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Abstract: H-k stacking method is a standard receiver-
function method to detect crustal thickness. But this
method can not be applied in low-velocity sedimentary
basins. To solve this problem, we propose an improved
sequential H-k stacking method. The improved method
needs two sequential stacks. Firstly, sediment structure is
calculated using converted waves and multiples on the bot-
tom boundary of sediments. Secondly, the sedimentary re-
sults are applied to calculate the crustal structure. Theo-
retical calculations and “recovery tests” indicate that the
improved method can obtain accurate estimates in sedi-
mentary basins. With the teleseismic data of North China
Craton, the structure of sediments is thick in the depres-
sion and thin in the uplifted area, which is consistent with
Deep Seismic Sounding results. The crust to the west of the
North-South Gravity Lineament is relatively thick and has
a low average Poisson ratio, whereas the east is relatively
thin and has a high average Poisson ratio. This result and
the structural feature from data regression imply that the
eastern crust of the North China Craton has experienced
wide extension, which reflect the crustal response to the
severe destruction and deformation in that area compared
to the western crust.
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1 Introduction

North China was one of the oldest cratonic areas. The uni-
fied continental craton was formed through the continent-
continent collision between the eastern blocks (EB) and
western blocks (WB) of the North China Craton (NCC)
along the Trans-North China Orogen (TNCO) at ~1.8 Ga
(Figure 1) [1]. The NCC remained stable from the Mesopro-
terozoic to the early Triassic. Beginning in the Mesozoic,
large-scale deformation and magmatic events occurred, in-
cluding lithospheric thinning and intensive crustal exten-
sion [2-5]. The study area is located in the northeast NCC
and is composed of the Yanshan uplift area (YU), the Tai-
hang Mountains (TM), and the North China Basin (NCB)
(Figure 1). Most of our study area is on the EB and TNCO,
which has experienced obvious destruction and deforma-
tion (Figure 1). Therefore, this area is the key to under-
standing the destruction process of the NCC. We can in-
vestigate the crustal structure and the crustal response to
regional extension by using seismic data from the dense
seismic stations distributed in this area (Figure 1), thus pro-
viding significant constraints on the destruction process of
the NCC.

The receiver function method can efficiently detect
significant discontinuity structures in the deep earth by
using converted waves generated on discontinuities (e.g.,
the Moho, the bottom boundary of the lithosphere and
the discontinuity of the upper mantle) [1, 6-8]. Zhu and
Kanamori [9] proposed the H-k stacking method to obtain
crustal thickness and the Poisson ratio. This method was
applied by many scientists in studies of the NCC and ob-
tained significant results [10, 11]. Chen et al. [12] applied
a receiver function poststack migration method to image
the crustal and upper mantle structures beneath the NCC.
To eliminate the effect of thick sediments, they used the
PpPs multiples instead of the commonly used Ps converted
phases to image the Moho discontinuity. Tang et al. [13] ex-
tended the H-k stacking method of receiver functions ap-
plicable to a three layer model and applied this method
to two sample sites in Taiwan. Wei et al. [14] investigated
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Figure 1: Seismic station distribution of the study area.

The distribution of seismic stations. The black triangles represent broadband temporary stations, the white triangles represent broadband
permanent stations, the blue triangles represent short-period permanent stations, the colored background indicates topography, and
the thin gray lines represent major faults. Three major secondary structural units are delineated using dashed white lines: the Jizhong
depression (JZ), Cangxian uplift area (CX), and Huanghua depression (HH). The red line indicates the location of the DSS profile (AA’) shown
in Figure 8, and the thick white lines in both figures represent North-South Gravity Lineament (NSGL). The red rectangle in the upper-tight

map represents the location of the whole research area.

crustal thickness and the Poisson ratio of east China us-
ing H-k stacking method, but they only used the data from
broadband stations. The disadvantage of the above stud-
ies was that they did not use the data from seismic sta-
tions in the sedimentary area. Because there were thick
sediments covering the basin and the sediment multiples
could disturb the travel times of Moho multiples, H-k stack-
ing method would be invalid due to its large errors in esti-
mates of Moho depth.

To correct the effect of the sedimentary basins, many
scientists proposed their solutions. With the regional
earthquake events, Kennett developed a P-SV decompo-
sition method and employed specific slowness band ap-

proximations to obtain the relative contributions of P, SV
and SH waves [15]. His approach showed a relatively sim-
ple and effective procedure to correct the effect of the sur-
face. William et al. [16] proposed a sequential H-k stack-
ing method. This method had two sequential stacks. In
the first stack, the P-wave velocity of sediments was as-
sumed to calculate the thickness and Vp/Vs ratio of sedi-
ments. In the second stack, the thickness and Vp/Vs ratio
of crust were obtained by using the results of sediments. Al-
though this method could obtain the sediment and crustal
structure in sedimentary area, they used an assumed P-
wave velocity which could result in a significant error in
the calculation of the sediment thickness. That error in-
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creased when the sediments became thicker and thereby
propagated into the calculation of crustal thickness. Tao et
al. [17] proposed that the receiver function could be treated
as the stacking of converted waves from several layers. By
separating those waves from the receiver functions, they
could obtain the thickness and Vp/Vs ratio of sediments
and crust. However, the assumption must be made that
the upcoming wave from the teleseism excludes S-wave in-
formation to calculate the optimized layer coefficient so-
lution. Yu et al. [18] used the auto-correlation method on
the observed receiver functions to determine the strength
and two-way travel-time of the reverberations. Then they
constructed a resonance removal filter in the frequency
domain to remove the sediment reverberations and deci-
phered the Ps phases associated with the Moho disconti-
nuity.

For the thick sediments in the east part of NCC, we pro-
pose an improved sequential H-k stacking method based
on the previous H-k stacking methods. This improved
method needs two sequential stacks. The thickness and
wave velocity of sediments are obtained in the first stack,
and the thickness and Vp/Vs ratio of crust are estimated in
the second stack by using sediment result. Through two se-
quential stacks, we can obtain the structure of sediments
and crust in sedimentary areas. In this study, we still use
the H-k stacking method in the TM and YU. Moreover, the
improved method is applied in the NCB with sediments.
By comprehensively using data from broadband and short-
period seismic stations, we do not only obtain distribu-
tions of crustal thickness and Poisson ratio over the entire
study area but also the thickness distribution of the sedi-
ments in the NCB to provide more detailed information on
the crustal structure.

2 Data and Method

2.1 Data

The data used in this study includes teleseismic waves
from permanent seismic stations run by China Earthquake
Administration, and from North China temporary stations
employed by the Institute of Geophysics, China Earth-
quake Administration [19]. A total of 291 seismic stations
are used in this study, 249 of which are broadband stations
and 42 of which are short-period stations (Figure 1). Tele-
seismic waves are selected from earthquakes events for all
M >5.5 earthquakes from November 2006 to July 2009 with
epicentral distances between 30° and 90° (Figure 2), from
which 6027 receiver functions are obtained.
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Figure 2: Distribution of the teleseismic events used in this study.
In this figure, the red points mark the epicentral positions of the
teleseismic events used in this study. The black triangle indicates
the center of the study area (115°E, 40°N). The numbers on the
concentric circles—30°, 60°, and 90°—are epicentral distances.

In this research, we use the iterative time-domain de-
convolution method to extract the receiver functions [20].
Compared to the frequency-domain method, the time-
domain method is free of complex relationships between
water-level values and damping parameters. Meanwhile,
the time-domain method does not suffer the “acausal
trough” surrounding the P wave arrival that decreases the
ampliude of the first few arrivals. The receiver functions es-
timated by time-domain method can reserve more details
of the sedimentary basins. For short-period stations, the
teleseismic waves are pretreated first. According to the pro-
posed method by Niu et al. [21], the instrument responses
of short-period stations can be treated as high-pass filters:

Gw?

I(w)=
W) -w2 + 2ihwg + w3

@

where wy is a frequency constant, h is a damping con-
stant, and G is a gain factor. Seismic waves are received by
short-period stations with suppressed low-frequency com-
ponents, which is equivalent to a high-pass filters. Thus, to
recover the low-frequency components, teleseismic waves
from short-period stations must use deconvolution to re-
move the instrumental response.
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2.2 Method

Zhu and Kanamori [9] have proposed the H-k stacking
method. The basic idea of this method is to utilize the con-
verted wave (Ps) and the multiples (PpPs, PpSs+PsPs) on
the Moho to determine the thickness H and Vp/Vs ratio k
of crust under the station. But The H-k stacking method
can generate large errors in sedimentary basins. The pres-
ence of low-velocity sedimentary basins causes a delay of
arrivals from deeper converters such as the crust-mantle
boundary (Moho), which leads to incorrect mapping of the
Moho. Reverberating phases (multiple waves) in the sedi-
ment layer may also overprint Moho arrivals. These com-
plexities make it difficult to resolve Moho depth of the re-
ceiver functions in sedimentary basins. To address that
problem, William et al. [16] have proposed a sequential H-
k stacking method. The method employs two sequential
stacks. In the first stack, the thickness and Vp/Vs ratio of
the sediments are determined by using the converted wave
PS(seq)s PPPS(50q) and PpSs+PsPs s, 4 multiples on the bot-
tom boundary of sediments. In the second stack, the re-
sults of sediments are substituted to calculate crustal thick-
ness H and Vp/Vs ratio k. In the sequential H-k stacking
method, the thickness and Vp/Vs ratio of sediments are
first calculated with the assumed sediment P-wave veloc-
ity. Then, the thickness and Vp/Vs ratio of the crust are cal-
culated by using the results of sediments (thickness and
Vp/Vs ratio). Due to the large range of sediment velocities
Vi (seq)> there can be large discrepancies between the as-
sumed sediment velocity V.4 and the actual velocity in
the first stack, which will result in large errors in the results
of the sediments and crust.

To address the problem of the previous methods, we
propose an improved sequential H-k stacking method. If
the effect of the assumed sediment P-wave velocity is re-
moved, we can obtain the P-wave travel time and Vp/Vs ra-
tio with more precision. Then the thickness of sediments is
calculated using more accurate P-wave velocity from Deep
Seimic Sound (DSS) or borehole result. Considering the
relatively low seismic wave velocities in sediments, tele-
seismic rays are perpendicularly incident to the surface
after passing through sediments; that is, the incident an-
gle 0 is very small and equivalent to ray parameter p = 0
(p = sin(0)/V). We therefore suppose in this method that
ray parameter p = 0, indicating that our assumption is con-
sistent with the actual situation. The reason for assuming
the ray parameter p = 0 is that the P-wave velocity is bound
to ray parameter (Equation 3), and the term of P-wave ve-
locity can be eliminated after the assumption. This fact
will be verified by our calculation results in the following
sections. The sediment Vp/Vs ratio (k(.4)) and the travel
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time of a P-wave in the sediments (T(,,4)) are calculated as
follows.

the relationships between sediment thickness H(s,g
and the travel times of the converted wave (fpsseq)s
tppps(sed)> A0 tpgps. ppss(sed)) CaN be expressed as.

fps(sed)
H(sed) = T 25 = 1 3 2
\/ 2 —-p°- \/VZ -p
Vs(sed) plsed)
thPs(sed)
H(sed) = T > T 2
\/ 2 -p°- \/VZ -p
Vs(sed) plsed)
thSs+PsPs(sed)
H(sed) = 5 T >

2
Vs(sed)

If we substitute kieqy = Vpseay/Vssea) into Equa-
tion (2), and transform the left side of the Equation (2) to
k(sed):

K(sea) = (3)

Voset 2
p(sed)'Ps(sed) 2 2
\/( Hsea) Yo VP(Sed)pz) * VID(seﬂl)p2

Vet 2
_ p(sed)‘ PpPs(sed) 2 2
k(sed) - \/(H(sed) +y/1- Vp(sed)pz) + Vp(sed)p2

Vyseat 2
_ p(sed) ' PpSs+PsPs(sed) 2 5
k(sed) = \/( ZH(sed) ) + Vp(sed)p

Because the teleseismic ray is incident perpendicular
to the surface, the travel time of the P-wave in the sedi-
ments can be expressed as T(seq) = Hsea)/Vp(seq) and sub-
stituted into Equation (3):

t
k(sed _ _Ps(sed) 1, (4)
T(sed)
thPs(sed)
k(sea = T 1, (5)
thSs+PsPs(sed)
k(sed) = 2T(sed) . (6)

we can define the target function as,

S (T(sed)’ k(sed)) =wqr (tPs(sed)) + war (thPs(sed)) (7)

+ w3 r(thSs+PsPs(sed))

where r is amplitude and wy, w,, and w3 are the weighted
coefficients that correspond to seismic phase Psyeq),
PpPs(seq), and PpSs + PsPs(.q), respectively, which sum
to 1. The maximum value of s(T(seq), K(seq)) and the cor-
responding travel time T4 of P-wave and Vp/Vs ratio
k(seqy can be determined by grid searching upon substi-
tuting Equations (4), (5) and (6) into Equation (7). In the
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second stack, the travel time T, 4) obtained from the first
stack is utilized to convert the sediment thickness Hisg)-
Then, Hs.q) and k.4 are used to estimate the thickness
and Vp/Vs ratio of crust [16]

H H(sed) (8)

(\/ Vz p2 “ _p > +T(sed)

* (k(sea) — 1)

1 1
tppps = (H - Hseay) * <HV52 -p? _”VT% —Pz)

+ T(sed) * (K(sea) + 1)

1
tpspsippss = 2 * (H_ H(sed)) : (F)
S

+2 T(sed) k(sed)

where H is the crustal thickness, the Vs and Vp are the
crustal S and P wave velocity respectively, and the tp;,
tppps, and tpsps.ppss are the travel times of the converted
waves from Moho discontinuity. With the equation (8), the
resulting H-k stack is corrected for sediment effects. From
above calculation process, we can see that the improved
method does not need the assumption of the sediment
P-wave velocity V),seq) When calculating T(s.4) and kiseq),

which is different from the sequential H-k stacking method.

Then the more accurate H,, can be calculated from the P-
wave velocity from DSS or borehole result. Thus, the Vp/Vs
ratio ks ) avoids the effect from V), 4), which thereby im-

proves calculation precision. Although the ray parameter

pisset to 0, it is consistent with the actual situation of sed-

imentary basins and leads to insignificant errors. In the

next section, a detailed error analysis of the method pro-

posed in this study is discussed.

2.3 Error analysis of the improved
sequential H-k stacking method

2.3.1 Error from assumption

In the improved sequential H-k stacking method, we as-

sume that ray parameter p=0. Next, we analyze the errors
caused by this assumption. To that end, we use the Taylor

series expansion on Equation (2) at point p=0. In the ex-

ok,
pansion expression, the first order terms of p is a‘”d

0, and we keep the second order terms. The expression
T(sed) = H(sed)/
ing equations:

2 2
_ Ipstsed) , 4 _ tps(sed) Vp(sea)P ven, (9

T(sed)

k d
(sed) 2 (tPs(sed) + T(sed))

Vp(seq) is substituted to obtain the follow-

DE GRUYTER
2 2
oy = PoESCsed) _q _tPoPsised Vi(sea)P (10)
s€ T(sed) 2 (thPs(sed) + T(sed))
and
¢ T, VZ 2
k(sed) _ 'PpSs+PsPs(sed) + (sed) Y p(sed)P +es, a1)
2 T(sed) (thSs+PsPs(sed)>

In the above equations, e1,, e5, and e3; represent the sums
of the terms higher than second order, which can be ig-
nored because their values are smaller than the second or-
der terms by an order of magnitude. Comparing the Tay-
lor expansion expressions (9)-(11) with the original Equa-
tions (4)-(6) under the assumption of p=0, the compar-
isons indicate that the error resulting from the assumption
is mainly the second order term. Therefore, we quantify
the error by substituting the regular sedimentary model pa-
rameters in the following discussion.

Assume the sediment layer is a horizontal monolayer
model with a thickness of 3 km, Vp of 3km/s, Vp/Vs ratio
of 3, and ray parameter of 0.07 [22]. We substitute these pa-
rameters into Equations (9)-(11) and obtain the second or-
der terms in Equation (12):

tps(sea) Vpsea)l”
Ps(sed) ¥ p(sed)P =0.0147, (12)
2 (tPs(sed) + T(Sed))
{ppps(sed) Vlg(sed)p2 =0.0176
2 (thPs(sed) + T(“d)) ’
T, V2
and TiseaVpsea?” _ - 0.0074.

(thSs+PsPs(sed))

As a result, under the assumption of p=0, the errors
of Vp/Vs ratio k.4 are 0.0147 (Ps(seq)), 0.0176 (PpPS 50 )
and 0.0074 (PpSs + PSPs(s,4)), respectively. Substituting
the errors into Equation (2), the errors in the sediment
thickness H(geq) are 0.022 km, 0.013 km, and 0.007 km, re-
spectively. Thus, the error of the Vp/Vs ratio ks, is less
than 0.5%, and the error of the thickness of sediments
Hseq) is less than 0.8%, implying a small error from the as-
sumption. In the next section, we detect the errors by using

“recovery tests” of the crustal model with sediments.

2.3.2 Error detection using “recovery tests”

To further determine the precision of the improved sequen-
tial H-k stacking method, we apply two common crustal
models with either velocity jump (Figure 3a) or velocity
gradient in sediments (Figure 3f) for “recovery tests”. The
receiver functions of both models are calculated through
Computer Programs in Seismology (CPS) [22]. We obtain
twenty-one receiver functions with Gaussian low-pass fil-
ter factor of 3, and the ray parameter from 0.04 to 0.08
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Figure 3: The results of the “recovery tests” of the models with sediments.

(a) and (f) represent the crustal models with velocity jump and velocity gradient in sediments, respectively. (b) and (g) are corresponding

the theoretical receiver functions calculated by using the left velocity model. (c) and (h) are the results of the first stack by using the

improved sequential H-k stacking method, in which the black crosses indicate the best estimate of the sediment P-wave travel time T(sed)

and Vp/Vs ratio k(sed). The white circles represent the confidence. Due to the high confidence of the theoretical receiver functions, the

white circles in (c) and (h) are too small to represent. (d) and (i) present the results of the second stack, in which the black crosses indicate

the best estimate of the thickness and Vp/Vs ratio of crust. (e) and (j) are the results from the H-k stacking method, in which the black

crosses indicates the best estimate of the thickness and Vp/Vs ratio of crust.
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by an interval of 0.005 (Figures 3b and 3g). The receiver
functions from the forward calculation are utilized to ob-
tain the thickness and Vp/Vs ratio of sediments and crust
employing the improved sequential H-k stacking method
(Figures 3c-d and Figures 3h-i). Comparing the results (Fig-
ures 3c-d, Figures 3h-i) with the corresponding input mod-
els (Figures 3a and 3f), we can see there are small errors by
using the improved method. In addition, Figure 3e and Fig-
ure 3j also show the results from the H-k stacking method.

In the model with velocity jump in sediments (Fig-
ure 3a), assuming that the sediment thickness Hs,4) = 3
km, P-wave velocity Vg = 3 km/s, and Vp/Vs ratio
k(sed) = 3, the Moho depth H=33 km, Vp=6.3 km/s, and
Vs=3.75 km/s. The theoretical receiver functions are ob-
tained through calculation (Figure 3b). By using the im-
proved sequential H-k stacking method, the sediment P-
wave travel time T4 = 1.010 s and Vp/Vs ratio k(5.4 =
3.04 are obtained from the first stack calculation (Fig-
ure 3c). Therefore, the corresponding sediment thickness
is Hiseq) = T(sea) * V (sea) = 303 km. The crustal thickness
obtained from the second stack is 33.1 km, and Vp/Vs ratio
is 1.90 (Figure 3d). For the model with velocity jump in sed-
iments, the comparison between the results from the im-
proved sequential H-k stacking method and the theoretical
values in input model (H(sp4) = 3 km, k(5.q) = 3, H=33 km,
and k=1.909) indicates errors less than 1% for the thickness
and Vp/Vs results of sediments. Compared to the theoreti-
cal thickness (33 km) and Vp/Vs ratio (1.909) of crust, the
errors are 0.3% and 0.5%, respectively. Therefore, through
the “recovery tests” of the model with velocity jump in sed-
iments, the improved sequential H-k stacking method can
accurately recover the model of hypothesis. For the crustal
model with velocity jump in sediments (Figure 3a), the
crustal thickness obtained from the H-k stacking method
is 37.3 km and Vp/Vs ratio is 1.86 (Figure 3e). Compared to
the theoretical values, the errors are 13% and 2.7%, respec-
tively.

In fact, the sediment in the basin usually has veloc-
ity gradient. Thus, we test the model with velocity gradi-
ent in sediments. The model is shown in Figure 3f. The
surface velocities in this model are V.4 = 2.25 km/s
and V(5.4 = 1 km/s. For every additional 0.5 km in depth,
Vy(sea) and Vs(seq) €ach increase by 0.25 km/s, and H(geq) =
3 km. All other parameters are similar to those of the previ-
ously discussed model. The theoretical receiver functions
are obtained from CPS calculation (Figure 3g). With the im-
proved method, T(s.4 = 1.030 s (corresponding to the
sediment thickness Hso4) = 3.09 km) and k(5.4 = 2.08
(Figure 3h) are obtained from the first stack. Compared to
the theoretical values (H(sq = 3 km and k(spq) = 2.12),
the errors are 3% and 1.8%, respectively. The crustal thick-
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ness obtained from the second stack is 33.7 km, and the
Vp/Vs ratio is 1.69 (Figure 3i). Compared to the theoretical
values (H=33 km and k=1.761), the errors are 1.8% and 0.5%,
respectively. For the model with velocity gradient in sedi-
ments (Figure 3f), the crustal thickness obtained from H-k
stacking method is 38.2 km and the Vp/Vs ratio is 1.67 (Fig-
ure 3j). Compared to the theoretical values , the errors are
15.7% and 5.2%, respectively. The results show that in ar-
eas with thick sediments (e.g., thickness more than 3 km),
H-k stacking method is invalid for its significant error in
crustal thickness. Thus, in such situations, the improved
sequential H-k stacking method needs to be adopted.

3 Results

When obtaining crustal structures with receiver functions
stacking, we select different methods for two different situ-
ations. For the seismic stations in the NCB with sediments,
we use the improved sequential H-k stacking method to ob-
tain the sediment and crustal structures. For the TM and
YU without sediments, we use the H-k stacking method [9].

3.1 Sediment thickness results

Figure 4 shows the thicknesses of the sediments in the NCB
obtained by using the improved sequential H-k stacking
method. It is apparent that the sediments of the Jizhong de-
pression are relatively thick, ranging from 2.9-6.7 km. The
maximum thickness is 6.63 km, which occurs near Sanhe
in the northern part of the Jizhong depression. Meanwhile,
the sediments in the Cangxian uplift area become very
thin (generally less than 2 km). The thinnest area is in
southeast Tianjin in the northern Cangxian uplift area,
where the thickness is 0.96 km. The thickness of the sed-
iments increases again in the Huanghua depression at the
southeastern edge of the NCB, and it is difficult to spa-
tially restrict the variation in sediment thickness due to the
small number of stations in the depression area. Yang and
Huang [23] have used petroleum seismic velocity and re-
sults from DSS profiles to establish a high-precision 3D P-
wave velocity model of the upper crust in the northeast of
NCC. We select an average Vp(sed) of 3.5 km/s to calculate
the sediment thickness [23, 24]. The variation trend of sedi-
ment thickness from the improved sequential H-k stacking
method is consistent with the structural pattern (alternat-
ing uplift and depression) from previous work in the NCB
area [23, 25, 26].
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Figure 4: Sediment thickness in the NCB obtained by using the improved sequential H-k stacking method.

The circles represent the stations used for sediment calculations. The numbers inside the circles represent the thickness of sediments
under each station. The colors of the background show the distribution of the sediment thickness obtained through interpolation. The
sediment thickness color scale is shown at the bottom. The white lines are the boundaries of sub-structural units that divide the NCB into
the Jizhong depression (JZ), Cangxian uplift (CX), and Huanghua depression (HH). The black triangles indicate the locations of the two
example stations that are shown in Figure 7 and are labeled with their corresponding names and sediment thickness. The red rectangle in
the insert map at the upper-left corner shows the region where the sediment thickness was obtained.

3.2 Crustal thickness results

Figure 5 shows the distribution of the crustal thickness in
the study area. In the NCB with sediments, the results are
obtained by using the improved sequential H-k stacking
method. Whereas in the TM and YU without sediments,

the results are estimated by using the H-k stacking method.

Our results show that the crustal thickness changes from
about 40 km in the west to 30 km in the east, gradually
becoming shallow in general. From TM to NCB, there is a
abrupt change belt of crustal thickness near NSGL, where
the crustal thickness decreases rapidly from 40 km in the
west to 35 km in the east. The average crustal thickness on
the west side of NSGL is 38 km, and that on the east side is

32 km. The DSS profiles [25, 27] show that the crustal thick-
ness of the TM and the western part of the YU ranges from
38 km to 42 km and that the crustal thickness of the NCB
and the eastern part of YU ranges from 28 km to 34 km. Our
results are consistent with the trend of crustal thickness
variation from DSS profiles. Moreover, the Bouguer grav-
ity anomaly map [28] indicates that the minimum gravity
anomaly is located in the northwest TM and the maximum
anomaly is located near Tianjin. In general, the Bouguer
gravity anomaly increases from west to east. The regional
gravity anomaly varies rapidly from -150 mgal on the west
of NSGL to —90 mgal on the east. The variation of crustal
thickness in this study (Figure 5) is identical to the trend
of the gravity anomaly variation.



690 —— Y.Zhangand).Huang

114° 115° 116°

113°

Figure 5: Distribution of crustal thickness in the study area.

DE GRUYTER

44
42
40
38
36
34
32
30

Thickness(km)

117° 118" 119°

The circles indicate the stations used for the crustal thickness calculations. The numbers inside the circles represent the corresponding
crustal thickness under the stations. The background colors represent the distribution of crustal thickness obtained from interpolation.
The red triangle shows the Datong volcano. The crustal thickness color scale is shown on the right. Other symbols are the same as those in

Figure 1.

3.3 Poisson ratio

As shown in Figure 6, except for some local areas with ex-
tremely high Poisson ratio, the Poisson ratio in most of the
study areas ranges from 0.24-0.28, with an average of 0.27.
A significant discrepancy of the Poisson ratio is found be-
tween the west and east sides of the NSGL. On the west
of NSGL, the average Poisson ratio is 0.26 and the mini-
mum value is 0.23. Whereas on the east of NSGL, the aver-
age Poisson ratio is as high as 0.28. There are two locations
with high Poisson ratio anomalies. One is located near Da-
tong volcano, and the other is located around Beijing. The
maximum Poisson ratio in those two places is bigger than
0.32.

4 Discussion

4.1 Comparison of the results between
improved sequential H-k stacking
method and other methods

Two typical seismic stations are selected here as examples
to compare the results obtained by using two different H-
k stacking methods (the H-k stacking method and the im-
proved sequential H-k stacking method proposed in this
paper) under conditions of different sediment thickness.
The DZG station is located in the Cangxian uplift area
where covers thin sediments. The sediment thickness is ap-
proximately 2.4 km (Figure 4) and the crustal thickness is
33.0 km (Figure 7c) from the improved sequential H-k stack-
ing method, whereas the crustal thickness is 33.7 km (Fig-
ure 7d) from the H-k stacking method. The crustal thick-
ness is determined to be 30-32 km from DSS profiles near
this station [25]. Considering the result of DSS profiles is
more accurate, we use an average crustal thickness of 31
km as the reference value of the crustal thickness. The ab-
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The circles show the locations of the stations used to calculate the crustal Poisson ratio. The numbers inside the circles are the correspond-
ing crustal Poisson ratio in this station. The background colors represent the distribution of the Poisson ratio obtained from interpolation.
The red triangle shows the Datong volcano. The crustal Poisson ratio color scale is shown on the right. Other symbols are the same as those

in Figure 1.

solute errors of the results from the improved sequential
H-k stacking method and H-k stacking method are 2 km
and 2.7 km, respectively, and the relative errors are 6.4%
and 8.7%, respectively.

The A003 station is located in the Jizhong depression
where covers thick sediments. The sediment thickness un-
der this station is 4.2 km (Figure 4) and the crustal thick-
ness is 30.1 km (Figure 7g) from the improved sequential
H-k stacking method. On the other hand, the crustal thick-
ness is estimated to be 33.9 km (Figure 7h) from the H-k
stacking method. Employing the result of DSS profiles, the
crustal thickness is 29 km near this station [25] and we use
this value of 29 km as the reference value of the crustal
thickness. The absolute errors of the results from the im-
proved sequential H-k stacking method and H-k stacking
method are 1.1 km and 4.9 km, respectively, and the relative
errors are 3.8% and 16.9%, respectively.

According to the above results, it is demonstrated that
the results from the improved method are closer to the ref-
erence values from DSS profiles and have higher precision
compared to the results from the H-k stacking method in
the areas where cover thick sediments. In addition, with

increasing sediment thickness, the crustal thickness error
from the H-k stacking method increases rapidly. For a sed-
iment thickness of 2.4 km, the relative error from the H-k
stacking method is 8.7%. When the sediment thickness in-
creases to 4.3 km, the relative error increases to 16.9%. In
contrast, the relative errors from the improved sequential
H-k stacking method are between 3.2-3.8% with increasing
sediment thickness. Thus, when the sediment thickness is
thicker than 2 km, the results of crustal thickness from the
H-k stacking method will be invalid due to the large errors.
Instead, the improved sequential H-k stacking method pro-
posed in this study needs to be applied in such situations.

To further illustrate the precision of the improved se-
quential H-k stacking method, we compare our results to
the values obtained by the DSS profile (Figure 8) [25]. For
the results from the DSS profiles, the 5.5 km/s and 7 km/s
velocity contours are approximately equivalent to the bot-
tom boundaries of the sediments and crust (the green solid
line in Figure 8). Thus, the sediment and crustal thickness
from the improved method are mostly identical to the DSS
results, except a little discrepancy when crossing the thick
sediments at about 116.5°E. The reason of this discrep-
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Figure 7: Comparison of the results obtained by using two H-k stacking methods at two typical stations with different sediment thickness.
The upper panels show the calculation results of the DZG station, which is located in the Cangxian uplift area where covers thin sediments
(location shown in Figure 4). The lower panels show the calculation results of the A003 station, which is located in the Jizhong depression
area where covers thick sediments (Figure 4). (a) and (e) are the receiver functions obtained from teleseismic waveform recorded by the
two stations. (b) and (f) are the sediment results of the first stack by using the improved sequential H-k stacking method. (c) and (g) are the
crustal results of the second stack by using the improved sequential H-k stacking method. (d) and (h) are the results from the H-k stacking

method.
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Figure 8: Comparison of the results obtained from the improved method and the DSS profile.

The red and yellow dashed lines represent the bottom boundaries of the sediments and the crust obtained by using the improved se-
quential H-k stacking method. The background colors indicate the P-wave velocity structure from the DSS profile [25]. The P-wave velocity
color scale is shown on the right. The two solid green lines represent the bottom boundaries of the sediments and the crust, which are
determined by the 5.5 km/s and 7 km/s velocity contours, respectively. The location of the profile is shown in Figure 1.

ancy may be that the stations at 116.5° Eare not dense (Fig-
ure 1).

4.2 Abnormal distribution of the crustal
Poisson ratio and discussion of cause

The Poisson ratio is one of the important mechanical pa-
rameters which is used to describe rock properties. The
Poisson ratio of crust is usually associated with rock and
melting degree. In general, the Poisson ratio of felsic acidic
rock is less than 0.26, the Poisson ratio of intermediate
rock ranges from 0.26-0.28, and the Poisson ratio of mafic
basaltic rock ranges from 0.28-0.30. Partial melting can
significantly affect the Poisson ratio which increases with
increased melting degree. For example, unmelted granite
has a Poisson ratio of ~0.24, whereas granite with a 5%
melting degree has a higher Poisson ratio of 0.31. In ad-
dition, high-pressure, high-temperature experiments indi-
cate that when the Poisson ratio is bigger than 0.3, the
crust would most likely be partial melted [29, 30].

Our results show that the Poisson ratio in the study
area normally range from 0.23-0.28, but there are two lo-
cations with high Poisson ratio (Figure 6). One anomaly
is located near the Datong volcano in the western part
of the study area, where the Poisson ratio is as high as
0.32. A group of Quaternary volcanoes exists in this area.
The most recent volcanic eruption has occurred at approx-
imately 60 ka [31]. Geochemical analyses demonstrate that
the mafic volcanic rock is the main erupted component [32].
Thus, the high Poisson ratio can be associated with the
mafic magma. The other high Poisson ratio anomaly is

located at the eastern part of the NSGL between Beijing
and Yanging. Zheng et al. [33] have reported that the crust-
mantle transition zone in this area is relatively thick and
the velocity gradient is small, implying the possibility of
magma intrusion. The results from body wave tomogra-
phy also reveal that the Taihangshan Front Fault may cut
through the Moho boundary and reach to the upper man-
tle [26]. Hence, mantle magma may intrude into the lower
crust along the weak fault belts, resulting in a higher Pois-
son ratio in this area.

A significant discrepancy of Poisson ratio is present on
the west and east sides of the NSGL. To further analyze the
discrepancy, we plot the data (crustal thickness and Pois-
son ratio) of the west and east parts of the NSGL in Figure 9
with the blue and red dots, respectively. Apparently, the
data points of the two regions are mostly separated, indi-
cating that the different features in the two regions are ob-
vious. We utilize regression analysis to the data of two re-
gions. The red and blue lines are the fitted minimum resid-
ual lines based on the red and blue data points, respec-
tively. According to Figure 9, the red line is steeper than the
blueline, indicating a faster variation of Poisson ratio with
the crustal thickness in NCB. In addition, previous stud-
ies also suggest that the correlation between thickness and
Poisson ratio of crust is closely related to the crustal tec-
tonic activity [34]. The rapid variation of the Poisson ratio
with crustal thickness in NCB indicates that complicated
geologic evolution has occurred here, the distinct differ-
ence of crustal structure in the two areas also reveal that
the east part of NCC has experienced more severe destruc-
tion and deformation than in the west.
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Figure 9: Regression analysis of data points in the two regions.

The red dots indicate data points on the east of the NSGL, whereas
the blue dots represent the data points on the west of the NSGL.
The red and blue lines are the fitted minimum residual lines to the
data points on the east and west of NSGL, respectively.

Christensen et al. [29] have statistically analyzed the
Poisson ratio in the global stable continental cratons and
obtained an average value of 0.265. In our study, the av-
erage Poisson ratio value on the west part of the NSGL is
0.26, which is similar to the average crustal Poisson ratio
in the stable cratons. This result may imply the west part
of the NSGL remains stable with a thick crust and gentle
variations in Poisson ratio (the blue dots and blue fitted
line in Figure 9). In contrast, the Poisson ratio on the east
part of the NSGL is relatively high with an average of 0.28,
which is possibly associated with the wide extension of the
crust in this region [4, 5]. Moreover, Ji et al. [34] have pro-
posed that the main cause of the Poisson ratio discrepancy
between the west and east of NSGL can be the different
proportions of different rock components in the crust. In
the study area, the middle-upper crust is composed of fel-
sic acidic rock with low Poisson ratio, and the lower crust
is composed of mafic rock with medium or high Poisson
ratio [34]. During crustal extension, the upper crust may
have experienced relatively intensive thinning compared
to the middle-lower crust. Therefore, the relative propor-
tion of felsic components with low Poisson ratio is reduced,
resulting in a high Poisson ratio of the crust in NCB, and
Poisson ratio varies with crustal thickness rapidly (the red
regression line in Figure 9). In this study, the more accurate
results obtained by the improved sequential H-k stacking
method reveal the distinct differences of Poisson ratio be-
tween the east and the west parts of the NCC. The main
reason for this significant difference is the wide crustal ex-
tension occurred in the east part of NCC, which may be the
crustal response that the destruction and deformation in
the east part of NCC are more severe than in the west [1].

DE GRUYTER

5 Conclusions

Using the H-k stacking method and the improved sequen-
tial H-k stacking method proposed in this research, we in-
vestigate the structure of the sediments and crust in the
northeast NCC. We reach the following conclusions in this
study.

1. The improved method proposed in this paper needs
two sequential stacks. In the first stack, we obtain
thickness and the Vp/Vs ratio of sediments with as-
sumption p=0. The Taylor expansion demonstrates
that the error resulting from this assumption is small
(<0.8%). In the second stack, the thickness and
Vp/Vs ratio of crust are calculated based on the
sedimentary results. The “recovery tests” of mod-
els with velocity jump and velocity gradient in sedi-
ments indicate that the errors in the thickness of sed-
iments and crust are less than 1% and 3%, respec-
tively. Through processing actual teleseismic wave-
form, the results from improved method are similar
toresults from DSS profiles. Thus, our results demon-
strate that in areas with thick sediments, the im-
proved sequential H-k stacking method proposed in
this paper can be applied to actual teleseismic data
and obtain accurate results.

2. The improved method is applied to the NCB and the
H-k stacking method is used to the TM and YU. The
results show that the sediments in the depressions
of NCB are relatively thick, whereas those in the up-
lifted areas of NCB are thin, identical to the results
from the DSS profiles. The crust on the west of the
NSGL is thick and has low Poisson ratio. Meanwhile,
on the east, the crust is thinner and the Poison ratio
is higher. These results and the structural features
obtained from the regression analysis demonstrate
that the crust of eastern NCC has experienced inten-
sive extension, which may be the crustal response
that the destruction and deformation in the east part
of NCC are more severe than in the west.
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were made using the Generic Mapping Tools version 4.2.1
[33] (www.soest.hawaii.edu/gmt; Wessel and Smith 1998).
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