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Radial Anisotropy in Receiver Function
H-κ Stacks
Brennan Brunsvik*1 and Zachary Eilon1

Abstract

Cite this article as Brunsvik, B., and
Z. Eilon (2023). Radial Anisotropy in
Receiver Function H-κ Stacks, Seismol. Res.
Lett. XX, 1–9, doi: 10.1785/0220230114.

Supplemental Material

Receiver functions can be used to estimate the Moho depth (H) and ratio of P to S
wavespeed (α= β or κ) in the crust. This is commonly done by grid search, forward mod-
eling travel times to produce so-called “H-κ” stacks of receiver function amplitude.
However, radial anisotropy in the crust, which can be significant, is almost never con-
sidered in this process. Here, we show that radial anisotropy changes the H-κ stack,
biasing interpretations of crustal structure by introducing errors up to ∼ 3% in H
and ∼ 1% in κ for commonly observed anisotropy magnitudes. We propose a simple
method to correct H-κ stacks by incorporating radial anisotropy in the forward calcu-
lation. Synthetic tests show that this approach almost completely removes error
caused by radial anisotropy. We show examples of this procedure with stations
in the eastern United States. We provide readers with code to construct radially
anisotropic H-κ stacks.

Introduction
Receiver functions are frequently used to measure the depths to
seismic discontinuities in the Earth. P-to-s receiver functions
utilize the timing of P-wave conversions and reverberations
from velocity boundaries to identify the depths of those boun-
daries (e.g., Langston, 1979). H-κ stacking is a particular wave-
form stacking method that provides depth to the Moho (e.g.,
Zhu and Kanamori, 2000).

Receiver functions and H-κ stacking are powerful tools.
They can be constructed with just one seismometer, making
them broadly useful across the world, in remote regions,
and even in planetary seismology (e.g., Kim et al., 2021;
Lognonné et al., 2003). They have been used to construct
large-scale maps of the Moho over, for example, the whole
United States (Crotwell, 2007) and China (Li et al., 2014).
H-κ stacks can also provide complementary constraints to
other data, for example surface waves, to vastly improve
Earth models (e.g., Petruska and Eilon, 2021).

When a P wave encounters a velocity discontinuity, energy
from this “parent” pulse is transmitted and converted as
p and s “daughter” pulses, which may in turn reflect and
reverberate. A receiver function is a Green’s function that,
when convolved with the parent pulse, reproduces the
daughter wavetrain. A standard approach to construct Ps
receiver functions is to take the parent P waveform on the
P component, and deconvolve this from the SV component
(e.g., Langston, 1979).

The timing of each phase in a receiver function is primarily
controlled by the Moho depth (H) and the average α=β
ratio in the crust (κ). Researchers can stack waveform

amplitudes at times predicted for Ps, PpSs, PsPs, and PpPs
pulses based on assumed H and κ values to provide a
map that is directly interpretable in terms of H and κ
(Zhu and Kanamori, 2000; Fig. 1d). A grid search over H
and κ (an H-κ stack) should have the highest amplitude at
the true H and κ.

The H-κ stack method traditionally assumes that the crust
is isotropic. However, seismic anisotropy, the variation in
seismic wavespeed with direction or polarity of wave propa-
gation, can be strong. This article is focused on radial
anisotropy, the variation in wavespeed for vertically (e.g.,
VSV ) versus horizontally polarized waves (e.g., VSH).
Azimuthal anisotropy instead refers to wavespeed variation
with azimuth (Maupin and Park, 2007), which we do not
address in the method presented here. Individual crustal
minerals can have S-wave anisotropy of 55% in plagioclase,
71% in alkali feldspars, 40% in quartz, and 100% in micas
(Babuška, 1982). Natural crustal rock samples from the
Basin and Range (U.S.A.) reach ξ � V2

SH=V
2
SV � 1:23

(Erdman et al., 2013). Shape preferred orientation, for exam-
ple, from aligned melt or layers of rock with contrasting
properties also causes anisotropy (e.g., Jiang et al., 2023).
Examples of strong radial anisotropy in the crust derived
from Rayleigh and Love waves include up to ξ ≈ 0:85 to ξ ≈
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1:15 in southern Madagascar (Dreiling et al., 2018) and
ξ ≈ 0:80 to ξ ≈ 1:2 in the Central Andes (Lynner et al., 2018).

Radial anisotropy causes error in H-κ stacks (Hammond,
2014). However, a correction for radial anisotropy has not
previously been developed. Previous workers have adapted
the H-κ stacking method to account for azimuthal anisotropy
(Hammond, 2014; Kaviani and Rümpker, 2015; Li et al., 2019;
Wen et al., 2019). These methods tended to rely on shear-
wave splitting and back-azimuthal variations in receiver func-
tions, neither of which is clearly produced by radial
anisotropy, necessitating development of a different
method.

In this article, we evaluate the influence of radial anisotropy
on H-κ stacks. We propose a simple method to correct H-κ
stacks for radial anisotropy, in which we account for anisotropic
velocities for each ray traversing the crust. We use synthetic tests
to quantify the error introduced by ignoring anisotropy when
making H-κ stacks and show that the error is removed after

applying our anisotropy correction. We apply the anisotropy
correction to stations in the eastern United States. We include
code for other researchers to apply the correction.

(a) (b) (c)

(d) (e)

Figure 1. Synthetic receiver functions in the presence of radial
anisotropy and H-κ stacks accounting for and ignoring the
anisotropic terms. (a) Example of velocity model used in synthetic
tests with H = 45 km. (b) Example of anisotropy model used in
synthetic test with ξ � 0:85. (c) Resulting synthetic receiver
functions with ξ varying from 0.85 to 1.15. Using the known H, κ,
and average crustal Vp, we estimated the timing of receiver
function pulses. We calculated pulse times while ignoring
anisotropy (ξ � 1), shown as red dots, and including anisotropy,
shown as blue dots. (d) H-κ stack for three values of ξ (panel e,
see inset), in which anisotropy corrections were not applied.
Contours are plotted at 95% and 70% of the maximum value in
each H-κ stack. (e) Same as panel (d), but with anisotropy cor-
rections applied. The color version of this figure is available only
in the electronic edition.
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Method
Anisotropic H-κ stack
To construct H-κ stacks from receiver functions, we follow a
similar procedure to Zhu and Kanamori (2000). However, we
substitute isotropic velocities with anisotropic velocities (VP

and VSV ; assuming energy remains polarized in the verti-
cal–radial plane) when estimating the timings of pulses. In this
section, we describe how we construct and solve an elastic ten-
sor to get these anisotropic velocities and pulse timings.

We assume a hexagonally symmetric elastic tensor with a
vertical symmetry axis. This tensor can be expressed with
the five Love parameters A, C, F, L, and N. The Love param-
eters can be calculated given α (P velocity), β (S velocity),
ξ (S radial anisotropy), ϕ (P radial anisotropy), and η (which
influences the ellipticity of the slowness surface). For clarity, we
write α and β to indicate Voigt average P and S wavespeeds. We
write VSV and VSH to indicate actual ray velocities of vertically
and horizontally polarized shear waves, which depend on inci-
dence angle. By assuming relationships between these elastic
parameters, only ξ and VP must be known to apply our aniso-
tropic H-κ stacking. We assume that VSH=VSV � VPH=VPV ,
and thus ϕ � 1=ξ. We assume η � 1 (e.g., Eilon et al.,
2016). H-κ stacking solves for β � α=κ.

We use Voigt averaging to define the velocities of P and S
waves traveling parallel and perpendicular to the symmetry
axis (Panning and Romanowicz, 2006):

α∥ � α
������������������������
5ϕ=�ϕ� 4�

p
, α⊥ � α

���������������������
5=�ϕ� 4�

p
,

β∥ � β
��������������������
3=�ξ � 2�

p
, β⊥ � β

�����������������������
3ξ=�ξ � 2�

p
: �1�

We then calculate the Love parameters (Maupin and Park,
2007):

A � ρα2⊥,

C � ρα2∥,

L � ρβ2∥,

N � ρβ2⊥,

F � η�A − 2L�: �2�

Solutions to the Christoffel equations give three velocities
for rays as a function of incidence angle, θ. We use the ana-
lytical expressions for ray velocities from Mavko et al. (2020).

VP�θ� � �A sin2 θ� C cos2 θ� L�
�����
M

p
�1=2�2ρ�−1=2,

VSV�θ� � �A sin2 θ� C cos2 θ� L −
�����
M

p
�1=2�2ρ�−1=2,

VSH�θ� � �N sin2 θ� L cos2 θ�1=2�ρ�−1=2, �3�

in which

M� ��A−L�sin2 θ− �C−L�cos2 θ�2��F�L�2 sin2 2θ: �4�

We substitute these anisotropic velocities into the standard
equations of Zhu and Kanamori (2000) to calculate timings of
Ps, PpPs, PpSs, and PsPs phases in receiver functions while
accounting for radial anisotropy:

tPs
� H

� ������������������������������
VSV�θs�−2 − p2

q
−

�������������������������������
VPV�θp�−2 − p2

q �
,

tPpPs � H

� ������������������������������
VSV�θs�−2 − p2

q
�

�������������������������������
VPV�θp�−2 − p2

q �
,

tPpSs�PsPs � 2H
������������������������������
VSV�θs�−2 − p2

q
, �5�

in which p is ray parameter, and the incidence angles for S and
P waves are θs � sin−1�βp� and θp � sin−1�αp�. This approach
allows us to simultaneously include data from multiple events
by correctly accounting for the moveout of all phases.

To form the stack, we grid search over H and κ and sum the
amplitude of all receiver functions at the predicted times of
each phase. We hold ξ and α constant. As we vary κ,
β � α=κ also changes. Thus, equations (1)–(5) must be recal-
culated accordingly for each trial κ value.

Forward modeling and receiver function
calculation
We used synthetic tests to evaluate the error in H-κ stacks with
and without accounting for radial anisotropy. We calculated
synthetic waveforms using the PropMat code (Keith and
Crampin, 1977a,b,c). This allows a hexagonally symmetric
elastic tensor with vertical symmetry. PropMat calculates
transmission and reflection coefficients of rays through all
layers in our model, and propagates a source function along
all rays. We assumed a simple 2-s-wide Gaussian source func-
tion. For most synthetic tests, we used a ray parameter of
p = 6.15 s/°, unless otherwise stated.

We test synthetic velocity models with two layers
(crust and mantle) with constant properties with depth
(Fig. 1a,b). A more complex model is shown in Figure S1,
available in the supplemental material to this article. We
calculated average crustal elastic parameters and density
(ρ) after applying the Earth flattening transformation (e.g.,
Shearer, 2019).

We made receiver functions from the synthetic waveforms
(Fig. 1c) as follows: we first rotated seismograms to the P and
SV coordinate system (the incidence angle θ was inferred from
the ray parameter). We applied the free-surface transform
(Kennett, 1991). We used time-domain iterative deconvolution
to deconvolve the source P waveform from the SV waveform
(Ligorría and Ammon, 1999). We did not add noise because
the goal is to examine offsets caused purely due to anisotropy
(the influence of noise is instead shown in Fig. S2). From
receiver functions, we make H-κ stacks based on equation (5).
We used weights of 0.5, 0.3, and 0.2 for the Ps, PpPs, and
PpSs + PsPs phases, respectively, in alignment with standard
practices (e.g., Crotwell, 2007).
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“Phase weighting” is often used to improve the clarity of
pulses in receiver functions before H-κ stacking (Schimmel
and Paulssen, 1997; Crotwell, 2007). Phase weighting works
under the assumption that the signal of interest is mostly
the same on each time series, when the noise is not correlated.
However, receiver function pulses vary in time based on the ray
parameter. In practice, phase weighting still helps identify
structures. However, we chose to avoid phase weighting for this
study so that we could isolate only the effects of anisotropy on
H-κ stacks.

Influence of Radial Anisotropy on H-κ
Stacks
Synthetic H-κ stacks
Figure 1c shows the receiver functions and pulse timings pre-
dicted using H = 45 km and κ � 1:75, both including and
ignoring anisotropy. When anisotropy is introduced, the
estimated pulse timings are clearly misaligned with actual
pulse timings. Although the misalignment is not visibly
obvious for the Ps phase, mismatch is more prominent (up
to about 1 s) for reverberated phases arriving after ∼15 s.
After applying the anisotropy correction, pulse times are
accurately estimated.

For ξ � 1, the isotropically constructed H-κ stack correctly
identified H = 45 km and κ � 1:75 (Fig. 1d). However, if there
is substantial crustal anisotropy—in this case ξ � 0:85 or 1.15
—the assumption of isotropy leads to H being incorrectly esti-
mated as 43.4 and 46.6, respectively, and κ as 1.768 and 1.731,
respectively. In terms of fractional error, this equates to −3.5%
and 3.6% inH, and 1.0% and −1.1% in κ. Although these errors
are not large, they are also not randomly distributed—a region
of substantial anisotropy will have systematically incorrect esti-
mates of crustal parameters. After applying the anisotropy cor-
rection, theH-κ stack correctly identifies H and κ, regardless of
ξ (Fig. 1e).

We applied the same synthetic test with a more complex
model. We added a 0.5 km/s slow-velocity anomaly just
beneath 10 km, and a 0.5 km/s fast-velocity anomaly just above
30 km (Fig. S1). The anisotropic stack is much closer to the
true H and κ values. We also tested the influence of noise
(Fig. S2). We added Gaussian noise before deconvolution, with
a standard deviation of 4% of the amplitude of the parent pulse
on the P component. The error in the anisotropic stack is
greatly reduced compared with the isotropic stack. Only one
receiver function was used in the H-κ stacks. With more
receiver functions added, the results from the noisy H-κ stacks
would asymptotically approach theH and κ values of the noise-
free H-κ stacks shown in Figure 1.

Influence of Moho depth. We tested this anisotropy cor-
rection at a variety of Moho depths. For a given H, we tested
values of 0:85 < ξ < 1:15 and found the error in H and κ esti-
mations. Figure 2 shows an example for H = 45 km. Figure 2
shows that the H and κ offset caused by ξ varies approximately
linearly as a function of ξ, at least between 0:85 < ξ < 1:15.

We tested 25 < H <55 km and find that the fractional error
in H is not dependent on H: it is approximately

ΔH=H ≈ 0:25�ξ − 1�: �6�

So, for ξ � 1:10, the error in H will be roughly 2.5%. In
other words, a region with double the Moho depth will have
twice the absolute error in H estimations if one neglects to
account for anisotropy.

Influence of ray parameter. The amount of anisotropy
correction needed is dependent on the incidence angle of a
ray (equation 5). We explore whether certain incidence angles
and ray parameters will be more sensitive to anisotropy cor-
rections when making H-κ stacks (Fig. 3).

We assumed Htrue � 45 km and ξtrue � 1:15 to calculate a
given phase timing ttrue using equation (5). Then, using ttrue, we
solved equation (5) forH while assuming ξ � 1. This simulates
the error inH that a researcher would encounter (for ξ � 1:15)
if ξ were not accounted for. The percent error is not dependent
on Htrue (equation 6). H error generally increases with p
(Fig. 3). Because different phases have different sensitivities
to ξ, we show the percent error for each phase individually,
as well as the average error from all phases. Average H error
varies between about −1% and −7%, depending on both p and
κ. The Ps phase gives H estimates that are most sensitive to ray
parameter, from −8% down to 0%. PpSs and PsPs cap at about
−5.5% error, and PpPs caps at about −4.5% error. Figure 3 sug-
gests that error could reach but should not exceed ∼7% in H
from ignoring ξ if ξ � 1:15.

Sensitivity of objective function to ξ. Incorrect
assumption of isotropy when constructing the H-κ stack does

Figure 2. The difference between the true H and κ values and the
solved H and κ values from maximizing the energy of H-κ stacks
without accounting for anisotropy. We used true model values of
H = 45 km and κ � 1:75. The color version of this figure is
available only in the electronic edition.
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not simply lead to a shift in the stack maximum. It also reduces
the amplitude of the maximum. This is because anisotropy
introduces a ray-parameter-dependent shift in the crustal
reverberation arrival times (Fig 1). Equation (5) cannot simul-
taneously predict the timing t�H,κ� of all receiver function
maxima if there is a substantial range in p. Thus, even the
best-fitting time predictions miss the pulse maxima at the
extreme values of p. However, by introducing an additional
variable, equation (5) correctly identifies the pulse times
t�H,κ,ξ�.

This article is focused on an approach to reduce bias
caused in H-κ stacks from radial anisotropy. However, in
theory, this approach can additionally be used to solve for
radial anisotropy. Anisotropic H-κ stacking has previously
been used to invert for anisotropy parameters (Hammond,
2014; Kaviani and Rümpker, 2015).

We tested the sensitivity of H-κ stacking to H, κ, and ξ. The
derivative, or slope, of the energy in the H-κ stack
as a function of H, κ, and ξ indicates the sensitivity to those
parameters (Fig. 4). The sensitivity to H is greater than κ,
which is greater than ξ. As an example, E (the amplitude of
the H-κ stack) decreases to 90% of its maximum by perturbing
H from 45.0 to 46.0 km, κ from 1.75 to 1.81, and ξ from 0.85 to
0.975. This H perturbation required is small, whereas this ξ
perturbation is large. The H-κ stack is much more capable
of identifying optimal H and κ than ξ.

This analysis demonstrates
that receiver functions alone
are unlikely to be sufficient to
solve for ξ using this method.
Instead, researchers should
use ξ values that are obtained
from other data, such as Love
and Rayleigh waves, or take a
joint inversion approach using
receiver functions together
with other data types.

Application to real data
We demonstrate the influence
of anisotropy at a station
with relatively high ξ (station
KMSC from the Transportable
Array; Fig. 5), and in the
supplemental Text S1, station
GOGA from the network
US. At these stations, ξ is
available from a recent inver-
sion (Brunsvik et al., 2023) of
Love and Rayleigh wave
phase velocities (Ekström,
2017). Furthermore, these sta-
tions have relatively strong

average crustal radial anisotropy at ξ � 1:12 for KMSC,
and ξ � 1:10 for GOGA, which will illuminate the influence
of anisotropy on H-κ stacks.

Station KMSC is in South Carolina, in the Piedmont between
the Appalachian mountains and Atlantic. Station GOGA is in
Georgia, near the transition from the Piedmont to the coastal
plains. Various factors can contribute to anisotropy here, such
as extension from the breakup of Pangaea, sills, or other rem-
nant volcanic features (Withjack et al., 2012), mineral foliations
and lineations that can be ubiquitous in the crust (Dalton and
Gaherty, 2013), layered units, and complex faulting from thrust-
ing and the assembly of Pangaea (Li et al., 2020), among other
factors. A further geological interpretation is outside the scope of
this article.

We used P-wave receiver functions from Incorporated
Research Institutions for Seismology (IRIS)-EarthScope auto-
mated receiver survey (EARS; Crotwell, 2007; Fig. 5a). We
added a quality control step, removing anomalous receiver
functions defined by having low average autocorrelation to
all other receiver function. We first remove receiver functions
with < 0.85 correlation within −1 to 1 s of the parent pulse. We
then repeat this culling procedure, now using minimum cor-
relation of 0.40 up to 40 s after the parent pulse. For KMSC,
this only removes one receiver function (out of 164), but this
cross-correlation approach applies to other stations that can
have more erroneous receiver functions.

Figure 3. Shows the percent difference between true and predictedH as a function of ray parameter
p and κ. We used H = 45 km and ξ � 1:15. The amount of error is different for different phases.
(a) Error for each phase averaged. (b–d) Error for three isolated phases. The color version of this
figure is available only in the electronic edition.
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We constructed H-κ stacks for station KMSC, first ignoring
and then accounting for radial anisotropy (Fig. 5b). The esti-
mated H and κ are 31.73 km and 2.013 before incorporating
radial anisotropy, and 30.92 km and 1.986 with radial
anisotropy incorporated. H is shifted by −0.812 km (−2.558%),
whereas κ is shifted by −0.027 (−1.347%). For station GOGA,
the change inH was −1.082 km (−3.054%), whereas κ is shifted
by −0.011 (−0.543%).

We used bootstrapping to test whether the changes inH and
κ are statistically significant. For station KMSC, we resampled
the receiver functions and applied H-κ stacking 200 times (Fig.
S4). We obtained standard deviations of 0.18 for H and 0.012
for κ. These small standard deviations are partly owed to the
large number of receiver functions used. This bootstrapping
test suggests that the changes in H and κ are significant com-
pared to the noise in the receiver functions, at 4.5 times the

standard deviation for H, and 2.6 times the standard deviation
for κ.

The change in H from anisotropic H-κ stacking may also be
significant compared with the input parameters. Zhu and
Kanamori (2000) estimated that an uncertainty in Vp of
0.1 km/s leads to an uncertainty in H of < ∼0.5 km. The pur-
pose of our tests on real data is demonstrative, and the error in
Vp is highly dependent on the Vp model used, so we do not
analyze the error in our chosen Vp model here.

Changes in H from the anisotropic correction can be small
but important. We demonstrate one possible consequence of
changed H values with a simplified crustal extension and thin-
ning exercise in the eastern United States. We assume the
Piedmont and coastal plains had an initial crustal thickness
of 40 km before breakup. We assume extension reached from
the East Coast magnetic anomaly (Bécel et al., 2020) to the
Appalachian mountains, about 300 km. Thus, the isotropic
H = 31.73 km implies 238.0 km original width, whereas the
anisotropic H = 30.92 km implies 231.9 km original width, with
a difference of 6.09 km original width. Small changes inH influ-
ence the stretching factor β. Assuming an initial crustal thick-
ness of 40 km, the isotropic H solution leads to β � 1:260,
whereas the anisotropic H solution leads to β � 1:294. Such
considerations may be important in the Basin and Range, for
example, to estimate extension and strain amounts.

To demonstrate the applicability of this radially anisotropic
H-κ stacking method, we applied the procedure to stations in
the eastern United States (Fig. 6). Average crustal ξ and Vp

at each station are from Brunsvik et al. (2023). See supplemental
text S1 for information. After applying the same cross-correla-
tion criteria as with stations GOGA and KMSC, as well as other
selection criteria that allow us to focus on stations with high-
quality receiver functions (supplemental text S1), we kept 172
stations from US and TA networks. The resulting H values are
similar to the results from Crotwell (2007) and Incorporated
Research Institutions for Seismology Data Management
Center (IRIS-DMC) (2010). H varies from ∼30 km in the
Coastal plains to ∼40 km west of the Appalachians.

ξ is relatively large in the coastal plains and Piedmont of the
eastern United States at about ξ � 1:05–1:1 (Fig. 6). At these
locations, the change inH from applying the anisotropic versus
isotropic H-κ stacking method was highest, at about −2%. The
largest change in H was about 3% for ξ ≈ 1:1. H, as well as the
changes inH between the isotropic and anisotropic stacks, vary
smoothly in space between most stations. The change in H as a
function of ξ is linear and almost perfectly matches equation (6)
(Fig. 6d). A least-squares fit of these results gives the change in
H from anisotropic to isotropic H-κ stacking to
be ΔH=H ≈ 0:268�ξ − 1�.

Discussion
The rotation to P and SV components and the free surface
transform are affected by anisotropy. Figure 1 shows that

(a)

(b)

(c)

Figure 4. This shows the anisotropic H-κ stack amplitude as a
function of (a) H, (b) κ, and (c) ξ. The yellow star indicates the true
parameters used for this synthetic test. In each panel, the other
two parameters are held fixed at their true values. The slope of E,
the H-κ stack amplitude, can indicate the sensitivity of the H-κ
stack to that parameter. The color version of this figure is
available only in the electronic edition.
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the parent pulse at t = 0 s has nonzero amplitude in receiver
functions when radial anisotropy is introduced. The parent
pulse has no energy, as expected, if there is no anisotropy.
One possible explanation is that shallow anisotropy changes
the incidence angle of a ray. Standard methods for processing
real receiver functions include a step to rotate seismograms in
the direction that minimizes the parent pulse energy on the SV
component. However, notable energy is almost always still
present when applied to real receiver functions. Thus, radial
anisotropy can cause this effect, along with other physical
parameters.

Ignoring anisotropy when creating H-κ stacks can produce
a systematically biased interpretation of H and κ. For ξ > 1,
ignoring anisotropy causes estimates of H that are too deep
(Figs. 1, 2, and 5). Continental crust tends to have radial
anisotropy with ξ > 1 (Moschetti et al., 2010; Dalton and
Gaherty, 2013; Xie et al., 2013), perhaps due to horizontal
alignment of several intrinsically anisotropic minerals. For
example, ∼4%–5% peak–peak anisotropy (ξ ∼ 1:08–1:1) is
observed throughout western Canada and United States crust
(Dalton and Gaherty, 2013; Xie et al., 2015). This biases
continental Moho estimates ∼2% too deep in H-κ stacks
according to equation (6). For example, the US average crustal
thickness in the EARS database is 38.9 km (IRIS-DMC, 2010),
which should shift slightly, but systematically to ∼38.1 km if
average ξ � 1:08, according to our synthetic tests (equation 6).
Areas of active extension can have stronger anisotropy, in
which it will be more important to incorporate radial
anisotropy in H-κ stacks.

Conclusion
Radial anisotropy systematically influences H and κ estimated
from receiver function stacks. Synthetic tests suggest that
the fractional error in H estimates from ignoring ξ is
ΔH=H ≈ 0:25�ξ − 1�. For strong anisotropy (e.g., ξ � 1:15),
our synthetic tests showed ∼3.6% error in H and −1.1% in
κ. Our ξ correction eliminated this error in synthetic tests.
Our example application in the Piedmont and coastal

plains in the eastern United States at station KMSC gave
H = 31.73 km and κ � 2:013 with isotropic stacking. With
anisotropic stacking and ξ � 1:2 (∼5% anisotropy), we
obtained H = 30.92 km and κ � 1:986. These changes could
become important in dealing with, for example, crustal stretch-
ing. In any region with a reasonably well-known crustal ξ
model, it is easy to adopt anisotropic H-κ stacking to minimize
systematic biases inH and κ estimates. We release the code that
we used to make anisotropic H-κ stacks.

Data and Resources
All receiver function waveform data are available through the
Incorporated Research Institutions for Seismology Data Management
Center (Crotwell, 2007; IRIS DMC, 2010; last accessed March 2023).

Figure 5. H-κ stacking on station KMSC from network TA, with
and without anisotropy corrections. (a) Receiver functions from
Incorporated Research Institutions for Seismology EarthScope
automated receiver survey (IRIS-EARS) database (Crotwell, 2007;
Incorporated Research Institutions for Seismology Data
Management Center [IRIS-DMC], 2010). For each receiver
function, we estimated the timing of each pulse using equa-
tion (5). The blue dots show timing predicted if we use Hξ and κξ ,
the parameters that give the highest amplitude in the anisotropy-
corrected H-κ stack. The green dots shows timings that would be
predicted through the standard H-κ stacking process: using the
parameters H1 and κ1 that maximize the H-κ stack in which no
anisotropy correction was performed. The red dots show timings
predicted from equation (5) if Hξ and κξ are used, but when ξ is
then set to 1. Note that this is not the same as what researchers
would obtain under standard H-κ processing. Rather, the dif-
ference between the red and blue dots shows how much ξ alone
shifts the pulse timings. Receiver functions are plotted by ray
parameter, in which the ray parameter is rounded to the nearest
integer. (b) H-κ stack made from receiver functions in panel (a),
when anisotropy is accounted for (blue) or not accounted for
(green). H1 and κ1 are picked from the green H-κ stack, and Hξ

and κξ are picked from the blue H-κ stack. Contours for this plot
are at 80% and 95% of the respective
H-κ stack maxima. The color version of this figure is available only
in the electronic edition.
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We used network codes TA and US. Our anisotropic H-κ stack code is
available at https://github.com/brennanbrunsvik/hk_anis (last accessed
September 2023).Vs and ξ used for stations in eastern United States can
be obtained from Brunsvik et al. (2023). The supplemental material
contains more information about the ξ and Vs models used for apply-
ing H-κ stacking to real stations, synthetic receiver functions tests with
noise and a more complex synthetic model, an example at US station
GOGA, and a bootstrapping uncertainty analysis of TA station KMSC.
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