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SUMMARY

Receiver functions are sensitive to sharp seismic velocity variations with depth and are com-
monly used to constrain crustal thickness. The H—« stacking method of Zhu & Kanamori is
often used to constrain both the crustal thickness (H) and Vp/V ratio (k) beneath a seismic sta-
tion using P-to-s converted waves (Ps). However, traditional H—« stacks require an assumption
of average crustal velocity (usually Vp). Additionally, large amplitude reverberations from
low velocity shallow layers, such as sedimentary basins, can overprint sought-after crustal
signals, rendering traditional H— k stacking uninterpretable. We overcome these difficulties
in two ways. When S-wave reverberations from sediment are present, they are removed by
applying a resonance removal filter allowing crustal signals to be clarified and interpreted. We
also combine complementary Ps receiver functions, Sp receiver functions, and the post-critical
P-wave reflection from the Moho (SP,,,p) to remove the dependence on an assumed average
crustal Vp. By correcting for sediment and combining multiple data sets, the crustal thickness,
average crustal P-wave velocity and crustal Vp/V ratio is constrained in geological regions
where traditional H— « stacking fails, without making an initial P-wave velocity assumption
or suffering from contamination by sedimentary reverberations.
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1 INTRODUCTION

Across a sharp seismic impedance contrast, some of the seismic en-
ergy from direct teleseismic P waves converts to SV wave energy,
and vise versa. Receiver functions (RFs) isolate the time series of
converted wave energy directly beneath a seismic station by decon-
volving the parent waveform (P for P-to-s conversions and S for
S-to-p) from the daughter waveform (S for Ps and P for Sp), remov-
ing complexity in the signal due to earthquake rupture and distant
structure. RFs are sensitive to sharp seismic velocity variations with
depth and are therefore used to constrain shallow crustal and litho-
spheric velocity discontinuities such as the boundary between the
crust and mantle (Mohorovici¢ discontinuity or Moho, e.g. Vinnik
1977; Langston 1979; Owens et al. 1984). Stacking the amplitudes
of RFs at the expected arrival times of the converted phase across
the Moho and its primary reverberations (multiples) for a range of
crustal thickness (H) and relative velocity (Vp/Vs ratio or k) values
will produce a maximum of the stack corresponding to the best
estimate for H and « (Zhu & Kanamori 2000). Due to its sim-
plicity and exploitation of both direct converted and reverberating
phases, H—« stacking has become a widely used method to obtain
an estimate of the average crustal thickness and velocity beneath
a seismic station. Traditional H—« stacking has been used exten-
sively to estimate the thickness and Vp/V of the crust (Kumar ez al.
2001a; Ramesh et al. 2002; Eaton et al. 2006; Rychert et al. 2007;

Audet et al. 2009; French et al. 2009; Yuan et al. 2010; Levander
& Miller 2012; Parker et al. 2013; Reeves et al. 2015; Biryol et al.
2018; Soto-Cordeo et al. 2018). With the deployment of large-scale
seismic arrays, such as the EarthScope USArray, automated RF
analysis in the form of H—« stacking has been deployed to constrain
crustal structure on a continental scale (Crotwell & Owens 2005).
While straightforward, the traditional method of Ps H—« stacking is
limited by two major factors: (1) the prior assumption of an aver-
age crustal velocity beneath a seismic station and (2) contamination
of crustal signal by sediment or other shallow-layer reverberations.
These limitations have proved difficult to overcome, and can signif-
icantly bias estimates of crustal thickness and Vp/V ratios based
on them.

Several studies have quantified how assuming an incorrect aver-
age Vp can bias crustal thickness and Vp/Vy estimates from H—«
stacks by up to 10 s of kilometres for H (Sheehan et al. 1995; Zelt &
Ellis 1999; Yeck et al. 2013). At some locations, an accurate crustal
velocity may be obtained from active source experiments or surface
wave inversion studies; however, a continental scale study requires
that these measurements are available at all locations and reflect
the same region of lateral sensitivity as the receiver functions (Chai
etal. 2015; Rychert & Harmon 2016). Though Ps RFs do have some
sensitivity to average crustal V» (Kumar & Bostock 2008; Bostock
& Kumar 2010), it is typically insufficient to provide robust esti-
mates of Vp beneath the seismic station. Therefore, to remove the
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dependence on Vp, Sp RFs can be combined with Ps RFs to cre-
ate stacks that constrain average crustal H, Vp and Vs (Rychert &
Harmon 2016). The S-to-p wave conversion from the Moho arrives
before the direct S, meaning that Sp RFs are not contaminated by
sediment reverberations in the same way as Ps RFs (Farra & Vin-
nik 2000), although, Sp RFs have a smaller amplitude conversions
and typically contain energy at lower dominant frequencies than
Ps RFs. Because vertical resolution depends on frequency content,
lower frequency Sp RFs yield a lesser vertical resolution. Due to the
relatively low signal to noise ratio of Sp converted phases, the large
amplitude post critical P reflection from the Moho, called the SP,,p
phase, can be used to constrain average crustal P-wave velocity
(Langston 1996; Owens & Zandt 1997; Yu et al. 2012; Kang ef al.
2016; Parker et al. 2016). While the SP,p phase has a broad region
of lateral sensitivity, it is less impacted by sediment reverberations
and depends on average crustal Vp and crustal thickness, rather than
Vs.

However, even once crustal Vp is well constrained, a slow sedi-
mentary layer beneath a seismic station can significantly bias crustal
thickness estimates (Yeck et al. 2013) and large amplitude sediment
reverberations can directly overprint Ps conversions from the Moho,
rendering interpretation of Ps H—« stacks challenging (Zelt & Ellis
1999). Previous studies have removed sediment reverberations with
some success, but these methods fail if more than one sedimentary
layer exists or if sedimentary phase arrivals directly overlap Moho
arrivals. (Yeck et al. 2013; Wolbern & Rimpker 2017), and require
an assumption about average crustal Vp (Yu et al. 2015). Currently
no single method overcomes limitations of traditional H—« stacking,
the assumption of crustal Vp, and contamination by one or many
sedimentary layers.

To constrain average crustal thickness, Vp» and Vp/Vs in sedi-
ment dominated regions, contamination from sediment reverbera-
tions should be removed and data with complementary sensitivity
should be incorporated. We propose a method that applies a reso-
nance removal filter to Ps RFs when contaminated by sediment, and
combines these sediment-removed Ps RFs with Sp RFs as well as
the envelopes of SP,p RFs. Stacking these three complementary
datasets across a range of H, x and Vp and accounting for slowness
in sedimentary layers yields a maximum at H, « and Vp values cor-
responding to the best estimate of all three crustal parameters. This
method is called the sediment-removed, time-corrected (SRTC) H—
k—Vp triple stack. The ability of this method to constrain the crustal
structure is demonstrated using synthetic data and results from three
different geological/tectonic regions using recordings from USAr-
ray Temporary Array (TA) stations. The two main benefits of this
method are that it constrains all three crustal parameters in regions
where sediment reverberations contaminate Ps RFs and that it can
be automated to calculate these values for continental scale seismic
arrays such as the EarthScope USArray.

2 METHODS

By removing source and path effects through deconvolution, re-
ceiver functions isolate the near receiver structure. Deconvolution
can be performed in the frequency domain using modified spec-
tral division (Clayton & Wiggins 1976; Bostock 1996; Dueker &
Sheehan 1997; Lawerence & Shearer 2006); however, we choose to
use the time domain simultaneous least squares deconvolution of
Kikuchi & Kanamori (1982) and Ligorria & Ammon (1999) to re-
duce the appearance of side lobes. (For a full discussion of receiver
function deconvolution techniques see Pesce 2010.) Traditionally,
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Figure 1. (a) Ray path geometry and (b) synthetic receiver functions of
P-to-s phases converted across the Moho at 30 km depth, from an incident
plane wave of horizontal slowness 0.06 s km''. Crustal Vp = 6.3 kms ™!,
Vs =3.7kms", while mantle Vp = 8 kms™! and Vg = 4.6 kms™'. Arrival
times of the direct Moho P-to-s conversion and first-order multiples are
relative to the arrival time of the direct P wave.

these Ps RFs are calculated and then stacked along predicted phase
arrival times over a range of crustal thickness (/) and crustal ve-
locity (Vp/Vs ratio or k) to create H—« stacks (Zhu & Kanamori
2000).

In this study, we review traditional H—« stacking (Section 2.1)
and then introduce the approach for removing and correcting for
shallow-layer reverberations (Section 2.2), which is based on the
resonance removal filter of Yu ef al. (2015). We then introduce
and discuss metrics that allow us to determine when the shallow-
layer corrections are needed (Section 2.3). Once contamination from
sediment reverberations has been removed, the complementary Sp
(Section 2.4) and SP,,,p (Section 2.5) data are added to form a SRTC
H-«—Vp triple stack (Section 2.6). This SRTC H—«—Vp stack ex-
plicitly removes the need to assume a crustal velocity, and thereby
improves confidence in our estimates of crustal thickness and ve-
locity.

2.1 Psreceiver functions in traditional H-x—Vp stacks

The direct P-to-s conversion across the Moho (Pys) is often used
to constrain the Moho depth. The Moho depth estimate can be
improved by including the multiple later arriving P-to-s primary
reverberations, PPys, and PS,s + P,sP,s whose ray paths are
shown in Fig. 1(a) and relative arrival times are shown in Fig. 1(b).
The expected arrival time of the direct conversion and primary
reverberations relative to the direct P wave arrival depend differently
on crustal thickness (H) and crustal velocity (Vp and Vy) given a
ray parameter (p) of the teleseismic P wave:

tp,s = H (\/Vs’2 -pr- \/VP’Z - p? ) (M
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tpp,s = H (\/st2 -p*+ \/VP72 - p? ) )
1pSys F tpyspys = 2Hy Vs = p? 3)

Each Ps receiver function, f;(¢), corresponds to incident P waves
of ray parameter, p;, where j is the index of the individual RF. By
assuming H, « and an average crustal velocity, Vp, eqs (1)—(3) are
used to compute the expected arrival times of the direct conversions
and reverberations. The weighted sum of all N Ps receiver functions
obtained at a seismometer are evaluated at the arrival times expected
across a range of trial H and « values to yield an H—« stack:

N
sps (H, k) = Zj- _ wif (tpns) +waf; (tpp,s)
—ws f; (1Psms + tP,,,sts) s 4)

where wy, w, and ws are the relative weights of the three phases.
The most likely H and « beneath the seismic station will be asso-
ciated with largest amplitudes of the weighted sum, sp; using the
same weight values as Zhu & Kanamori (2000) where w; = 0.7,
wy, = 0.2 and wy; = 0.1.

In theory, Ps receiver functions spanning a range of ray param-
eters should contain information needed to constrain Vp on their
own when stacked over a range of H, « and Vp values (Kumar &
Bostock 2008; Bostock & Kumar 2010). Therefore Ps RF stacks are
calculated over a range of average crustal V'p values creating a Ps RF
H-«—Vp triple stack and is called sp,(H, k, Vp), where the abso-
lute maximum should correspond to the most likely average crustal
values beneath the seismic station. In practice, when shallow-layer
reverberations are present, it is necessary to first remove their signa-
ture before determining Vp; this procedure is discussed in Section
2.2. Furthermore, noise in the receiver functions and the range of
incident ray parameters can prevent robust estimation of Vp, re-
quiring the incorporation of independent data constraints; these
independent constraints are discussed in Sections 2.3 and 2.4.

2.2 SRTC Ps receiver function H-x—Vp stacks

When sedimentary layers are present, energy from conversions pro-
duced across the impedance contrast at the base of the sediment
and reverberations within the sediment can get trapped within the
low-velocity layer. These conversions and reverberations can pro-
duce large amplitude, long duration and oscillatory (ringy) signals,
which can directly overprint smaller amplitude signals from the
Moho. The ray paths for the direct sediment conversion Pys, and re-
verberations PPys, PSys, Pys-2S, PPys-2S, PSys-2S, Pys-4S, etc. are
shown in Fig. 2(a), and relative arrival times are shown in Fig. 2(b).
In Ps receiver functions, the largest amplitude, longest duration os-
cillatory reverberations are those that contain two S-legs in the sed-
iment (the S-wave reverberations: PSys, P,s-2S, PP,s-2S, Pys-4S,
etc. Fig. 2b). The reverberations at longer times contain primarily
S-wave energy due to fact that Ps receiver functions are computed
from upgoing P and S waveforms estimated using the free-surface
transform (Kennett 1991), and because the 85 reflection coefficient
at the base of the layer is large, as shown in Fig. S1. It is important
to note that though the PPys phase arrival itself has large amplitude,
it would only interfere with the P,,s Moho conversion when the
crust is extremely thin (<20 km) and the sediment is both thick and
unreasonably slow, as shown in Fig. S2 for a range of sediment ve-
locities and thicknesses. Therefore, to interpret later arriving Moho
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signals in the Ps receiver function, the periodic S-wave sediment
reverberations must often be removed.

The S-wave sediment reverberations can be suppressed from the
Ps RF by applying a resonance removal filter proposed by Yu et al.
(2015). The S reverberations have a resonant frequency associated
with the two-way traveltime of the S wave in the sediment layer. A
resonance removal filter can be constructed using the traveltime of
the S reverberation in sediment, A¢, and the relative strength of the
S-wave reverberation, 7y While these values can be inferred directly
from the Ps RF, both Af and ry can be more reliably measured
on the autocorrelation of the receiver function. In sediment, the
autocorrelation of the Ps RF will have a decaying sinusoid pattern,
showing a large, negative peak with amplitude ry, at time lag A¢
(Fig. 3a). A consistent method for determining these parameters,
even when the autocorrelation is complex and contains multiple
minima (which suggests multiple shallow layers), involves finding
the best-fitting decaying sinusoid to the autocorrelation function of
the form:

at Tt
m(t) = ce” " cos (At) , (5)
where 7 is the lag time of the autocorrelated RF, and the three param-
eters sought through the fitting procedure are the half-period of the
oscillation, Az, the amplitude of the autocorrelation at zero lag time,
¢, and the decay constant a. Because the half-period of the oscilla-
tion is precisely the traveltime of the S reverberation, m(At) = ry,
both parameters of the resonance removal filter can be estimated
(Fig. 3a). While these parameters should depend somewhat on ray
parameter, the lateral proximity of the S reverberation bounce points
to the station for the range of teleseismic ray parameters means that
this dependence is in practice small enough that computing a single
best-fitting set of parameters across all ray parameters is justified
(illustrated for the idealized synthetic case in Fig. S3). For ex-
ample, when sediment is 2-km-thick with a ¥ = 2.5 kms~! and
Vg =2.1kms~!, the PSys reflection for an event with epicentral
distance of 90° may occur just 0.19 km from the station, while that
for an event with epicentral distance of 30° will occur 0.37 km from
the station. Therefore the best-fitting decaying sinusoid is found to
the autocorrelation of the mean Ps RF at the station. The benefit to
using eq. (5) is that it can be easily automated and may help simplify
the interpretations of At in complicated or noisy autocorrelated sig-
nals. Furthermore, calculating the resonance removal filter on the
mean Ps receiver function at each station has the benefit of lever-
aging more waveforms to suppress noise and thereby stabilizes the
inference of the optimal resonance removal filter parameters.

Once the parameters A¢ and ry are found, the resonance removal
filter can then be constructed in the frequency domain:

F(w) =14 19e ', (6)

The resonance removal filter is applied in the frequency domain
by multiplying it with the Fourier transform of the Ps RFs. The re-
verberations are successfully suppressed from the resulting receiver
function, clarifying the later arriving P-to-s Moho phase (Fig. 3b).

Although applying a resonance removal filter makes conversions
from the Moho interpretable, it does not correct for the time delay
that the Moho-related phases accumulate through the slow sedimen-
tary layer. If the sediment time delay is not corrected when stacking
the Ps receiver functions in the H—«—Vp stacks, an incorrect crustal
thickness estimate will be obtained (Yeck et al. 2013; Yu et al.
2015). To address this problem, the Moho phase arrivals used in the
H-«k—Vp stack can be adjusted for the sediment time delay by using
either the P,s phase arrival, which will be the first large amplitude
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Figure 2. (a) Ray path geometry of P-to-s phases converted across the base of a 0.5-km-thick sediment layer, along with the largest-amplitude first- and
second-order multiples for an incident plane wave of horizontal slowness 0.0789 s km™'. (b) Synthetic receiver functions computed for a model with a
0.5-km-thick sediment layer and horizontal slowness 0.06 s km™! (Vp =2.5kms™, Vg =1 kms™), crustal Vp = 6.2kms™!, Vs =3.5kms!, a Moho at 35 km
depth, and mantle Vp = 8 km s7L, Vg = 4.6 kms™!. Direct conversions are in black, while the oscillatory pattern is attributed to sediment multiples, labelled in
red, blue and purple. Orange dots indicate where the expected arrival of phases with more than 2 P-wave legs in the sediment would arrive.
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Figure 3. (a) The autocorrelation of the mean synthetic receiver function (grey) and the best-fitting decaying sinusoid (red) used for determining the parameters
of the resonance removal filter. The first large amplitude negative peak corresponds to the two-way S traveltime in sediment (A7) on the x-axis and the amplitude
of the sediment reverberations () on the y-axis. (b) Mean synthetic Ps receiver functions before (grey) and after (red) the resonance removal filter is applied;
the filter successfully removes the reverberations and the direct P-to-s conversion across the Moho becomes clear. The velocity model used for computing the

synthetic RFs is specified in the.

arrival on the receiver function (Yu ef al. 2015), or the PPy,s phase
which is the largest amplitude arrival on the receiver function. The
arrival time of the Pys phase (8§¢) and the PPys (8¢ P) phase can
overlap, especially in lower frequency (1 Hz) Ps RFs. It is easiest

to identify these phases on high frequency (4 Hz) Ps RFs. Using
the high frequency RFs allows for tighter constraints on §¢ or §t P
and helps separate the P,s phase arrival from the PPys phase arrival
when the sediment layer is thin (less than 0.5 km). In our automated
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procedure, we found it was easier to measure the arrival time of the
larger phase 8¢ P instead of the first arriving phase §¢. Once §¢ P is
determined, the predicted Moho phase arrival times are accounted
for in computing the time adjusted H—«—Vp stack:

N
sps (H Kk, Vp) = Z,»:l w f; (tp,s + At — 6t P)

+w2fj (tppms + (SZP)
—ws f; (tPS,,,x +tp,sp,s + Al) . @)

When sedimentary layers are present, eq. (7) corrects for the
sediment delay time and yields an estimate of the subsediment
crustal thickness. Using the mud-line equation from Brocher (2005),
which is appropriate for unconsolidated sediments, a relationship
can be assumed between Vp and Vs in sedimentary layers. This
relationship can be used to approximate the Vp, Vs and thickness
of sedimentary or shallow layer from the measurements of Az and
8t P. To further constrain the crustal thickness and crustal velocity,
we add the Sp and SP,,p phase arrivals (Sections 2.4 and 2.5)

2.3 Determining when to correct for sedimentary layers

Applying a sediment removal filter and correcting phase arrival
times on the Ps receiver function may introduce error if the data do
not exhibit pronounced sediment reverberations. To avoid this, a set
of criteria based on quantitative metrics is defined to decide whether
the sediment removal filter and arrival time corrections should be
applied.

The first criterion that needs to be satisfied for the sediment re-
moval filter to be applied is that the variance of the differences
between the sediment removed Ps RF and the original Ps RF (v) be
larger than the variance of the differences between the autocorrela-
tion of the original Ps RF and the resonance filter (v;). If v, is larger
than v,, the resonance filter fits the autocorrelation of the receiver
function well (small v,) and applying the resonance removal filter
changes the resulting RF (large v;). The second criterion is that
the amplitude of the PPys arrival, /(8¢ P), is at least 30 per cent of
the largest amplitude signal in the receiver function. Alternatively,
the sediment removed receiver functions are used if the direct sed-
iment conversion is 90 per cent of the largest amplitude signal in
the receiver function, regardless of v; or v,. If the direct sediment
conversion is small, the sediment reverberations should not mask
deeper arrivals, but if the direct sediment conversion is very large,
then reverberations may be overprint deeper signal. If these crite-
ria are met, then the sediment removal filter is applied and delay
time corrected to create the SRTC H—«—Vp stack. By applying a
single set of criteria, SRTC H—«—Vp stacking can be automated for
stations across various tectonic/geological settings without having
to decide a priori whether the station is significantly affected by
sediment.

2.4 Sp receiver functions in H-x—Vp stacks

To further constrain crustal properties beneath a seismic station, it
is helpful to add the complimentary Sp receiver function. Like Ps
RFs, S-to-p converted waves reverberate between the Moho and the
free surface, producing multiples. The S-to-p conversion across the
Moho occurs further from the station (Fig. 4) and the S wave contains
lower frequencies than the P wave and so Sp RFs are not used as
often as the Ps RFs to constrain crustal properties. However, the
Sp phase arrives before the direct S wave arrival and is not directly
affected by sedimentary layers as the Ps phase. While the direct S;,,p
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conversion across the Moho and its reverberations have been used to
constrain crustal thickness and velocity (Rychert & Harmon 2016),
we find that signals from sediment multiples arriving immediately
after the main § phase are difficult to isolate from source—time
function complexity and distinguish from the noise; therefore, we
choose to only use the direct Sp phase to constrain the crustal
thickness.

To compare, and eventually combine, the Sp and Ps RFs the Sp
RFs polarity is flipped so that a conversion across an impedance
increase with depth corresponds to a positive phase, and then the
Sp RF is time-reversed so S,,p phase arrives after the direct S. In
this convention, the relative arrival time of the direct Sp conversion
depends on the crustal thickness (H), crustal velocity (Vp and V)
and S-wave ray parameter (ps,) in exactly the same way as Ps arrival
time (eq. 1). The sum of all Sp receiver functions (Ng,) computed
at a station, f7(¢), and evaluated at the expected arrival times for a
range of crustal thickness (H), Vp/V ratios (k) and average crustal
Vp yields the expression analogous to eq. (4):

N,
Ssup (Hote, Vo) = 37 7 1 (15,0) - ®)

If the Ps RFs indicate the presence of a sufficiently thick shallow
layer (see Section 2.3), the delay time of the converted P wave in
sediment compared to the direct S wave is estimated to be At — 6z P
by assuming vertical incidence in the sediment. When constructing
the Sp H—«—Vp stack, we correct for the delay time of the P wave
in sediment as:

Nsp
Ssp (H ke, Vp) = Z,-:l fi(ts,p + AL = 8tP). 9)

Stacking the direct S,,p conversions on their own does not result in
a maximum at a single, optimal H—«—V» combination; rather, ss,, ,
yields a range of possible H, k and Vp values. This is nevertheless
beneficial because traditional Ps RF H— « stacks with noisy data
can be characterized by spurious maxima arising from constructive
interference of noise or multiples that do not correspond to correct
crustal  and « values. Therefore, in addition to helping to constrain
Vp, the strength of including the complementary Sp stack is that
it significantly restricts the range of possible maxima, especially
regarding crustal thickness (/). To further improve the ability to
determine crustal thickness, Vp/Vs, and especially average crustal
Vp, constraints from the SP,,p conversion are incorporated.

2.5 SP,,p receiver functions in H-x—Vp stacks

The SP,,p phase provides constraints complementary to those from
Sp and Ps RFs since it is sensitive to crustal thickness and average
crustal Vp. The SP,p phase involves a post-critical reflection of
the P wave at the Moho which is produced when ray parameters of
incoming teleseismic S waves are sufficiently large, and are greater
than the maximum ray parameters used in constructing typical Sp
stacks (e.g. Wilson et al. 2006). As a result, the horizontal location
of'the conversion point is far away from the station (>50 km, Fig. 5).
The raw SP,,p waveform contains complexity due to the earthquake
source—time function and source-side propagation effects. There-
fore, just as for the Sp RE these source effects are suppressed by
deconvolving the parent (S) component from the daughter com-
ponent (P) and computing an SP,,p receiver function. Unlike the
direct Sp phase, SP,,p arrives after the direct S wave, and so it can
be combined with the Ps RF without being flipped in time. Despite
arriving after the direct S wave, the SP,,p RF is less sensitive to
sediment reverberations (Parker et al. 2016). In regions where the
assumed average crustal Vp is inaccurate and sedimentary layers
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Figure 4. (a) Ray path geometry of S to p converted phases across the Moho at 30 km depth calculated for an incident plane wave of 0.14 s km™! and the post
critical P wave reflection across the 30 km deep Moho (SPp,p) with incident plane wave of 0.1486 s km™'. The Ps conversions from the Moho are plotted for
comparison (grey line). (b) Synthetic receiver function of the S-to-p phases converted across the Moho. Time is relative to the direct S arrival (positive values
indicate earlier arrivals). (¢) Synthetic receiver function of the Hilbert-transformed post-critical P phase at the Moho. Time is relative to the direct S arrival
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may mask Moho signals on the Ps RE, the large amplitude SP,p
phase has proven useful in obtaining crustal thickness estimates
(e.g. Langston 1996; Owens & Zandt 1997; Yu et al. 2012; 2015;
Parker et al. 2013; 2016; Tian ef al. 2015; Kang et al. 2016).

The SP,p RF should not be directly incorporated into a H—«—
Vp stack because the post-critical reflection produces phase shifts
that result in waveform distortion. These distortions are removed by
computing the envelope of each SP,,p receiver function (Bracewell
1968). The expected phase arrival time of the SP,p conversion
relative to the direct S wave arrival depends only on H, Vp and the
ray parameter, pgspmp:

tsspnp = 2H\ Vo™ — posp,p* (10)

Because the post critical P wave reflection occurs for events
within a small range of epicentral distances, fewer data are available
for SP,p RFs than for Ps and Sp RFs. To suppress bias due to
noise, we phase weight stack the SP,,p RFs (Schimmel & Paulssen
1997), yielding a set of f/” () that help ensure that the SP,,p RFs
are accurate. As with Sp and Ps RFs, a H—«—Vp stack can be
constructed by summing all available | f;(t) (Np) at expected arrival
times, s pmp €q. (10), for a range of H, k and Vp values:

N, "
ssrp (Hoe Vo) =37 f} (tsirp) - (1

Note that this stack is identical for all values of «. If the anal-
ysis of Ps receiver functions indicates that sediment corrections
are necessary (see Section 2.3), the SP,p traveltime is corrected
by again assuming vertical incidence within the sedimentary layer.
The time-corrected H—x—Vp stack is given by:

N, "
SSs Py p (H,K, VP) = Z/‘:Pl f/ (tgspmp + 28tP — Al) . (12)

The additional constraints provided by the SP,,,p RFs, when com-
bined with Ps and Sp stacks, will allow us to constrain Vp, as well as
H and « beneath a seismic station even when thick sediment layers
are present.

2.6 Calculating combined SRTC H-«-Vp stacks with error

The final step in creating the SRTC H—«—Vp triple stack is to de-
termine the best method to combine the Ps, Sp and SP,,p SRTC
H—«—Vp stacks and quantify error. Each stack is normalized by its
absolute maximum (denoted by the overbar), and the triple stacks
(Ps, Sp and SP,,p) are combined by adding them to create a joint
SRTC H—«—Vp triple-stack:

s(H,k,Vp)=sPs(H,k, Vp)+ sSp(H, «, Vp)
+sSP,p(H, k, Vp), (13)

where the absolute maximum of the stack will be the best-fitting
H, k and Vp crustal parameters to the Ps, Sp and SP,,,p RFs. This
volumetric stack can be visually represented on three planes cutting
through the maximum of the triple stack (see Fig. 5).

To quantify the uncertainty of the estimates of optimal H, «,
Vp values, we look at the spread of the stack amplitude along its
three axes. The stack amplitude is interpreted as proportional to
log-likelihood. Therefore, ignoring higher order terms of the Taylor
series expansion of the stack around the maximum, the curvature
of the stack can be related to the posterior covariance matrix rep-
resenting uncertainty of our parameter estimates. Specifically, the
posterior covariance matrix is given by the negative inverse of the
second-derivatives matrix evaluated at the triple stack maximum
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(Sivia 2006):
d’s d*s s 17!
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G oy ] | P I
JI%IVP UI%p O'I%PK = - 2 ’ (14)
o2 ol o2 dHdVp dVp= dVpdk
Hie ZVpx Tk d*s d*s d*s
dHdk dVpdk  dk?

where s is the triple stack (from eq. 13) amplitude at the optimal
H, k, Vp values. The original paper introducing the H—« stacking
method (Zhu & Kanamori 2000) proposed calculating the uncer-
tainty of H and « estimates made from the stack by dividing stack
variance by the second derivative for A and «, which ignores the
covariance terms. This corresponds to computing the uncertainty on
each parameter at the preferred value of the other parameter(s). Due
to trade-offs among parameters captured in the off-diagonal terms
of the covariance matrix, however, this estimate is a lower bound on
the true uncertainty. The uncertainty estimates represented by the
variances in eq. (14), on the other hand, are a more appropriate mea-
sure of uncertainty since they capture additional uncertainty arising
from our ignorance about the true values of the other parameters.
It should be noted that even for traditional H—« stacks, the error
should be calculated including the covariance terms.

3 DATA

We evaluate the effectiveness of the H—«—Vp stacking method for
constraining crustal Vp, Vp/Vs and thickness using synthetic re-
ceiver functions as well as data recorded at three EarthScope Trans-
portable Array (TA) stations, which span various geological and
tectonic settings, but all suffer from shallow layer contamination.
The stations are: (1) B30A located in Edmore, ND on the eastern
edge of the Williston basin; (2) 448A in Bay Minette, AL located
within the Mississippi embayment and (3) U60A in Pendleton, NC
within the Atlantic coastal plain (ACP).

To calculate Ps RFs for each station, we obtain 300 s three-
component waveforms around the P arrival time for events with
M,, > 5.6 at epicentral distances between 30° and 90° from the
station. (Abt ez al. 2010). Sp receiver functions are further restricted
to events with epicentral distances between 55° and 90° and source
depths less than 300 km (Wilson et al. 2006). SP,,,p waveforms are
restricted to events with epicentral distances between 30° and 50°
(Yu et al. 2013). A summary of the number of Ps, Sp and SP,,p
events, along with the slowness range for each station is shown in
Table S1.

The automatic quality-control procedure is detailed in Abt et al.
(2010). In this study, we culled the dataset to have a minimum Z-to-R
cross correlation of 0.3, and a maximum difference of 25 s between
the automatically determined arrival time and prediction for ak135.
While we did not use an additional signal-to-noise threshold for the
Ps and Sp RFs, for SP,,,p RFs we require that the Hilbert transform of
the SP,,,p arrival is greater than 1.2 of the S-wave arrival amplitude.
We follow the Abt et al. (2010) procedure for calculating RFs,
using a free-surface transform matrix (Kennett 1991) and finding
the surface velocity that minimizes the parent amplitude (P for Ps
and S for Sp) on the daughter component to project the waveforms
onto the P-SV-SH system, pick the arrival times, and apply a fourth
order Butterworth bandpass filter to waveforms of 0.03—1 Hz and
0.03—4 Hz for Ps, and 0.03-0.5 Hz for both Sp and SP,,p. We then
use the iterative time domain deconvolution with Gaussian half-
amplitude half-width of ~0.12, ~0.5 and ~1 s for 4, 1 and 0.5 Hz,
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respectively, to calculate the receiver functions (Ligorria & Ammon
1999).

To compute synthetic receiver functions, synthetic seismograms
are generated using the flat-layer reflectivity algorithm ANIREC
(Levin & Park 1997) for arange of slowness and backazimuth. Then,
a fourth-order Butterworth bandpass filter is applied to waveforms
(0.03—-1 Hz or 0.03—4 Hz for Ps, and 0.03—0.5 Hz for both Sp and
SP.,p) and the parent waveform is deconvolved from the daughter
waveform using iterative time domain deconvolution (Ligorria &
Ammon 1999), which we have found to yield smaller side-lobes
than frequency domain deconvolution.

We calculate the triple stacks over a range of possible crustal H,
k and Vp, values where H ranges from 20 to 60 km, « ranges from
1.5t0 2, and Vp ranges from 5.6 to 6.8 kms™'.

4 RESULTS AND OBSERVATIONS

The results of SRTC H—«—Vp stacking applied to synthetic wave-
forms and three EarthScope TA stations with a low velocity sedi-
ment layer are presented. The estimates of crustal thickness before
and after the SRTC H—«—Vp stacking method is used are compared
and the results are also compared to crustal thickness estimates in
these regions from previous studies.

Because time corrections are made to each phase to account for
the slow sedimentary layer, the average crustal thickness, Vp/Vg
and Vp at each station will correspond to the crust below the sed-
iment. To determine the Moho depth from our study and compare
with other studies, the thickness of the sediment should be added
to the crustal thickness estimates from the SRTC H—«—Vp stacks.
The sediment thickness is estimated at each station using the mea-
surements of At and §¢P and assuming a relationship of Vp and
Vs relationship from the mud-line equation (Brocher 2005). In gen-
eral, the sediment thickness found using Az and §¢ P agrees within
0.1 km of the shallowest sediment layer from the CRUST 1.0 model
(Laske et al. 2013). We interpret this shallowest layer of sediment as
the unconsolidated sediment thickness at each station. At station TA
B30A, we find a sediment thickness of 0.38 km, which agrees with
estimates of 0.3-0.5 from multiple datasets (AAPG 1967; Laske
et al. 2013). At station U60A we find a sediment thickness of 0.28
km, similar to the estimate of 0.3 km interpolated from drill hole
data using Bouger gravity maps (Lawerence & Hoffman 1993). but
much smaller than the estimate from Crust 1.0 of 0.9 km (Laske
et al. 2013), but much thicker than the estimate of 0.3 km interpo-
lated from drill hole data using Bouger gravity maps (Lawerence &
Hoffman 1993). This discrepancy in sediment thickness values at
UG60A could arise from differences in interpreting what constitutes
the shallowest sedimentary layer; alternatively, they could be due
to differences in the velocity used to determine the thickness of
the sedimentary layer. Finally, at station TA 448A we calculate a
sediment thickness to be 0.64 km, is similar to estimates of 0.6 km
from CRUST 1.0 (Laske ef al. 2013) and deeper than the estimate
of 0.339 kmfor nearby station Y46A from horizontal to vertical
ambient noise measurements (Langston & Horton 2014). However,
at station 448 A the depth to basement is between 4 and 6 km thick
(AAPG 1967) and so we expect that there are multiple basin layers
beneath this 0.64-km-thick layer. Tighter constraints and better un-
certainty estimates can be achieved by either using higher frequency
receiver functions (e.g. Leahy et al. 2012) or by stacking receiver
functions for predicted sedimentary multiples (e.g. Sheehan et al.
1995). However, since the goal of this study is accurate estimates of
total crustal thickness, the rough estimation of sediment thickness

from the travel time is sufficient, as the uncertainty of the resulting
crustal thickness estimates are smaller than those achievable with
the H—k—Vp stacking method.

4.1 SRTC H-«-Vp stacking with synthetic waveforms

The model used for calculating the synthetic waveforms has a sedi-
mentary layer of thickness (/) of 0.5 km, V» of 2.3 kms™ and « of
2.1 underlain by 36.5-km-thick layer more representative of crys-
talline rock, with V» = 6.4 kms™ and « = 1.76. Before carrying
out H—«—Vp stacking, how the application of the sediment removal
filter affects the appearance of mean Ps RFs relative to the results
of traditional H—« stacking is compared. (Figs Sa—c).

The mean Ps RF computed from the synthetic waveforms is
dominated by large amplitude sediment reverberations (black line,
Fig. 5a). After the sediment reverberation removal filter is estimated
and applied (eq. 6), the mean Ps RF shows one clear arrival at ~5 s
(red line, Fig. Sa) corresponding to the Ps conversion across the
Moho, but which was masked by sediment reverberations before
the application of the resonance removal filter.

Ps RFs computed with and without the resonance removal filter
yield dramatically different results when used for traditional and
SRTC H-« stacking, respectively. To illustrate this, traditional H—«
stacks computed using the original Ps RFs are plotted (black line—
Fig. 5a) and compared to SRTC H-« stacks computed using the
resonance removed Ps RFs (red line—Fig. 5a) at an assumed crustal
Vp of 6.3 kms™'. While the traditional Ps H—« stack shows no clear
Moho maximum (Fig. 5b), one might be interpreted at 4 = 42 km
and k = 1.63 (Fig. 5b). SRTC H—« stacks, on the other hand, show
a much stronger maximum at / = 37 km and « = 1.79 (Fig. 5¢),
which is nearly identical to the model values used to calculate the
synthetic waveforms.

Having validated that the SRTC H—« stacks are much better at
resolving the input crustal structure in the presence of a shallow
low-velocity layer, complementary Sp RFs are added, because they
are not contaminated by sediment reverberations (Farra & Vinnik
2000). If the sediment removal filter is not successful in removing
all of the reverberations or if there are multiple basin layers with
phase arrivals overprinting Moho arrivals, the Sp H—«—Vp stacks can
help clarify crustal thickness. Finally, the SP,,p RFs are introduced
to remove the dependence on an assumed average crustal Vp and
better constrain the crustal thickness (H). A combined SRTC H-
k—Vp stack is computed (eq. 13) for the same input model by
adding the weighted time-corrected Sp (eq. 9) and SP,,p (eq. 12)
RFs to the SRTC Ps stacks, Fig. 5. Unlike H—« stacking, which
can be fully visualized on a 2-D contour plot, the H—«x—Vp stack
varies in amplitude along three axes; therefore, slices through the
stack volume are shown. In Fig. 5(d), when the Sp and SP,,p RFs
are added, again there is one clear maximum in the SRTC H—«—Vp
stack (Figs 5d and e). The crustal parameters are H = 41.25 £ 2 km,
Vp=6.3+03kms " and k = 1.75 £ 0.09.

To investigate the dependence of the SRTC H—«—Vp stacking
results on noise, this analysis is repeated for increasing amounts of
noise (we filter random white noise to have similar frequency content
as typically encountered noise) with the maximum amplitude of the
noise being 75 per cent of the maximum amplitude of the daughter
waveform (P for Sp and S for Ps) added to all of the waveform
components. The H, «k and Vp values of the input model within
error are still able to be resolved (Fig. S4). This illustrates the ability
of the SRTC H—«—Vp stack to resolve the three crustal parameters
from synthetic waveforms persists even under realistic noise levels.
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It also demonstrates that when a sedimentary layer is present, the
sediment-removed, time-corrected Ps RFs, time-corrected Sp RFs,
and time-corrected SP,p are all needed to constrain parameters
in the Ps H—«—Vp stacks. Additionally, the sediment thickness is
roughly estimated to be H = 0.5 km, which is consistent with the
input sediment thickness value. Therefore, both the sediment and
the crustal structure of the synthetic model are successfully retrieved
using the SRTC H—«—Vp stacking method.

4.2 TA station B30A: eastern Williston Basin

Having validated the SRTC H—«—Vp stacking method on synthet-
ics, it is applied to data recorded at a station where reverberations
from shallow sediments can be expected. EasrthScope Temporary
Array (TA) station B30A lies on the eastern edge of the Williston
basin in northeastern Montana. The Ps RFs were calculated using
the best-fitting free-surface transform velocities of V» = 5.3 kms™!
and Vs = 2.9 kms'. The estimated V» and Vs for this station
(along with the following two stations) are quite reasonable, pro-
viding confidence that the free-surface transform is successful. The
measurement of §# P is made on the 4 Hz Ps RFs (Fig. S5) and
is 0.6 s. The measurement of Ar at station B30A is 1.17 s and is
measured from the autocorrelation of the 1 Hz Ps RF. There no
difference between the 1 and 4 Hz RF for this measurement (Fig.
S5). The Ps RF before the sediment removal filter is dominated by
large amplitude, oscillatory signals due to S-wave reverberations
within the low velocity shallow layer (black line, Fig. 6a, Fig. S8).
From the measurements of At and 87 P, sediment thickness is esti-
mated to be 0.38 km. The traditional Ps H—« stack has a maximum
at H = 28.5 km and « = 1.62 (Fig. 6b), which would suggest
anomalously thin crust and a crustal Vp/Vs representative of quartz
sandstone (>57 per cent SiO,) to the base of the crust (Christensen
1996). After the sediment removal filter is applied to the Ps RFs, the
amplitude of the receiver function decreases with increasing lag-
time (red line—Fig. 6a), and the oscillatory behaviour is suppressed.
The SRTC Ps H—« stack shows a stronger maximum, indicative of
a better fit to the direct conversions and multiples, which occurs at
a greater depth, H = 40 km and a higher Vp/Vs, k = 1.77 (Fig. 6¢).
When complimentary Sp and SP,,p RFs are added to create a SRTC
H—«—Vp stack, the maximum occurs at 4 = 44.25 + 2.63 km,
Vp =6.75 £ 0.43kms™! and x = 1.76 % 0.09. (Figs 6d and ¢). By
applying the SRTC H—«—V'p triple stacking method to this station,
a thicker continental crust is found with a more realistic average
Vp/Vs—consistent with a generally more mafic crustal composi-
tion (e.g. diorite or amphibolite per Christensen 1996) compared to
traditional H—« stacking, and estimate average crustal Vp instead
of having to assume it a priori.

Previous studies near the location of TA station B30A estimate the
Moho depth to be between 38 and 45 km (Cook et al. 1981; Langston
1994; Chulick & Mooney 2002). Those values agree within error
with our estimate for crustal thickness of 44.25 + 2.63 km (or a
Moho depth of 44.73 km). However, the EarthScope Automated
Receiver Survey (EARS), which uses a modified version of the
traditional H—« stack, finds a much lower estimate for the crustal
thickness of 30 £ 5.8 km (Crotwell & Owens 2005). The Vp/Vs
(k) from the SRTC H—«—Vp triple stack is 1.76 £ 0.09, while
the EARS estimate of « is much lower at 1.65 & 0.07. The likely
explanation for the inconsistency between these two results is that by
implementing the sediment removal filter and adding Sp and SP,,p
stacks, the amplitude of the shallower maximum is reduced (Fig. 6b)
and the deeper maximum is highlighted. (Figs 6¢c—f). The average
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crustal P-wave velocity (Vp) of 6.75 £ 0.43 kms™ is consistent
within error of previous results where the velocity is between 6.53
and 6.6 kms™' (Langston 1994; Chulick & Mooney 2002; Laske
et al. 2013) and agrees with the higher Vs found under the Williston
Basin by Schulte-Pelkum et al. (2017). The consistency of the three
crustal parameters with previous studies gives us confidence that
the H—«—Vp triple stacking method is valid in this region.

4.3 TA station U60A: Atlantic coastal plain

Due to shallow sedimentary layers, one particularly challenging
region for receiver function interpretation has been the Atlantic
coastal plain. EarthScope TA station U60A lies on the eastern North
Carolina portion of the Atlantic coastal plain. The Ps RFs were
calculated using the best-fitting free-surface transform velocities
of Vp = 6 kms™! and V5 = 3.4 kms'. The measurement of 8¢ P
is made on the 4 Hz Ps RFs (Figs S6a and S8) and is 0.2 s. The
measurement of Az at station U60A is 0.8 s and is measured from
the autocorrelation of the 1 Hz Ps RF. We note a slight difference
between the At obtained from the 1 and 4 Hz RF autocorrelations
at this station (Fig. S6b). The Ps RF before the sediment removal
filter for station U60A has a large amplitude oscillatory signal at lag
times <5 s due to shallow layer reverberations (black line, Fig. 7a).
From the measurements of A¢ and 8¢ P, the sediment thickness is
estimated to be 0.28 km and calculate a sediment removal filter.
When the filter is applied to the Ps RFs, the amplitude of the early
arriving oscillatory phases is reduced and a peak appears in the
sediment removed Ps RF (red line, Fig. 7a) at approximately 4 s.
In the traditional Ps H—« stack calculated with the Ps RFs before
the resonance removal is applied, no clear maxima appear deeper
than 20 km (Fig. 7b), and no realistic constraint on crustal thickness
and Vp/Vs can be placed. However, when the SRTC Ps H—« stack
calculated with the resonance removed Ps RFs, a deeper maximum
becomes clear at 4 = 30.5 km and « = 164. When the time-
corrected Sp and SP,,p RFs are incorporated in the SRTC H—«—
Vp triple stack, a maximum is found at / = 31.75 4+ 2.28 km,
Vp = 6.0+ 0.38kms~! andx = 1.65 4 0.09 (Figs 7d and ), which
suggests thinner and slower average crust than that present beneath
the Williston basin, The sediment removal filter and the SRTC
H-k—Vp triple stack allows meaningful constraints to be placed
on average crustal properties. Even when the sediment multiples
completely mask the crustal signal in the Ps RF; the SRTC H—«—Vp
stack finds a reasonable maximum associated with the crust where
none existed in the traditional H—« stack.

Most regional and active source studies of the Atlantic coastal
plain that directly interpret their results in terms of the geology
have taken place further south than TA U60A. There is a slight
disagreement on the Moho depth in on the Atlantic coastal plain,
where the Moho depth may be shallower, between 30 and 35 km
(Cook et al. 1981; Chulick & Mooney 2002; Li 2002; Abt et al.
2010; Laske et al. 2013; ; Parker et al. 2016), or deeper, between
35 and 40 km (Crotwell & Owens 2005; Lynner & Porrit 2017). We
find the crustal thickness at station U60A to be thin 31.75 £ 3.52 km
(a shallow 32.03 km Moho depth), in agreement with the first set of
studies. We find a low with a Vp/Vs (k) of 1.65 4= 0.17 which agrees
within error with estimates of Vp/Vg between 1.69 and 1.72 in the
Atlantic coastal plain (Musacchio et al. 1997; Parker et al. 2013). We
also find a slow average crustal Vp of 6.0 + 0.79 kms™' compared
to some studies which estimate that ¥, = 6.4-6.7 kms™' (Laske
et al. 2013) but that agrees with previous studies, which suggests
the crustal P-wave velocity is between 6.0 and 6.5 kms™ (Chulick
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Figure 6. SRTC H—«—Vp stacking of B30A receiver functions, where negative values in the stack are clipped. Station B30A is located on the eastern edge
of the Williston Basin in Montana. (a) The mean Ps receiver function before (black) and after (red) the sediment removal filter is applied. (b) Ps H—« stack
at assumed Vp = 6.3kms~! shows a maximum of the stack at # = 28.5 km and « = 1.62. (c) The Ps H—« stack after the sediment removal filter and time
correction is applied; the stack maximum now corresponds to larger H and « values (d, e and f) Three cross-sections through the maximum of the H—«—Vp

triple stack; black cross-hairs denote 1o error bars.

& Mooney 2002). The large error of the Vp estimate means that
SRTC triple-stacking at this station is not able to precisely resolve
the average P-wave velocity at this station.

4.4 TA station 448A: Mississippi embayment

The final station on which SRTC H-«-Vp triple stacks is calculated
is EarthScope TA station 448 A, located within the lower Mississippi
embayment. The Ps RFs were calculated using the best-fitting free-
surface transform velocities of Vp = 5.9 kms™' and Vy=3.2 kms™.
The measurement of §¢ P is made on the 4 Hz Ps RFs (Fig. S7A)
and is 0.85 s. The measurement of At at station 448A is 2.2 s and
is measured from the autocorrelation of the 1 Hz Ps RF. However,
while there is little difference between the 1 and 4 Hz RF for this
measurement (Fig. S7b), we do see two negative peaks in the 4 Hz
autocorrelation, which implies either that there are remaining high
frequency effects from remaining P-multiples, or more likely that
there are multiple sedimentary layers beneath station 448A given
what is known about the geological setting. From the measurements
of At and §¢ P the sediment thickness is estimated to be 0.64 km at
this station. Unlike the two previous stations, applying the sediment
removal filter at 448A does not significantly change the amplitude
or arrival time of phases in the mean Ps RFs (red line compared
to black line, Fig. 8a, Fig. S8). Therefore, one might expect that
the traditional and SRTC Ps H—« stacks would be similar to SRTC
stacks. Nevertheless, this is not the case, as implementing the time
corrections (eq. 7) significantly changes the coherence in the SRTC
H—« stacks. While the traditional H—« stack has a maximum at

H=22kmand k = 1.5 (Fig. 8b), the SRTC Ps H—« stack (Fig. 8c)
has a deeper maximum at # = 35.5 km and x = 1.67. While the
sediment time corrections applied to the Ps RFs have a significant
effect on improving the coherence, the multiple sediment layers
that likely exist beneath station 448A introduce complex signals
that prevent the elucidation of the direct Moho conversion P,s.
Station 448A provides a good example on how the Sp and SP,,p
RFs can improve the interpretation of crustal values in a region with
multiple sediment layers. When time-corrected Sp and SP,,p RFs are
incorporated, the crustal properties corresponding to the maximum
of the SRTC H—«—Vp triple stack are H = 39.5 £ 239 km, Vp =
6.5+ 0.29kms™! and x = 1.65 & 0.08. (Figs 8d and e). Station
448A highlights the importance of applying time corrections when
calculating the H—« stack in the presence of a low velocity shallow
layer, even if the Ps RFs remain similar before and after the sediment
removal filter is applied.

Several previous studies of the lower Mississippi embayment near
the location of TA station 448A find similar results to the crustal
values obtained in the SRTC H—«—Vp triple stacks. In southern
Mississippi (slightly further west than station 448 A) the Moho depth
was found using seismic refraction to be ~35 km with an average
crustal Vp of 6.4 kms™ (Warren et al. 1966), shallower than the
SRTC H—«—Vp stack crustal thickness estimate of 39 km. A global
Moho study finds that the Moho depth in this region is between 32
and 36 km with an average crustal V» of 6.5 kms™ (Cook et al.
1981; Mooney et al. 1983). Finally, while there are no EARS results
for station 448 A, the results for a nearby station, US BRAL, finds a
Moho depth of 38 km, a Vp/Vs of 1.87, assuming an average crustal
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Figure 7. SRTC H—«—Vp stacking of U60A receiver functions, where negative values in the stack are clipped. Station U60A is located on the Atlantic Coastal
Plain in North Carolina. (a) The mean Ps receiver function before (black) and after (red) the sediment removal filter is applied. (b) Ps H—« stack at assumed

Vp =63kms™!

shows no clear maxima. (¢) The Ps H—« stack after the sediment removal filter and time correction is applied has a clear maximum. (d, e and

f) Three cross-sections through the maximum of the H—«—Vp triple stack ; black cross-hairs denote 1o error bars.

Vp (from Crust 2.0) of 6.53 kms™ (Crotwell & Owens 2005). At
this station, our crustal thickness estimate is closer to the EARS
estimates at station US BRAL, with a lower Vp/Vg The low Vp/Vs
value found in this study is consistent with a more felsic crustal
composition beneath this station (Christensen 1996).

5 DISCUSSION

By creating the SRTC H—«—Vp stack, we address two of the major
limitations of traditional H—« stacking: contamination by sediment
layers and the a priori assumption of an average crustal Vp.

In regions overlain by a sedimentary layer, such as the Williston
basin, Atlantic coastal plain and Mississippi embayment, sediment
reverberations overprint deeper crustal conversions and traditional
H—« stacking methods fail. Yeck et al. (2013) proposed the se-
quential H—« stacking approach, which characterizes the sediment
Vp/Vs and thickness, and uses the result to correct for sediment
effects and interpret Moho depth. By using the resonance removal
filter and time corrections of Yu ez al. (2015), we are similarly able
to characterize and suppress the S basin multiples, which are likely
to dominate the reverberation signal (Fig. S7) before interpreting
Moho depth. However, unlike sequential H—« stacking, the SRTC
H-« stack is able to constrain crustal properties even when the
S-basin multiple and Moho phase arrivals are coincident in time
due to the sediment time corrections. Unlike Yu et al. (2015), we
find that in practice, it is easier to use the arrival time of the PPys
phase instead of the P,s phase, due to its larger amplitude and larger
lag-time.

Assuming an incorrect average crustal Vp may lead to biased
estimates of the crustal thickness, even when no sedimentary layer
is present (Yeck et al. 2013). The H-V stacking method of Rychert
& Harmon (2016) uses the direct Sp arrival as well as Sp multiples
(from the Sp RFs) to constrain average crustal Vp, Vs, and thickness,
removing the dependence on average Vp. While this method is ro-
bust in areas without sedimentary reverberations, the low amplitude
Sp multiples can make it difficult to use Sp RFs when substantial
noise is present, which is often the case. For this reason, we choose
to supplement the constraints provided by SRTC H—« by incorporat-
ing only the direct Sp conversion in our stacks. The Sp phase arrival
yields particularly useful constraints on the crustal thickness when
the sediment structure has multiple layers (such as at station 448A)
and/or when a clear P,,s is not observed even after the reverberation
filter is applied. To constrain Vp, the SP,,p RF is also added, which
has proven useful to constrain crustal thickness and velocity in a
region where sediment is present (e.g. Parker ef al. 2016).

A significant concern for the SP,p phase is the effect of az-
imuthal anisotropy or dipping layers on the arrival time of the SP,,p
phase. SP,,p is observed on a very restricted epicentral distance
range (30-50°), and so to look at the variation in arrival time based
on backazimuth (BAZ), binned SP,,,p events are plotted over a range
of BAZ bins for permeant seismic station ANMO used because it
has events from a range of backazimuths. When plotted by BAZ,
the SP,,p phase does not show a strong directional dependence for
station ANMO (Fig. S9). This is especially significant as station
ANMO lies near the Rio Grande Rift with the Colorado Plateau
to the north and the basin and range to the south. The geological
regions have differences in crustal properties and thickness that
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black cross-hairs denote 1o error bars.

might be expected to manifest as backazimuthal variations in the
SP.,p phase arrival; however, that is not the case, and the SP,,,p phase
shows a clear and consistent arrival from all BAZ bins with more
than three existing events, suggesting that stacking SP,,p observed
at a station is justified. Similar concerns exist for Sp and Ps phases
in H—« stacking, although the backazimuthal dependence of Sp due
to anisotropy is expected to be very complex. In future studies,
harmonic decomposition of Ps phases (e.g. Olugboji & Park 2016)
can be used to detect and isolate the signature of anisotropy and/or
dipping layers, helping to constrain average crustal anisotropy. Ad-
ditionally, extra care must be taken when considering SP,,p RFs for
stations near oceanic crust. Since the SP,,p waveform is affected
by distant crustal structure, and oceanic and continental crust differ
dramatically in thickness, analysis should be restricted to include
only events with back azimuths that sample the continental crust.
The resonance removal filter will effectively remove S-wave re-
verberations associated with the low velocity layer in Ps RF. One
concern is that contamination from additional sedimentary rever-
berations (such as PPys reverberations) may still mask the crustal
phase arrivals even after the resonance removal filter is applied. We
find that if the sedimentary V is very low (has an average velocity
of less than 0.5 kms™') and sediment is thick (around 3 km), while
the crust is very thin (less than 20 km) it is possible for large am-
plitude PPys to arrive at the same times as direct P,,s conversion
from the Moho and its reverberations to arrive directly after Moho
phases. In these rare cases, the sediment PP,s phase may stack

coherently near the maxima, biasing the crustal thickness estimate
0.5-1.0 km deeper than input values and V'p/Vs by 0.02—-0.03 higher
than input value and therefore, the SRTC H—«—Vp triple stack may
be contaminated by PPys and should not be used (Fig. S2 When the
average sediment V' is larger or the sediment is not as thick, S-wave
reverberations are the dominant signal in the Ps receiver functions
(Fig. 2, Fig. S1).

One limitation of the resonance removal filter is that it as-
sumes a single shallow layer, and only removes reverberations
from the largest amplitude resonances—typically, the S-wave
reverberations—in the Ps RF. The way it has been implemented
in this study, the resonance removal filter does not remove reverber-
ations from multiple distinct shallow layers that may add further re-
verberations. While removing the largest reverberations is sufficient
to constrain the crustal thickness and crustal average crustal veloc-
ities (Vp/Vs and Vp) at these stations, applying a secondary res-
onance removal filter could further reduce oscillatory conversions
associated with multiple layers. For example, in the case of multiple
low velocity sediment layers, a secondary resonance removal filter,
applied after the first, may be able to remove reverberations asso-
ciated the layer bounded by second-largest impedance contrasts. In
regions where S-wave reverberations of the whole crust are partic-
ularly prominent, an extension of this method may be to apply a
secondary resonance removal filter to remove reverberations from
the crust-mantle boundary (Moho) that can mask intra-lithospheric
arrivals at approximately 7—10 s (about 80—100 km).
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6 CONCLUSIONS

Traditional H—« stacking is commonly used to constrain crustal
thickness and V»/Vs beneath a seismic station, but requires an as-
sumed average crustal Vp and fails in the presence of a low velocity
sedimentary layer. Previous studies have been able to remove sedi-
ment contamination (Yeck ez al. 2013) or remove the dependence on
average crustal Vp (Rychert & Harmond 2016) with some success.
We present the sediment-removed, time corrected (SRTC) H—«—Vp
stacking method that is able to remove sediment contamination even
when S-wave multiples directly overprint crustal signals while also
yielding constraints on average crustal Vp.

The SRTC H-«—Vp stacking method uses quantitative thresh-
olds to determine whether large amplitude oscillatory sedimentary
reverberations are present in the Ps RF. It then applies a resonance
removal filter and time corrections from Yu et al. (2015) to the
Ps RFs, and adds complementary Sp and SP,,p RFs, with their re-
spective time corrections. Synthetic tests verify that this method
is effective in constraining crustal properties when sediment re-
verberations contaminate deeper crustal conversions, even without
removing P-wave multiples. When applied to EarthScope TA sta-
tions in the presence of sediment, our estimates of H, x and Vp
agree well with previous studies. At stations where traditional H—«
stacking implies an unlikely crustal thickness and Vp/Vs ratio, a
more reasonable estimate for the crustal properties is obtained after
the SRTC H-«—Vp stacking method is applied. Because using the
H—«—Vp stacking method requires fewer a priori assumptions about
the underlying crustal structure, including whether a sedimentary
layer is present, it is straightforward to be applied to large seismic
arrays regardless of geological/tectonic regime.

Both resonance removal and time corrections can reduce the
complexity introduced into traditional H—« stacks by shallow layer
reverberations. We ensure that error calculations capture uncertainty
arising from our ignorance about the values of the other parameters.
This allows us to better define and estimate error around one clear
maximum in the triple stack. However, this method does not provide
an efficient way to express error if multiple maxima are present. For
a large-scale study using the SRTC H—«—Vp stacking, a complexity
term based on the amplitude of the next closest maxima in the stack
is suggested. In a regional study, when multiple maxima are present
at a station, nearby stations can be used to constrain the correct
crustal parameters in complex stacks, and a search range for H, «
and Vp be based on existing crustal models near the seismic station,
such as Crust 2.0 (Crotwell & Owens 2005) can be implemented to
constrain reasonable crustal values and reduce computation time.

Though our method avoids making prior assumptions about av-
erage crustal Vp, which is necessary in traditional H—« stacking,
Vp is often poorly constrained using this method, with error up
to £0.6 kms™'. While the constraint on crustal V5 is sufficient for
this study, tighter constraints on crustal » may be necessary to
for other applications, such as for drawing inferences about crustal
composition. Even when including complementary Ps, Sp and SP,,,p
data, we find that the data are not particularly sensitive to V', which
is reflected in our estimated errors (between 0.3 and 0.6 kms™).
Where data from active source studies is available (e.g. Lithoprobe:
Clowes et al. 1987; Cook et al. 1988; Hyndman et al. 1990; Lewry
et al. 1994; Ross et al. 1995, or COCORP: Cook et al. 1979;
Allemdinger et al. 1983; Petersen et al. 2010 seismic lines), they
can provide tighter constraints on Vp than the triple-stacck method
described here. Alternatively, joint inversion of receiver functions
with surface wave data can better constrain crustal Vp (e.g. Julia
et al. 2000a,; Lawerence & Wiens 2004a,; Shen et al. 2013a,b).
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Because our work suggests that removal of sediment multiples can
clarify constraints from receiver functions, it is likely to improve
results of such joint inversions.

From the Ps receiver functions and resonance removal filter, in-
formation is obtained that can be used to constrain sedimentary
layers. Specifically, the amplitude and traveltime of the S-wave re-
verberation in the sediment that when combined with assumptions
about the relationship of Vp and Vg may be used to estimate sed-
imentary thickness and velocity. Thick sedimentary layers lead to
increased amplitude and duration ground shaking during a seismic
event, so mapping the structure of sedimentary basins over large
regions has implications for seismic hazard mapping.
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SUPPORTING INFORMATION

Supplementary data are available at GJI online.

Table S1. Number of events and slowness range at each station.
Figure S1. Absolute value of the reflection coefficients of PP«xPP
(left) and SSx*SS (right) for a range of different sediment velocity
variables using equations from Aki & Richards (1980). Because the
amplitude of each reverberation gets multiplied by these reflection
coefficients, P-wave reverberations get smaller faster than the S-
wave reverberations. This is why only S-wave reverberations remain
visible in the Ps receiver functions analysed here (e.g. see Fig. 2).
Figure S2. The SRTC H—«—Vp stacking method may not work when
the PPys and P,,s phases arrival at the same time. Left-hand panel:
calculated PPys arrival times as a function of sediment thickness and
Vs. To ensure realistic behaviour, the Vp/Vs ratio changes according
to the mud-line equation (Brocher 2005). Right-hand panel: the P,s
—PPys arrival time for a crust with V» = 6 kms™' and Vp/Vs = 1.76.
Conditions under which the PPys arrival may interfere with the P,s
Moho arrival are shown in light blue to red. SRTC stacking may not
work for an extremely thin crust of 20 km, if sediment thickness is
greater than 1.5 km with an excessively low Vg of 0.5 kms™'. We
note that this is a highly unlikely set of conditions.

Figure S3. Dependence of resonance removal filter on ray param-
eter for an idealized synthetic case. The best-fitting reverberation
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removal filter (red line) calculated from the autocorrelation of the
mean synthetic receiver function provides a good fit to the auto-
correlations of Ps RFs computed across the range of possible ray
parameters (black lines). The synthetic model used has a sediment
layer 0.5 km thick with a Vp = 2.5 kms™ and a Vg = 1.7 kms™!
overlying a 39.5 km crust with Vp = 6.2 kms™ and Vg = 3.5 kms™
and mantle with Vp = 8 kms™! and Vg =4.5 kms .

Figure S4. H-«—Vp stacks generated from synthetic waveforms
with increasing noise levels. The input model has a sedimentary
layer 0.5 km thick, Vp of 2.3 kms™ and k¥ = 2.3, a Moho at 42.5 km
depth with crustal Vp = 6.3kms™!, and a « of 1.76. White noise is
filtered to have similar frequency content as typically encountered
noise, with amplitude up to three-quarters of the maximum of the
daughter waveform (s for Ps; p for Sp and SP;,p). At increased noise
levels, we are still able to constrain crustal /, « and Vp: Mean 4 Hz
(blue) and 1 Hz (black) Ps RF for station B30A. Red and magenta
dots denote picked arrival times for §tP and §t, respectively. The
arrival times of the two phases (Pys and PPys) are indistinguish-
able at this station. (Bottom) Autocorrelation from the mean 4 Hz
(blue) and 1 Hz (black) RF with picked arrival time for At. Auto-
correlation of a random subset of individual RFs are shown as grey
lines in the background. At station B30A, the arrival time of At
does not depend on event location or frequency of autocorrelated
RFs.

Figure S6. Top panel: Mean 4 Hz (blue) and 1 Hz (black) Ps RF for
station U60A. Red and magenta dots denote picked arrival times
for 6tP and §t, respectively. The arrival time of the two phases
(Pys and PPys) are indistinguishable at this station. Bottom panel:
autocorrelation from the mean 4 Hz (blue) and 1 Hz (black) RF with
picked arrival time for A¢. Autocorrelation of a random subset of
individual RFs are shown as grey lines in the background. At station
B30A, the arrival time of Af does not depend on event location and
only changes slightly with frequency of autocorrelated RFs.
Figure S7. Top panel: mean 4 Hz (blue) and 1 Hz (black) Ps RF
for station 448 A. Red and magenta dots denote picked arrival times
for 6tP and §t, respectively. The arrival time of the two phases
(Pys and PPys) are substantially different station. Bottom panel:
autocorrelation from the mean 4 Hz (blue) and 1 Hz (black) RF
with picked arrival time for At. Autocorrelation of a random subset
of individual RFs are shown as grey lines in the background. At
station 448A, the arrival time of At is challenging to pick, possibly
due to remaining reverberations from P-multiples, but more likely
due to the multiple sediment layers (multiple negative bumps seen
in the 4 Hz autocorrelation).

Figure S8. 1 Hz Ps receiver functions before (black) and after (red)
sediment removal filter is applied plotted from 0 to 20 s after the
direct P arrival. Top panel: station B30A, middle panel: station
UG60A and bottom panel: station 448A.

Figure S9. SP,,p RFs for events between 30 and 50 epicentral
distances. Each line is a bin of backazimuthal (BAZ) directions
from station ANMO, chosen due to its large range in BAZ of SP,,p
events. The amplitude and location of the SP,,p at ~6 s does not
change significantly based on BAZ direction which indicates that
the SP,,,p waveforms show evidence of neither crustal anisotropy nor
crustal thickness variations with BAZ. We expect this observation
to hold true for most other stations, due to the low frequency of
SP,,p waveforms.
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