, 75°, and 80°), for the northernmost cross-section (red traces), the central cross-section (green traces), and the southernmost cross-section (blue traces).  All seismograms are aligned on the direct S-wave arrival.
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Figure S5.  ScS-S differential travel times for the three tomography sections.  Red circles are for the northernmost path, green circles are for the central path, and blue circles are for the southernmost path. Because of the limited geographical extent of our study region and the long wavelength nature of the mantle tomography model, for epicentral distances greater than 60° there is an average of 0.54 s difference in ScS-S differential travel-times with a maximum 1.4 s at a distance of 65°. These time differences will negligibly affect our discontinuity height estimates (< 10 km) and we thus do not perform tomography based travel-time corrections to these data.
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Figure S6. The data/synthetic misfits of 58 synthetic models based on 12 good observations. In all cases the overall misfit lies between 0.1 and 0.8, with the misfit of the best-fitting model for each bin at around 0.2. Type b (blue lines) and type c (green lines) models provide a better estimation than type a (red lines) models. Online dynamic figure: http://home.utah.edu/~u0742435/index_research.html
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Figure S7. The data/synthetic misfit of 58 synthetic models based on 12 good observations. Color represents the elevation of D" discontinuity above the CMB: 150 and 175 km (red); 200 and 225 km (blue); 250 and 275 km (green); 300 and 325 km (purple); 350 and 375 km (orange). The misfits are more sensitive to the elevation of the discontinuity than of the velocity contrast at the top of the discontinuity. Models sharing the same discontinuity thickness (same color) have similar misfits. Online dynamic figure: http://home.utah.edu/~u0742435/index_research.html
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Figure S8. The waveform variations due to a) the variation of D" discontinuity thickness (red: +25 km, green: -25 km, blue: reference) b) variation of the velocity contrast at the top of the D" discontinuity (red: +1%, green: -1%, blue: reference) and c) the variation of model type (red: type A model, blue: reference).
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Figure S9. S-wave velocity profiles near D" discontinuity of the best-fit model (M57) of the bin I06 (red dashed line) and PREM model (blue).
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Figure S10. Example vespagrams for the 1-D reference model (a) and 2.5-D D" discontinuity with sharp edge models; b) edge located at -6° from the central ScS bounce-point; c) edge located at the central ScS bounce-point; d) edge located at +6° from the central ScS bounce-point.


[image: ]

Figure S11. The estimate of the position of the edge based on the detectability of the Scd arrivals. The first panel shows the spatial relationship for the three types of observations (good-, borderline- and non-observations). The second panel shows the first scenario where the edge is located 2° from the good case. The third panel shows the second scenario where the edge is located 4° from the good case.
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Figure S12. In our study, we used a Tukey window to define the shape of the edge of the D" discontinuity. A Tukey window is essentially a cosine function convolved with a rectangular window with the width of the cosine defined by the parameter r (r=0 leads to a rectangular window). The models used in the manuscript use the parameter r=0.05 (the D" discontinuity builds up from 0 km to 300 km in 2.5°, which is 152 km on the surface of CMB). Here we tested more models (r=0.25, r=0.5, and r=0.75) to investigate inclined edges. The discontinuity is located 300 km above the CMB with 2% S-wave velocity increase. The shaded area represents the locations of the theoretical ScS bounce points at the CMB for receivers located in the 70° to 75° range.
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[bookmark: _GoBack]Figure S13. Synthetic vespagrams of models with different parameter r as shown in Figure S12. The edges are located at -4°, 0° and +4°. Our results show that for relatively steeper edges (r < 0.5), the energy of the Scd arrivals on the vespagrams becomes less concentrated as the edge moves away from the source. We also observed decreasing amplitudes and delayed travel times of Scd arrivals as the edge moves away from the source. However, for edges with more gentle slopes, the Scd waves behave as though they sample a small region on the slope of the edge, leading to relatively stable and concentrated Scd arrivals on the vespagrams. The difference in inferred discontinuity height (64 km) between our good observations and our borderline observations vary over about 2° laterally on the CMB which corresponds to a slope of approximately 30°. Thus, we cannot rule out a more slanted edge to the discontinuity, yet, we note that the amplitude of the Scd arrivals for our borderline cases are not as large as the amplitude for our good cases, which is more consistent with a sharp vertical edge because we do not see a similar Scd amplitude decay for the synthetic tests with a sloped edge.



	

	Type A
	
	

	Model
	Height above the CMB (km)
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	1–10
	150 – 375 km (25 km increments)
	2%
	
	

	11–16
	150 – 275 km (25 km increments)
	2%
	
	

	17
	350 km
	2%
	
	

	Type B
	

	Model
	Height above the CMB (km)
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	18–23
	150 – 275 km (25 km increments)
	2%
	0%
	

	24
	350 km
	2%
	0%
	

	25–30
	150 – 275 km (25 km increments)
	3%
	1%
	

	31
	350 km
	3%
	1%
	

	32–41
	150 – 375 km (25 km increments)
	2%
	-2%
	

	Type C

	Model
	Height above the CMB (km)
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	42–47
	150 – 275 km (25 km increments)
	-1%
	2%
	0%

	48
	350 km
	-1%
	2%
	0%

	49–58
	150 – 375 km (25 km increments)
	-1%
	3%
	1%

	*see Figure S1 for types of model



Table S1. Summary of synthetic models used in this study.





	

	Bin name
	Cluster
	Distance (degree)
	Number of traces
	Best-fit Model
	D" Thickness

	BINF01
	A
	71°-73°
	11
	56
	325 km

	BINF02
	A
	71°-76°
	48
	56
	325 km

	BINF03
	A
	73°-76°
	35
	34
	225 km

	BING02
	A
	70°-74°
	68
	56
	325 km

	BING03
	A
	71°-76°
	67
	47
	275 km

	

	BINH06
	B
	75°-79°
	52
	56
	325 km

	BINI05
	B
	71°-76°
	42
	56
	325 km

	BINI06
	B
	72°-78°
	62
	57
	350 km

	BINI07
	B
	74°-80°
	39
	22
	250 km

	BINJ05
	B
	69°-74°
	34
	48
	350 km

	BINJ06
	B
	71°-76°
	35
	57
	350 km

	BINJ07
	B
	73°-78°
	28
	35
	225 km



Table S2. Summary of best-fit models for good observations.
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