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S U M M A R Y 

The crust of the South American platform recorded imprints of dynamic processes related with 

the opening of the Central and South Atlantic but has not been well measured. Crustal structure 
can be retrieved from teleseismic receiver functions using H –κ stacking, but nearly parallel 
stripes of high stacking values existing in stacking images for seismic stations in sedimentary 

area cause difficulties in identifying solutions. We show that some seemingly spurious stripes 
that do not point to any layer solution are helpful in the identification of the solution position. 
With the aid of the auxiliary stripes, we retrieved thicknesses and Vp / Vs of sedimentary and 

cr ystalline cr ust for 65 permanent stations of the Brazilian Seismographic Network and six 

new portable seismic stations in Brazil and Uruguay. The resulted sedimentary thickness and 

Vp / Vs exhibit a good correlation with the Phanerozoic sediments in the South American basins. 
The crust of Paran á–Etendeka Large Igneous Province (LIP) had been expected to be more 
mafic since it had ever been penetrated by mantle magma in the Cretaceous related to the south 

Atlantic opening. Ho wever , we found very low Vp / Vs (1.67) in the cr ystalline cr ust beneath 

the LIP, implying a more felsic crust and that no significant mafic intruding/underplating 

has occurred in the region. The more felsic crust may be formed in a special evolution 

early than the magmatic event, or during the magmatic e vent b y releasing crustal volatiles. 
The resulted sedimentary thickness and Vp / Vs ratios exhibit a good correlation with the 
Phanerozoic sediments in the South American basins, which implies that Triassic–Jurassic 
and Cretaceous magmatism did not cause significant metamorphism in sediments formed 

before the magmatic events. 

Key words: South America; Seismic discontinuities; Crustal structure; Large igneous 
provinces. 
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1 .  I N T RO D U C T I O N  

The influence of ascending magmas from mantle plume on con- 
tinental lithosphere is often thought to be related to ocean open- 
ing and continental break-up (e.g. White & McKenzie 1989 ), such 
as enormous-volume mafic rocks extruded in northern Brazil in 
Triassic–Jurassic and in eastern Brazil in Cretaceous (Fig. 1 ) which 
are related to the opening of the Central and South Atlantic (Milani 
& F ilho 2000 ; Wanderley-F ilho et al. 2009 ; Cordani et al. 2016 ). The 
Cretaceous lava formed one of the largest Large Igneous Provinces 
(LIP) in the world, the Paran á–Etendeka LIP (Fig. 1 ; e.g. Sensarma 
et al. 2018 ). The imprints of the dynamics may be kept in crust 
since tectonic activities in the areas stopped after the Cretaceous, 
but have not been well investigated (e.g. Ridley & Richards 2010 ). 
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Crustal thickness ( H ) and Vp / Vs ( κ) which reflect crustal evolution 
and composition can be measured by teleseismic receiver functions 
(RF, e.g. Langston 1979 ; Owens et al. 1984 ; Ammon 1991 ), but 
with challenge for areas (e.g. the Paran á basin) covered by thick 
sediments. 

Sedimentary cover of low velocity character can delay converted 
waves from the base of the crust, the Moho (Langston 2011 ). Be- 
sides, multiple reflected waves from sediments (e.g. Sheehan et al. 
1995 ; Clitheroe et al. 2000 ; Zhang & Olugboji 2023 ; Akinremi et al. 
2024 ) or ice (e.g. Dahl-Jensen et al. 2003 ; Lawrence et al. 2006 ; 
Cho 2011 ; Chaput et al. 2014 ) can contaminate converted waves 
from the Moho. The two interferences related to sediments make 
unknown errors in the resulted cr ustal str ucture. Joint inversion of 
receiver functions with surface-wave dispersions (Juli à et al. 2000 ; 
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Figure 1. Major basins in South America and seismic stations used in the study. Lines labelled by A–A’, B–B’ and C–C’ are locations for three profiles with 
seismic stations (Green, red and c yan triangles, respectiv ely) to be discussed in Fig. 9 . Geological information is from other literatures, such as Cenozoic 
covers (Cordani et al. 2016 ), Large Igneous Provinces (LIP, Coffin et al. 2013 ) and basins (Schenk et al. 1999 ). The “Amazon basin” is composed of sub- 
basins of Acre, Solim ˜ oes, Amazonas and Maraj ó basins. AcB = Acre basin, AmaB = Amazonas basin, BorP = Borborema province, ChB = Chaco basin, 
MaB = Maraj ó basin, ManP = Mantiqueira province, PB = Pantanal basin, SFB = S ˜ ao Francisco basin, SFC = S ˜ ao Francisco craton, SolB = Solim ˜ oes basin 
and TC = Tocantins province. 
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n & Assump c ¸ ˜ ao 2004b ; Feng et al. 2017 ; Cedraz et al. 2020 )
an weaken the two interferences, but the measured surface waves
rom current sparse stations in some regions of South America (e.g.
mazon basin) are insufficient for a high-quality study. Sedimen-

ary phases can be suppressed to a certain degree by kinds of signal
rocessing (Tao et al. 2014a , b ; Yu et al. 2015 ; Zhu et al. 2018 ),
ut the suppressing effects and computational efficiency are very
ensitive to parameter settings (Zhang & Olugboji 2021 ). 

H–κ stacking analysis of receiver functions (Zhu & Kanamori
000 ) that simultaneously uses the direct P -to- S converted wave
 Ps ), the 1st multiple (M1 or PpPs) and the 2nd multiple (M2 or
sPs + PpSs) waves from the Moho (Ps m 

, M1 m 

and M2 m 

) may
eaken the second interference of phase contamination. Clear sed-

mentary phases (e.g. An & Assump c ¸ ˜ ao 2004a ; Leahy et al. 2012 )
an be used to correct the delayed Moho phases to balance the first
nterference (Yeck et al. 2013 ; Wei et al. 2023 ). The sequential H –κ

tacking analysis using the delay-time corrected RFs (Yeck et al.
013 ) can measure models with sedimentary layer and crystalline
rust (Yeck et al. 2013 ; Hajra et al. 2019 ; Zhang & Huang 2019 ;
ei et al. 2020 ; Gao et al. 2022 ; Akinremi et al. 2024 ) and can

e adapted for a multilayer model (Wei et al. 2020 ). Ho wever , the
 –κ stacking image for region with sediments can be so complex

hat locating/identification of the solution becomes difficult. A pri-
ri information on crustal structure is helpful, but for sediments, a
riori information often covers a too wide range (Gercek 2007 ) to
e useful for the H –κ analysis. 

To solve the problem of solution identification in H –κ analysis
f RF, we firstly decompose some H –κ images of synthetic RFs to
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Figure 2. Earthquakes (red circles) used in the study. The blue triangle denotes the centre of all the seismic stations in Fig. 1 . For each station, only the 
earthquakes with epicentral distance between 30 ◦ and 95 ◦ are used. 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/239/1/258/7721620 by U

R
EP user on 27 January 2025
understand the complexity of stripes of high stacking values. Two 
auxiliary stripes of high stacking values around the solution stripe 
are found to be related to the solution and helpful to identify the 
solution. With the aid of the auxiliary stripes, we retrieved layered 
cr ustal str uctures beneath stations of the Brazilian Seismographic 
Network and of portable seismic networks in Brazil and Uruguay 
b y H –κ stacking anal ysis. The resulted cr ustal str uctures are helpful 
in understanding basin tectonic evolution and influence of mantle- 
magmas penetration on the crust during the opening of Atlantic. 

2 .  S E D I M E N TAT I O N  I N  S O U T H  

A M E R I C A N  P L AT F O R M  

After the South American continent was amalgamated from the 
cratonic blocks during the Brasiliano oro gen y (600–530 Ma), its 
w estern margins ha ve been af fected b y oceanic subduction (e.g. 
Milani & Filho 2000 ; Martinod et al. 2010 ) (Fig. 1 ). With successive 
phases of subsidence and accumulation of sedimentary rocks, five 
intracontinental basins (Solim ˜ oes, Amazonas, Parna ́ıba, Paran á and 
Chaco-Paran á) inside the South American platform (the central- 
eastern continent; Fig. 1 ) were formed since Late Ordovician ( ∼450 
Ma) (Milani & Filho 2000 ). During the Mesozoic, the basins were 
successi vel y influenced b y mafic magmatic acti vity related to the 
opening of the Central and South Atlantic (Milani & Filho 2000 ), as 
attested by enormous volumes of Triassic–Jurassic mafic igneous 
rocks in the Solim ˜ oes, Amazonas and Parna ́ıba basins in northern 
Brazil (Milani & Filho 2000 ; Wanderley-Filho et al. 2009 ) and of 
Cretaceous mafic lava in the P arna ́ıba, P aran á (Milani & Filho 2000 ; 
Cordani et al. 2016 ) and S ˜ ao Francisco basins (Reis et al. 2017 ). 
The subsidence of the above basins stopped after the Cretaceous. In 
the Cenozoic, weak sedimentation has occurred in the Sub-Andean 
foreland basins and Amazon drainage basin (yellow shaded areas 
in Fig. 1 ). 

During the above processes, thick Phanerozoic sedimentary rocks 
covered the basins. The thickness can be up to 5 km in the Solim ˜ oes 
and Amazonas subbasins (Milani & F ilho 2000 ; Wanderley-F ilho 
et al. 2009 ), 2.5 km in the Acre subbasin (Oliveira & Vidotti 2023 , 
2024 ), ∼7 km in the Paran á basin (Almeida 1980 ; Zal án et al. 1991 ; 
Milani 1992 ; Milani & Filho 2000 ) and ∼3.5 km in the Parna ́ıba 
basin (G óes & Feij ó 1994 ; Milani & Filho 2000 ). So, the two inter- 
ferences of the thick sediments in receiver function analysis should 
be considered for stations in the basins. Sedimentary rocks have a 
lower seismic velocity than the crystalline basement, so the crust 
beneath the basins can be taken as composed of two layers (sed- 
imentary rocks and crystalline crust), while the crust in the other 
areas of the South American Platform (e.g. Guapore shield, Fig. 1 ) 
can be taken as composed of only one crystalline layer. Some of 
the Cenozoic sediments are unconsolidated with seismic velocity 
even lower than sedimentary rocks. In this case, the crust beneath 
the areas can be taken as composed of three layers (unconsolidated 
sediments, sedimentary rocks and crystalline crust). 

3 .  DATA  

We collected seismic waveform data recorded by 65 stations from 

the Brazilian permanent network (BL, BR, NB and ON, Bianchi 
et al. 2018 ) from 2015 to 2019 (triangles in Fig. 1 ) and six new 

temporary stations in Brazil and Uruguay (rectangles in Fig. 1 ). 
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Figure 3. Receiver functions at the (a) CZSB and (b) PCMB stations. A Gaussian width factor of 5 is used in the deconvolution for the receiver functions. The 
labels Ps b , M1 b and M2 b are of the primary P-to-S and the 1st and 2nd multiple waves from the base of sediments; Ps m 

, and M1 m 

are of the primary P-to-S 
and the 1st multiple waves from the Moho. 
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Figure 4. Illustration of paths of converted phases at the i th layer base. 
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he temporary stations were deployed under cooperations among
nstitutions from Brazil (University of S ˜ ao Paulo and University
f Bras ́ılia), China (Chinese Academy of Geological Sciences) and
ruguay (Universidad de la Rep ública). We sliced three-component
aveforms for teleseismic events (Fig. 2 , red circles) with epicen-

ral distance between 30 ◦ and 95 ◦ and magnitude greater than 5.5.
he three component waveforms in the ZNE recording system (ver-

ical, N–S horizontal and E–W horizontal) were rotated to the ZRT
vertical, radial and tangential) coordinate system. Receiver func-
ions are extracted by iterative time-domain deconvolution of radial
o vertical component using Gaussian pulses (Ligorr ́ıa & Ammon
999 ) of a width factor of 5 (corresponding to a central frequency
f ∼2.4 Hz), by the same processing as in our previous studies
e.g. Feng et al. 2014 ; Feng et al. 2017 ). All receiver functions
ere visually checked to eliminate those with unclear Ps phase or
ith long-period oscillations. Receiver functions with potential but

onfusing Ps phases were initially kept as valid but further checked
fter the H –κ analysis. Fig. 3 shows the selected receiver functions
f the CZSB and PCMB stations after quality control. 

.  M E T H O D  

.1. Definition of v ariab les and symbols 

tructure of the i th layer in a m -layer crustal model: 

(i) H i , H mi : Thickness. 
(ii) κ i , κmi : Vp / Vs . 
Phases in receiver function: 
(i) Ps i , M1 i and M2 i : The primar y P -to- S conver ted wave (Ps),
st multiple wave (PpPs) and 2nd multiple wave (PsPs + PpSs) at
he i th layer base. 

(ii) tPs i , tM 1 i and tM 2 i : Observed delay time of the phase Ps i ,
1 i and M2 i . 
(iii) t 1 i , t 2 i and t 3 i : Predicted delay time of the phase Ps i , M1 i 

nd M2 i from a model. 
(iv) A ( t ): Observed amplitude at delay time t . 

Stripes of high stacking values in H –κ image: 
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(i) w 1 P: Product of the 1st weight factor w 1 and the amplitude of 
the P phase. 

(ii) w 1 Ps i (or w 2 Ps i ): Product of w 1 (or w 2 ) and the amplitude of 
Ps i . 

(iii) w 1 M1 i (or w 2 M1 i ): Product of w 1 (or w 2 ) and the amplitude 
of M1 i . 

4.2. H–κ analysis 

For a crust composed of m ( ≥1) layers, the delay time of a phase 
converted/reflected at the i th layer base relative to the direct P wave 
( tPs i , tM1 i or tM2 i ) is the summation of delays caused by all layers 
above it (Fig. 4 ). The delay time in the i th layer can be calculated 
by subtracting the total delay time by the parts from the 1st to the 
( i–1)th layers ( � tPs j , � tM1 j or � tM2 j ). The i th layer structure ( H i 

and κ i ) have the following relation with delay times: 

H i = αi 

t P s i −
i−1 ∑ 

j= 1 
t P s j 

√ 

κ2 
i − α2 

i p 
2 −

√ 

1 − α2 
i p 

2 
= αi 

t M 1 i −
i−1 ∑ 

j= 1 
t M 1 j 

√ 

κ2 
i − α2 

i p 
2 + 

√ 

1 − α2 
i p 

2 

= αi 

t M 2 i −
i−1 ∑ 

j= 1 
t M 2 j 

2 
√ 

κ2 
i − α2 

i p 
2 

, (1) 

and 
i−1 ∑ 

j= 1 
t P s j = 

i−1 ∑ 

j= 1 
t M 1 j = 

i−1 ∑ 

j= 1 
t M 2 j = 0 , if i = 1 , (2) 

where p is the ray parameter of the incident P wave, αi is the P -wave 
velocity of the i th layer. For any given model, the delay times for 
the three phases (Ps i , M1 i and M2 i ) can be predicted using eq. ( 1 ). 
The amplitudes in a radial receiver function at the predicted delay 
times [ A ( t 1 i ), A ( t 2 i ) and A ( t 3 i )] can be stacked using three weighting
factors of w 1 , w 2 and w 3 (Zhu & Kanamori 2000 ): 

s( H i , κi ) = w 1 A ( t 1 i ) + w 2 A ( t 2 i ) + w 3 A ( t 3 i ) . (3) 

For an y gi ven model ( H i and κ i ), when the predicted delay times 
of the three phases ( t 1 i , t 2 i and t 3 i ) coincide with the three observed
delay times in receiver functions ( tPs i , tM 1 i and tM 2 i ), respecti vel y, 
the amplitude stack s ( H i , κ i ) is expected to be maximum and the 
model ( H i and κ i ) is considered as the best solution. 

Repeatedly using eqs ( 1 ) and ( 3 ), cr ustal str ucture can be sequen- 
tially measured layer by layer from top to bottom like layer stripping. 
When i is 1 for the topmost layer, eq. ( 1 ) is the same as eqs (2) –(4)
in Zhu & Kanamori ( 2000 ), and the measurement of H 1 and κ1 by 
eqs ( 1 ) and ( 3 ) is exactly same as a standard H –κ stacking (Zhu 
& Kanamori 2000 ). After the topmost layer was measured/stripped, 
the 2nd ( i = 2) layer ( H 2 and κ2 ) can be measured using eqs ( 1 ) and
( 3 ), which is the same as the sequential H –κ analysis (Yeck et al. 
2013 ). After stripping the top two la yers, w e can measure the 3rd 
lay er structure w hich is the same as the sequential multilayer H –κ

analysis (Wei et al. 2020 ). Crust of multiple layers can be described 
by whole crustal thickness ( H a ) and average crustal Vp / Vs ( κa ): 

H a = 

m ∑ 

i= 1 
H i 

κa = 

m ∑ 

i= 1 
τi κi / 

m ∑ 

i= 1 
τi , τi = 

H i 
αi 

, (4) 

where τ i is the time that P -wave travels vertically across the i th layer 
(Fig. 4 ). 

For station with more than one receiver function, the amplitude 
stacking in eq. ( 3 ) should be made for all the RFs. Ho wever , RFs 
from different back azimuths may sample different structure if the 
structure beneath the station v aries azimuthall y. To weaken the over- 
contribution of RFs in dominant azimuths, the inverse of the number 
of RFs in each 5 ◦ of backazimuth bin ( n az ) is used as a weight 
( = n az 

−0.9 ) in the real data H –κ stacking analysis, so that RFs in a 
dominant azimuth bin have a contribution quasi-equal to but slightly 
higher than the other bins. 

High-frequency RFs are thought to be better sensitive to fine 
layer structures such as the sedimentary lay er, w hile low-frequency 
RFs are thought to be less affected by high-frequency noise and 
thus more stable in recovering thick layer structures such as the 
cr ystalline cr ust. So, sedimentar y str uctures deter mined from high- 
frequency RFs have been used to correct delay times in low- 
frequency RFs in determining the cr ystalline cr ustal str ucture (e.g. 
Yeck et al. 2013 ; Wei et al. 2023 ). Ho wever , delay times of phases 
in practical RFs often slightly vary with frequency, that is phases 
in high-frequency RFs may be slightly deviated from their coun- 
terparts in low-frequency RFs. Correcting delay time by using RFs 
of different frequencies may introduce extra uncertainties in the re- 
sults. So, we prefer using high-frequency RFs (with a width factor 
of 5 for Gassian pulse) both for the sedimentary layer and for the 
cr ystalline cr ust in our H –κ analysis. As we can see the example 
RFs in Fig. 3 , the Moho conv erted wav es (Ps m 

) and the first mul- 
tiples (M1 m 

) are still well recognizable in the high-frequency RF 

traces. 

4.3. Model space decomposition 

Showing together the stacking values of many enumerated models 
calculated from eq. ( 3 ) provides a landscape image of the model 
space. Ideally, the model at a peak with maximum stacking value in 
the image is the best solution (Zhu & Kanamori 2000 ). Ho wever , the 
model space often contains several stripes of high stacking values 
which may confuse the location of the stacking-extremum (Figs 5 c–
e), even for the simple case of single-layer model (C1, Sa and Sb, 
Fig. 5 a). For models with two- or multiple-layer crust (C2a and 
C2b, Fig. 6 a), stripes of high stacking v alues related to dif ferent 
la yers ma y be mutually interfered and identifying the solution in the 
model space becomes harder (Figs 6 b and c). The intensification 
of landscape around the solution, for example using a cut-off value 
A 0 in the stack calculation [ s ( H i , κ i ) = 0, if A ( t1 i ) or A ( t2 i ) <
A 0 ] to rule out some spurious stripes, may be helpful. Ho wever , in 
the following, when decomposing the model space of single-layer 
models in Fig. 5 , we can see that most of the seemingly spurious 
stripes are very useful to locate solution. 

4.3.1. Objective stripes of solution 

When predicted delay times of the three phases of Ps i , M1 i and M2 i 
( m = i = 1) for a trial model ( H t , κ t ), respecti vel y, coincides with
its counterpart in the observed RFs (Fig. 5 b), the three amplitude 
stacking parts of w 1 A ( t1 i ), w 2 A ( t2 i ) and w 3 A ( t3 i ) in eq. ( 3 ) will
all have large values and form three stripes of w 1 Ps i , w 2 M1 i and 
w 3 M2 i (or shor ten for ms w 1 Ps, w 2 M1 and w 3 M2, Fig. 5 c) in the H –
κ stacking image, respecti vel y. The intersection point of the three 
stripes (‘ ◦’ in Fig. 5 c) corresponds to the solution (Zhu & Kanamori 
2000 ). So, the three stripes with the best solution are objective 
stripes to be identified in a H –κ stacking image, while the stripes 
for w 2 M1 i and w 3 M2 i in practical images may be not clear. 



Influence of upwelling mantle magmas on cratonic crust 263 

Figure 5. H- κ analysis for (a) three synthetic single-layer models. (b) Illustration of delay times for a given trial model ( H t , κ t ) and for its thinner ( H t- , κ t ) and 
thicker ( H t + , κ t ) counterpart models. The labels Ps, M1 and M2 are the shorten forms of Ps 1 , M1 1 and M2 1 for single-layer model, respecti vel y. The predicted 
phase M1 of the model ( H t − and κ t ) is coincided with Ps in the synthetic RF for the true model ( H t and κ t ); the predicted Ps of the model ( H t + and κ t ) is 
coincided with the phase M1 in RF. (c –e) H- κ model space for three input models. Synthetic receiver functions can be found in the Supporting Information 
( Figs S1a –c ). Solid line in (c, e) marks models in the most prominent objective stripe w 1 Ps; dotted line marks the predicted models from all models in w 1 Ps 
by eq. ( 5 ); dashed line mark the predicted models from all models in w 1 Ps by eq. ( 6 ). In (c), as the spurious stripe w 1 P has much higher stacking values than 
the objective stripe w 1 Ps, stacking values in the model space of H ≤5 km (grey-shaded area) and those in H > 5 km are separately normalized to intensify the 
objective and auxiliary stripes. For the sake of comparison, Vp of model C1 (6.1 km s −1 ) is used in the stackings for the three models. Ho wever , Vp of the 
models Sa and Sb is smaller than 6.1 km s −1 , the thicknesses at stack maximum in (d, e) are not same from the input models. In (d, e), the values of w 3 M2 are 
too small and not clear. 
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.3.2. Auxiliary stripes due to mismatching 

f the predicted delay time of a phase (e.g. t1 i ) does not coincides
ith its counterpart but with another phase in the observed RFs (e.g.

P or tM1 i ), the weighting factor (e.g. w 1 ) will mismatch with the
nexpected phase’s amplitude in eq. ( 3 ), and then a spurious stripe
ith moderately high stacking values may be produced. The stripes
f w 1 P, w 1 M1 i , w 2 Ps i and w 2 M2 i (or shorten forms w 1 M1, w 2 Ps and
 2 M2, Figs 5 c–e) are produced due to such kind of mismatching. 
If the thickness H 1 of a trial model is close to 0, the Ps arrives

lose to the direct P wave. Then the part of w 1 A ( tPs ) in eq. ( 3 ) is
oughly equal to w 1 A ( t P). As the direct P wave often has the highest
mplitude in RF (Fig. 5 b), all the trial models with small H 1 will
roduce a stripe w 1 P with the highest stacking values around H = 0
n the H –κ stacking image (e.g. Fig. 5 c). 

If the predicted delay time of the phase M1 i ( t2 i ) for a trial model
e.g. ( H t −, κ t )] coincides with the phase Ps i in the observed RF
Fig. 5 b), the part w 2 A ( t2 i ) in eq. ( 3 ) actually becomes w 2 A ( tPs i ).
ll the trial models due to mismatching of w 2 with the phase Ps i will

orm a spurious stripe w 2 Ps i ( w 2 Ps, F igs 5 c–e) w hich is on the left of
he objective stripe w 1 Ps i ( w 1 Ps, Figs 5 c–e). Since w 2 is often set as
lightly smaller than w 1 , the values of w 2 Ps i are slightly smaller than
 1 Ps i . Similarly, if the predicted delay time of the phase Ps i ( t1 i )

rom a trial model [e.g. ( H t + , κ t )] coincides with tM1 i in observed
F ( tM1 , Fig. 5 b), the part w 1 A ( t1 i ) in eq. ( 3 ) is actually equal to

art/ggae260_f5.eps
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Figure 6. (b,c) H–κ model space for (a) two synthetic models. Synthetic receiver functions can be found in the Supporting Information ( Figs S1d and e). Vp 
of 6.1 km s −1 is used in the stackings. The symbols are the same as in Figs 5 (c)–(e). The circle in (b, c) marks the location of the solution related to Ps m 

like in 
a general H–κ analysis; the star close to the circle marks the model ( H a , κa ) with the total crustal thickness and average Vp / Vs (eq. 4 ). 
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w 1 A ( tM1 i ). Then another spurious stripe w 1 M1 i ( w 1 M1, Figs 5 c–e) 
due to mismatching of w 1 with the phase M1 i will be formed on the 
right of the objective stripe w 1 Ps i . 

4.3.3. Locating solution with the aid of auxiliary stripes 

When m > 1 (Fig. 6 a), the objective stripes and the spurious stripes 
from different layers may be overlapped/intersected in the model 
space, so the solution for each layer are difficult to be identified 
(Figs 6 b and c). The above model-space decomposition explicates 
that the spurious stripes (e.g. w 2 Ps and w 1 M1, Fig. 5 c) are actu- 
ally originated from observed phases, and then have predictable 
positional relation to the solution and objective stripes (e.g. w 1 Ps, 
F ig. 5 c). The predictab le positional relations between the spurious 
stripes and the objective stripes can be used to verify/identify the 
objective stripe and solution. Then, the spurious stripes become 
auxiliary. 

For any model ( H i , κ i ) on the objective stripe w 1 Ps i ( w 1 Ps, solid 
line in Figs 5 c and e), a counterpart thinner model with the same κ i 

( H i- , κ i ) can be obtained by replacing tM1 i in the part with tM1 i of 
eq. ( 1 ) by tPs i : 

H i− = αi 

t P s i −
i−1 ∑ 

j= 1 
t P s j 

√ 

κ2 
i − α2 

i p 
2 + 

√ 

1 − α2 
i p 

2 
. (5) 

We can find that the set of thinner models predicted by eq. ( 5 ) 
are actually locating on the left auxiliary stripe w 2 Ps (dotted line in 
Figs 5 c and e). In another word, if the predicted model ( H i- , κ i ) for 
the model ( H i , κ i ) does not appear on any stripe of high stacking 
values, the model ( H i , κ i ) should not be the solution. 

Similarl y, for an y model ( H i , κ i ) on the objecti ve stripe w 1 Ps i , a
counterpart thicker model with the same κ i ( H i + , κ i ) can be obtained 
if tPs i is replaced by tM1 i in the left part (with tPs i ) of eq. ( 1 ): 

H i + = αi 

t M 1 i −
i−1 ∑ 

j= 1 
t M 1 j 

√ 

κ2 
i − α2 

i p 
2 −

√ 

1 − α2 
i p 

2 
. (6) 
We can find that the set of thicker models predicted from all the 
models on w 1 Ps i by eq. ( 6 ) (dashed line in Fig. 5 e) are not locating 
on but intersecting with the right auxiliary stripe w 1 M1 i ( w 1 M1, 
Fig. 5 e) and only the intersecting point (marked as ‘ + ’ in Fig. 5 e) 
has the same κ i as the solution. In another word, if the predicted 
model ( H i + , κ i ) for the given model ( H i , κ i ) does not appear on any 
stripe, the model ( H i , κ i ) is not the solution. 

In summary, if a trial model ( H t , κ t ) happens to be the best 
solution, it must locate on one of the most prominent objective 
stripes ( w 1 Ps i ). Its thinner ( H t- , κ t ) and thicker ( H t + , κ t ) counterpart 
models estimated by eqs ( 5 ) and ( 6 ) should respecti vel y appear on 
two auxiliary stripes on the left and right (‘ ×’ on the dotted line 
and ‘ + ’ on the dashed line). Otherwise, the trial model should not 
be the best solution. So, auxiliary stripes together with predicted 
thinner and thicker counterpart models are helpful to identify the 
objective stripe and locate the solution, especially for multiple- 
layer cases (C2a or C2b in Fig. 6 , or C3 in Fig. S2 in the Supporting 
Information). 

4.4. Uncertainties 

If a delay-time uncertainty of 1/8 period of the conv erted S wav e (at 
frequencies of ∼2 Hz) in a velocity of ∼2 km s −1 for sedimentary 
rocks is assumed, the layer thickness may contain an uncertainty 
of ∼0.1 km, or sa y, w e cannot resolve layer thickness smaller than 
0.1 km. 

The amplitude stacking for the i th layer (eq. 1 ) uses the delay 
times of the phases of the overlying layers (1st to ( i −1)th). If the 
phases of the overlying layers are reliable and exact, uncertainties 
in the resulted H and κ of the overlying layers will not influence 
the stacking for the i th layer. That is, the uncertainties of H and κ
for the sedimentary layer will not influence the resulted structure of 
the cr ystalline cr ust. So, uncer tainties of each layer are estimated 
independently, as below. 

4.4.1. Stacking process 

A bootstrap analysis (Efron & Tibshirani 1991 ) is a way to esti- 
mate uncertainties in RF stacking (Crotwell & Owens 2005 ), but is 
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nefficient for stations with a large number of receiver functions or
napplicable for stations with a few receiver functions. Uncertainty
stimation directly using contours or partial derivatives is efficient
ut may fail for complex H –κ images (Zhu & Kanamori 2000 ;
rotw ell & Ow ens 2005 ; Eaton et al. 2006 ; Ogden et al. 2019 ),
specially for cases with sedimentary layers. Here, the landscape
round the solution (the peak) in H i –κ i stack image is approxi-
ated/fitted by a Gaussian function, and the half widths of the
aussian approximation in the horizontal direction and in the ver-

ical direction are taken as uncertainties for H and for κ [ σ H, i ( s ),

k, i ( s )], respecti vel y. Gaussian approximation around the peak is
l wa ys valid no matter how complex the landscape is. A grid-search
or the best-fitted Gaussian function is more efficient than bootstrap
alculations. 

.4.2. Vp 

rror in a priori Vp for the i th layer ( �αi ) rarely influences the
esulted κ i (Zhu & Kanamori 2000 ), but can deviate the resulted H i 

eq. 1 ). The thickness obtained by eq. ( 1 ) using Vp of c αi [ H i ( c αi )]
as a relation with that using αi [ H i ( αi )]: 

H i ( c αi ) = c H i ( αi ) 

√ 

κ2 
i − α2 

i p 
2 −

√ 

1 − α2 
i p 

2 

√ 

κ2 
i − c 2 α2 

i p 
2 −

√ 

1 − c 2 α2 
i p 

2 
≈ c H i ( αi ) , (7) 

here αi 
2 p 2 ( < ∼0.15) is al wa ys much smaller than 1 and κ2 

 > ∼2.2). So, H i is quasi proportional to a priori Vp . 
Tests in a standard H - κ analysis for a model with a crust of

5 km (Feng et al. 2017 ) showed that an error of 0.5 km s −1 ( ∼7.7
er cent) in crustal Vp (6.5 km s −1 ) may cause a deviation of ∼3–
 km ( ∼10 per cent) in crust thickness. Ho wever , the resulted H i 

s proportional to delay times (eq. 1 ), while the delay time of Ps
hase converted at the base of the sediments (Ps b ) is much smaller
han that of the Moho (Ps m 

). Tests here for a model with 2 km
ediments and 35 km crystalline crust show that �αi of 0.5 km s −1 

25 per cent for sediments or ∼7.7 per cent for crust) can cause
.5 km (25 per cent) of deviation for sediments or 3 km (8.7 per
ent) for crystalline crust. Here, thickness uncertainties [ σ H, i ( �αi )]
f 0.5 km for sediment and 3 km for crystalline crust are assumed. 

.4.3. Total uncertainties 

he total uncertainty of κ i is directly given by the half width of
aussian approximation [ σ k, i ( s )] caused by the stacking process

ince κ i is not strongly affected by a priori Vp . The total uncertainty
f H i is contributed by both the stacking process and the a priori
p and given by: 

H , i ( � αi , s) = 

√ 

[ σH , i ( � αi )] 
2 + [ σH , i ( s)] 2 . (8) 

The root sum of squares of σ H, i ( �αi , s ) of all layers is taken as
he uncertainty of the whole crust thickness ( σ Ha ). The resulted
edimentary Vp / Vs ( κ) can be strongly influenced by data noise
nd signal frequencies and may have a large uncertainty. Vp / Vs of
ediments is controlled by many factors, such as composition, con-
olidation, crack, porosity and water saturation (e.g. Tatham 1982 ;
unn & Ledbetter 1995 ; Mavko et al. 1998 ) and then can vary in a

arge range. So, it is difficult to judge whether the large uncertainties
f sediments are a reflection of real structures or af fected b y data
oise. Ho wever , Vp / Vs of crystalline crust varies in a small range
Christensen 1996 ) and has a small uncertainty. We thus did not
stimate the uncertainty for the whole crust. 
.  R E S U LT S  

or each station, we firstl y e v aluated the possible number of layers
n the crust by identifying phases in receiver functions and objective
tripes in a full H –κ model space (left-hand column of Fig. 7 ) with
n assumption of m = 1 and a fixed Vp of 6.4 km s −1 . Most of the
tations have a layer of consolidated sedimentary rocks above crys-
alline crust which is suitable using a two-layer model ( m = 2) to
rocess the H –κ analysis. The grid searching ranges for H for sedi-
entary layer and crystalline crust are set as 0–7 km and 25–55 km.
p / Vs of crystalline crust varies in a small range, such as 1.70–1.84

or common plutonic igneous rocks (Christensen 1996 ), but that of
ediment varies in a very large range (Tatham 1982 ; Bauer & Conley
987 ; Dunn & Ledbetter 1995 ; Bhasin & Høeg 1998 ; Mavko et al.
998 ; Min & Jing 2003 ; Gercek 2007 ). So, the searching ranges for
for sedimentary layer and crystalline crust are set as 1.5–2.5 and

.5–1.9. The basins with Cenozoic cover (Fig. 1 ) may have one more
ayer of unconsolidated sediments, then the stations in the area are
rocessed using a three-layer model ( m = 3). The searching ranges
f H and κ for the unconsolidated sediments are set as 0–5 km and
.7–3.0, respecti vel y. The above searching ranges can be adjusted
ccording to results in previous studies (Assump c ¸ ˜ ao et al. 2013 ;
i v adeneyra-Vera et al. 2019 ; Shirzad et al. 2019 ; Cedraz et al.
020 ; Nascimento et al. 2021 ; Bernardes et al. 2023 ) and practical
olution location. The steps of grid searching for H and κ are all
et as 0.1 km and 0.001, respecti vel y. Considering that the multiple
onv erted wav es from sedimentary layers are more prominent than
rom the cr ystalline cr ust, the weighting factors ( w 1 , w 2 , w 3 ) for
ediments are set as (0.5, 0.3, −0.2) and for the cr ystalline cr ust are
et as (0.6, 0.3, −0.1). 

A good Vp is needed in stacking since the resulted layer thickness
 H i ) varies with the given Vp (eqs 1 or 7 ). Unconsolidated sediments
ave low Vp , for example generally 2.0–3.0 km s −1 in continent
Mooney et al. 1998 ). Here, a Vp of 2.5 km s −1 is used in the
tacking. The Paran á basin is covered by wide-spread flood basalt
Almeida 1980 ; Zal án et al. 1991 ; Milani 1992 ; Milani & Filho
000 ), a Vp of 5.0 km s −1 is used for the consolidated sedimentary
ayer beneath stations in the basin (An & Assump c ¸ ˜ ao 2006 , Fig. 1 )
nd 4.0 km s −1 for sedimentary layer out of the Paran á basin. Vp of
he crystalline crust for the stations in/around the Paran á basin is set
s 6.3 km s −1 by considering regional tomographic results (Shirzad
t al. 2019 ; Cedraz et al. 2020 ) and 6.4 km s −1 is set for the other
tations, same as in Ri v adeneyra-Vera et al. ( 2019 ). 

Typical stacking images for real data are shown in Fig. 7 . The
easured results for all the seismic stations are shown in Fig. 8 and

isted in Table S1 . H s and κ s are used to denote the total thickness and
verage Vp / Vs of sedimentary layers; and H c and κc to the thickness
nd Vp / Vs of the crystalline crust. The resulted thickness of a layer
 H i ) is obviously related to the given Vp ( αi ) (eq. 7 ), but the P -wave
rav eltime v ertically through the layer ( τ i , eq. 4 ) does not (eq. 1 ).
o, we also provided the traveltimes for sediments and crystalline
rust in Table S1 ( τ s and τ c ). Receiver functions of several stations
ith problems are shown in Figs S3 –S5 and described in section

 S3 Problems for some stations’ in the supplementary file. Lateral
ariation of the basement and the Moho across the Amazon, Paran á
nd S ˜ ao Francisco basins (Fig. 1 ) is shown as profile A–A’, B–B’
nd C–C’ in Fig. 9 , respecti vel y. 

.1. Typical model space 

deally, the best solution in a H –κ model space is located at the
ntersection point of three objective stripes ( w 1 Ps, w 2 M1 and w 3 M2,

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae260#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae260#supplementary-data
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266 M. An et al . 

Figure 7. Full model space (left-hand panels) and model space for sediment (middle) and for crystalline crust (right-hand panels) at the JANB, CZSB and 
PCMB stations. Colour scale is the same as in Fig. 6 . Receiver functions of the CZSB and PCMB are shown in F ig. 3 . A three-lay er crust is assumed for the 
PCMB ( m = 3), but the retrieved topmost layer with unconsolidated sediment is too thin ( H 31 = 0.1 km) like H 21 of JANB in (a), so the H 31 - κ31 model space 
for PCMB is not shown here. In the H- κ model space for a layer (middle and right), the best solution (labelled above the top of the plot) is marked as white 
circle with error bars. In the full model space (left column), the solutions are ( H s , κs ) and ( H a , κa ) in Table S1 . ‘ ×’ and ‘ + ’ mark the predicted models by eqs 
( 5 ) and ( 6 ) which are respecti vel y locating on the left and right auxiliary stripes of the solution ( w 2 Ps i , w 1 M1 i ). 
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Figure 8. Results of thicknesses (a, c) and Vp / Vs (b, d). Filled polygons (geology and basin) are the same as in Fig. 1 . 
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igs 5 c–e). Ho wever , the first and second multiple phases (M1 and
2) for practical data (Fig. 3 ) are often not as prominent as synthetic

ata because of noise contamination and complex structures. So,
he stripe w 2 M1 of the first multiple is not al wa ys recognizable, let
lone the weaker stripe w 3 M2 of the second multiple. In this case,
hecking if the predicted thinner and thicker models for a given
odel by eqs ( 5 ) and ( 6 ) (‘ ×’ and ‘ + ’, Fig. 7 ), respecti vel y, are on
he left ( w 2 Ps) and right ( w 1 M1) auxiliary stripes is helpful to verify
he solution location (‘o’, Fig. 7 ). 

The H –κ model space for most stations looks like the JANB
tation in the S ˜ ao Francisco basin (Fig. 7 a) with two obvious
igh-value stripes, similar to the synthetic model C2a (Fig. 6 b).
he leftmost one around 0 km corresponds to w 1 P or a mix-

ure of w 1 P and w 1 Ps 1 , which indicates a very small or ignorable

art/ggae260_f8.eps
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Figure 9. Structure profiles across the Amazon (a), Paran á (b) and S ˜ ao Francisco basins (c). The left- and right-hand vertical axes are, respecti vel y, scale to 
depth and delay time. The depths of the coloured columns are derived from H s and H c ; column colours are scaled to κs and κc ; Wiggled waves are RF stack for 
each station. Black and gre y wav elets indicate positive and negati ve stacks, respecti vel y. Red and grey arrows point to the primary conv erted wav es from the 
base of sediment (Ps b ) and the Moho (Ps m 

), respecti vel y. Blue dashes mark the sedimentary base for the Amazon (Wanderley-Filho et al. 2009 ), Acre (Oliveira 
& Vidotti 2023 , 2024 ) and Paran á basins (An & Assump c ¸ ˜ ao 2004a ). 
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edimentary layer. As expected, the resulted thickness for the top-
ost layer ( H 21 = 0.1 km, middle plot of Fig. 7 a) is equal to

he searching step and then insignificant, or say, the crust beneath
he JANB station can be taken as one crystalline layer. The right
igh-value stripe corresponds to the objective tripe of w 1 Ps m 

for
he Moho, which can be confirmed by the consistency between
he predicted thinner model ( ×) with the left auxiliary stripe w 2 Ps
Fig. 7 a). 

The H - κ model space for some stations looks like the CZSB sta-
ion in the Amazon basin (Fig. 7 b) that dominates by several nearly
arallel high-value stripes, similar to the synthetic C2b (Fig. 6 c) that
ontains one thick sedimentary layer of high κ and one crystalline
rust. The objective stripe for the sedimentary layer ( w 1 Ps 1 ) and its
eft auxiliary stripe ( w 2 Ps 1 ) can be well recognized to locate the sed-
mentary solution ( H 21 = 4.1 km, κ21 = 2.59), which is with a high
, as expected (middle plot in Fig. 7 b). The objective stripe for the
oho ( w 1 Ps m 

) is well separated from the other stripes. Although the
tripe for the multiple w 2 M1 m seems invisible in the model space
right plot in Fig. 7 b), the multiple phase M1 m 

is well recogniz-
ble in the RFs (Fig. 3 a), which will definitely take effects in the
tacking and provide a reasonable Moho solution ( H 22 = 39.4 km,

22 = 1.75) which is consistent with the neighbouring
tations. 

The H –κ model space for some other stations looks like the
CMB station in the Paran á basin (Fig. 7 b) that dominates by two
tripes of very high stacking values for small thicknesses, similar to
he three-layer synthetic case in Fig. S2 that contains one unconsol-
dated sedimentary layer, one consolidated sedimentary layer and
ne cr ystalline cr ust. The thickness of unconsolidated (porous or
racked) sediments (Fig. 1 ) v aries laterall y in South America and
an be up to hundred metres (Milani & Filho 2000 ; Wanderley-
ilho et al. 2009 ), for example > 260 m in area close to the MALB
tation (Servi c ¸o Geol ógico do Brasil, https://siagasweb .sgb .gov.br).
ull model space analyses (e.g. left-hand plot of Fig. 7 c) show that
 stations (ABR01, BB19B, C2SB, ITRB, MALB, PCMB, PTGB,
MTB and TRCB) may have unconsolidated sediment layer. How-
ver, the assumed unconsolidated sedimentary layer seems too thin.
or the case of PCMB, w 1 Ps 1 is around 0 km (Fig. 7 c), so the crust
an be taken as composed of one consolidated sedimentary layer
nd a crystalline crust, similar to the two-layer case for the CZSB
tation in Fig. 7 b. The model-space for the PCMB station contains
early parallel stripes, like the CZSB case. The stripes can cause
onfusion and difficulty in locating the solution. In this case, the
onsistency between the auxiliary stripes ( w 2 Ps, w 1 M1) and the
redicted thinner and thicker models ( ×, + ) for sediment (middle
lot) and for the Moho (left plot) are helpful to confirm the final
olutions. Ho wever , cro wded near-parallel stripes may imply that
he receiver functions have unexpected or unknown peaks/troughs
hich can interfere the interested phases and introduce errors in the

esults. 

.2. Sediments 

oth the H s and κ s exhibit zoning features that are generally related
o the tectonic environment. Thick sediments are found beneath the
aran á basin (mean H s = 3.9 km), Amazon basin (1.5 km), Parna ́ıba
asin (1.1 km) and beneath the station ABR01 at the continental
argin, while thin or ignorable sediments are observed beneath the

ther areas, as expected (Fig. 8 a, Table S1 ). Very large κ s is found
eneath the Amazon basin (mean κ s = 2.62) and the Parna ́ıba basin
2.48), with the maximum beneath the MACA station (3.0). The
aran á basin has strongly laterally varied κ s with larger values on
he edge ( > 2.17) and smaller values in the centre ( ∼1.78 on average)
Fig. 8 b, Table S1 ). 

.3. Crystalline crust 

he cr ystalline cr ust beneath the Borborema orogenic province
BorP in Fig. 1 ) and at the nor thwester n margin of the Paran á basin
s thinner than most of the other areas (Fig. 8 c). The Amazon basin
as a slightly larger κc (mean κc = 1.76) than the other areas of the
tudy region (F ig. 8 d). A notab le feature for the crystalline crust is
hat nearly all stations in the Paran á basin and Mantiqueira orogenic
rovince [along the Brazilian coast from the southern border of the
astern S ˜ ao Francisco craton (16 ◦ S) to Uruguay (33 o S)] have low

c (circled as red dashes in Fig. 8 d). Especially, the κc in the centre
f the Paran á basins ( ≤1.67) is much lower than normal (1.73) and
ther areas. The southern S ˜ ao Francisco basin also has a relati vel y
ow κc (1.71). The stations NBPN and SMTB have low κc but with
arge uncertainties (Fig. 8 d) possibly because of their low-quality
Fs ( Figs S3a and S4c ). 

.4. Whole crust 

or comparison with previous studies, the total crustal thickness H a 

nd the average crustal κa are derived from the layered structures
ia Eq. ( 4 ). The crust beneath the nor thwester n edge of the Paran á
asin is very thin ( H a = 31–37 km) ( Table S1 ), the Paran á basin has
verage thicker crust (mean H a = 42.7 km, Fig. 10 a and Table S1 )
han the other basins, such as the Parna ́ıba basin (38.2 km), the S ˜ ao
rancisco basin (39.6 km) and the Amazon basin (41.4 km). The

hickest crust is found beneath TRCB station in the centre of the
aran á basin. 

.  D I S C U S S I O N  

.1. Method limitations 

hether the method is valid is determined by the clarity of the RF
hases (Ps, M1 and M2) for the objective layer. The model with
he stacking of the three phases with a highest weight for Ps (eq.
 ) is the solution, so the Ps phase must be clear, and M1 and M2
re recognizable. The P-to-S phase for the Moho (Ps m 

) beneath
he station TBTG ( Fig. S4 ) may be interfered by reverberation of
he sediments, so that the result on the cr ystalline cr ust contains
nknown error and is not analysed here. 

How fine of a layered structure is resolvable is related to the
avelength or frequency content of the RF phases: the shorter the
avelength, or the higher the frequency, the finer the resolvable

tructure is. Both sedimentary phases and noises can be suppressed
n low-frequenc y receiv er functions. The method here can be used
n high- or low-frequency receiver functions. The uncertainty in
esults given here is from the landscape of the H –κ model space
nd the uncertainty in the given Vp (Section 4.4). Ho wever , the
odel space may have crowded near-parallel stripes which can

ause confusions and difficulties in the solution identification. The
tripes also imply that the receiver functions have unexpected or
nknown peaks/troughs which can interfere the interested phases

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae260#supplementary-data
https://siagasweb.sgb.gov.br
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Figure 10. Total crustal thicknesses H a (a), κa (b) and their comparison with H (c) and κ (d) from the standard H - κ analysis by Rivadeneyra-Vera et al. ( 2019 ) 
(RV2019). Grey-filled and black-filled circles in (c, d) are the results for stations with thin ( H s ≤ 0.3 km) and thick sediments ( H s > 0.3 km), respecti vel y. 
Uncertainties of H in (c) are estimated from the uncertainties in RV2019 and that caused by uncertainties of a priori Vp via eq. ( 8 ). The text-labelled stations 
in (c) are those with a large thickness difference between H and H a ( > 3.5 km); in (d) are those with a large κ difference ( > 0.9) or large κa ( > 1.80). 
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6.2. Geological significance of the results on sediments 

Sedimentar y str ucture here is e xtracted from seismic wav es at a fre- 
quency of ∼2.4 Hz converted at a seismic prominent discontinuity. 
The discontinuity may correspond to specific variation of geolog- 
ical series, but an interface of geological series is not necessarily 
correspondent to seismic discontinuity. Comparing our results with 
other measurements permits a better understanding of the seismic 
discontinuity. 
The S ˜ ao Francisco basin in the S ˜ ao Francisco Craton (Fig. 1 ) 
is a Proterozoic intracratonic basin covered b y se veral kilometres 
of Precambrian sediments and < 800 m of Phanerozoic sediments 
(Reis et al. 2017 ). But our results did not find thick sediments 
in the basin (Fig. 9 c), implying that the Precambrian sediments 
ma y ha ve similar seismic properties to the underlain crystalline 
crust. 

The sedimentar y str ucture beneath the CSZB station in the Acre 
basin is well measured and permits a detailed discussion. The basin 

art/ggae260_f10.eps
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s covered by Cenozoic erathem (Fig. 1 ) which often includes (e.g.
uater nar y) unconsolidated sediments. The unconsolidated sedi-
ents (sands and clays) close to the CSZB is > 0.15 km thick

ased on well-log data of CANELA FINA (Servi c ¸o Geol ógico
o Brasil, https://siagasweb .sgb .gov.br). Ho wever , the con verted
hase for the topmost unconsolidated sediments is not visible
n the RFs (Fig. 3 a), so H –κ analysis for a two-layer model is
rocessed (Fig. 7 b). The base of the resulted sedimentary layer is at
.1 km (Fig. 7 b and Table S1 ), similar to the base of the Phanero-
oic erathem at the depth of 4.2 km (Oliveira & Vidotti 2023 ).
he resulted depth of sedimentary base may vary and point to a
if ferent geolo gical interface b y using dif ferent Vp , but P -w ave
raveltime through the sediment layer ( τ c , Table S1 ) is al wa ys ∼1 s,
onsistent with the vertical two-way traveltime of 2.1 s for the P-
 ave pre viousl y observ ed in seismic reflection e xploration close

o the CZSB (Oliveira & Vidotti 2024 ). Besides, most of our de-
ived sediment thicknesses (orange colour columns) in the Paran á
asin (Fig. 9 b) are generally consistent with previous studies (blue
ashes). 

Before strong mafic magmatism occurred in Triassic–Jurassic or
retaceous (Almeida 1980 ; Zal án et al. 1991 ; Milani 1992 ; Milani
 F ilho 2000 ; Wanderley-F ilho et al. 2009 ), the Amazon, Parna ́ıba

nd Paran á basins had been covered by thick sediments. For ex-
mple, the Paran á basin is covered by six super sequences formed
rom Late Ordovician to Cretaceous (450–65 Ma, Almeida 1980 ;
al án et al. 1991 ; Milani 1992 ; Milani & Filho 2000 ), most of
hich were formed before the huge basaltic lavas of the Early Cre-

aceous Serra Geral Formation (up to 2 km thick, LIP in Fig. 1 ,
ilani & Filho 2000 ). If the magmatism strongly influenced the

ediments, metamorphism (e.g. recrystallization) due to thermal ef-
ects related to the magmas may occur. Then, the sediments may
ecome more similar to crystalline rocks in physical properties and
he sediment base measured here would be no deeper than the base
f the basaltic la va. How ever, correlation betw een the dela y time
f sediments (Ps b ) in our RF stacks (orange arrows, Figs 9 a and
) and the pre viousl y determined Phanerozoic sediment bases (blue
ashes, Fig. 9 a,b) can be observed from station to station, espe-
ially beneath the Paran á basins, that is the greater the Ps b , the
eeper the basement (Fig. 9 b). Such correlation implies that our
erived sedimentary structures mainly reflect the Phanerozoic sed-
ments of the basins and no strong metamorphism occurred in the
ediments during the Triassic–Jurassic and Cretaceous magmatic
vents. 

.3. Comparison with pr e vious crust thicknesses 

f the 71 stations processed in our study ( Table S1 ), the crustal
hickness and Vp / Vs for 58 stations have been pre viousl y anal yzed
sing a standard H –κ stacking method with an assumption of single-
ayer model (Ri v adeneyra-Vera et al. 2019 ) (RV2019). Figs 10 (c)
nd (d) show a comparison of our H a and κa with those of RV2019
 H and κ). It should be noted that the uncertainties in Fig. 10 (c)
re larger than in RV2019 because extra uncertainties caused by a
riori Vp are considered here. 

The difference in thickness is generally less than ∼1 to 2 km
Fig. 10 c). Ho wever , κ of se veral stations strongl y de viate from
he diagonal (Fig. 10 d), especially for stations in areas with thick
ediments ( H s > 0.3 km, black circles in Fig. 10 d). We carefully
hecked the data and results for these stations. Most of the sta-
ions are on thick sediments (e.g. MACA station). The multiples
f sediments strongly interfere with the objective stripe w 1 Ps m 

of
he Moho and cause large uncertainty in H . The NBPN and ROSB
tations with large κ deviations are not locating in sedimentary
asins (Fig. 10 d). The results of NBPN have large uncertainty be-
ause the Moho multiples are not clear as show in Fig. S3 . In
otal, except for the above stations, our results are consistent with
V2019. 

.4. Vp / Vs implications 

s the thicknesses of sediments and crust are generally consistent
ith previous measurements, we mainly focus on implication of
eological information from the Vp / Vs ( κ). 

.4.1. High κ s and κc in the Amazon basin 

ig. 8 (b) shows that the κ s for all the three stations in the huge
ropical rainforest area in the Amazon basin are very high (mean

s = 2.62), even though the stations are sparsely distributed in dif-
erent sub-basins (Amazonas or Solim ˜ oes basins). κ is an ef fecti ve
ndicator not only of lithology but also of porosity for sediments
e.g. Tatham 1982 ; Assefa et al. 2003 ). Poisson’s ratio (or κ) of
ater-saturated sandstones is larger than dry or weakly consoli-
ated sandstones (Mavko et al. 1998 ). The increase of saturation
 S ) can cause increase of the Poisson’s ratio of silty-fine sand when
 is > 15 per cent. Water-saturated unconsolidated sands may have a
larger than 2.0 (Gardner & Harris 1968 ) due to high fluid content

Hauksson 2000 ; Barton 2006 ). So, the large κ s observed in the
mazon basin (2.62) can hardly be interpreted onl y b y litholo gy.
s the Amazon basin locates within the largest tropical rainforest in

he world, it is quite possible that the sedimentary rocks are highly
orous and fully water saturated ( S is close to 100 per cent). At
east, the high κ s indicates that the Amazon basin may be weakly
onsolidated or have high porosity in the sediments. 

The κc of MACA (1.78) and MALB (1.75) are higher than the
verage result for Brazil (Fig. 8 d). The two stations are close to an
 xpressiv e long E–W gravity anomaly which have been interpreted
s due to a mafic lower crust (Nunn & Aires 1988 ). So, the high κc 

bserved in the Amazon basin are probably contributed by the exis-
ence of mafic rocks with usually high Vp / Vs ratios (e.g. Christensen
996 ). 

.4.2. Low κc beneath the Paran ́a–Etendeka LIP 

he Paran á basin and the coastal region to the east are covered by
uge flood basalt (Almeida 1980 ; Zal án et al. 1991 ; Milani 1992 ;
ilani & Filho 2000 , the area of LIP, Fig. 8 d), implying that the
afic magma related to the Tristan-Gough mantle plume (Fig. 11 )
ay underplate or intrude and then crystallize within the crust (e.g.
idley & Richards 2010 ), even though some geophysical measure-
ents (An & Assump c ¸ ˜ ao 2004b ; Chaves et al. 2016 ; Dragone et al.

017 ; Bernardes et al. 2023 ) did not observe widely mafic underplat-
ng in the Paran á basin. Vp / Vs of felsic and normal rocks increases
ith decreasing silica content (Kern 1982 ; Christensen 1996 ), or

ay, addition of mafic (low-silica content) minerals in the crust will
ncrease κc . So, κc is a good indicator of crustal composition. The
verage κc in and around the Paran á basin where is overlapped with
he Paran á–Etendeka LIP (Fig. 8 d) is about 1.67 ( Table S1 ), signif-
cantly lower than usual (1.73) and lower than other areas, implying
hat underplating or intrusive mafic minerals do not widely exist in
he crust or the widely magmatic underplating or intruding did not
appen at all. In another word, huge mantle magmas passed though

https://siagasweb.sgb.gov.br
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae260#supplementary-data
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Figure 11. Carton showing magma extrusion/intrusion in the Paran á basin 
during the South America–Africa breaking. The crust covered by flood basalt 
in the Paran á basin (Almeida 1980 ; Zal án et al. 1991 ; Milani 1992 ; Milani & 

Filho 2000 ) has a lower Vp / Vs , which indicates that mantle magmas passed 
through but seldom underplated and intruded in the crust. In the meanwhile, 
the crust became hot and soft so that fluids with volatiles in the crust may 
be easily released (e.g. Aarnes et al. 2011 ; Ernst & Youbi 2017 ; Heimdal 
et al. 2020 ) through the vents of the ascending magmas. 
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the crust and formed the Paran á–Etendeka LIP but did not crystal- 
lize within the crust. The mantle magmas with low viscosity could 
be so buoyant due to high temperature or low-density composition 
as to pass though the crust so quickly that wide crystallization did 
not occur within the crust (Fig. 11 ). 

Comparison of κc of the Paran á basin with those in the other 
basins (Fig. 8 d) poses another interesting question. The crystalline 
crust beneath the Paran á-Etendeka LIP has not higher but lower κc 

than other areas. Was the crystalline crust with lower κc beneath 
the LIP resulted before, during, or after the Cretaceous magmatic 
event? 

If it is the former case, the LIP area may have a higher silica 
content or more felsic minerals in the crust before the magmatic 
event, and then the area should have a special evolution history 
before and during the West Gondwana amalgamation. 

If it is the latter case, the original cr ystalline cr ust had a normal 
Vp / Vs , but some processes with the Cretaceous magmatic event 
modified the crust. The mantle magma has a complex interaction 
with the crust (e.g. Valentine & Gregg 2008 ), at least will heat the 
crust and even lead to metamorphism or melting. The deep crust also 
has volatiles (Rye et al. 1976 ; Yang et al. 2008 ; Ague 2014 ) which 
are trapped in grain boundaries or combined in hydrous minerals. 
Metamorphic heating can release the volatiles in minerals (e.g. 
combined water in hydrous minerals, Shaw 1956 ; Fyfe et al. 1978 ; 
Ague 2014 ). Fluids with the volatiles (e.g. H 2 O, CO 2 ) in the crust are 
one primary agent of chemical mass and heat transport in the deep 
crust (Rye et al. 1976 ; Ague 2014 ). The heated crust should become 
hot and soft so that fluids with volatiles in the crust may be easily 
released through the vents of the ascending magmas (illustrated in 
Fig. 11 ). A significant amount of volatiles will be released with the 
magmatic er uption/extr usion in a LIP (e.g. Aar nes et al. 2011 ; Er nst 
& Youbi 2017 ; Heimdal et al. 2020 ), which may cause a decrease 
of Vp / Vs . 

The Paran á basin has V s of 4.6–4.7 km s −1 at topmost mantle 
(at the 50 km, An & Assump c ¸ ˜ ao 2006 ) which corresponds to a 
condition with a temperature of 690 −900 ◦C in cratonic region 
using V s-to-temperature conversion in An & Shi ( 2007 ), so another 
possibility is that the present lower crust may have a temperature 
close to 573 ◦C while Quartz, one of main crustal minerals, reaches 
the lowest Vp / Vs (1.27) at the temperature (Ohno 1995 ; Lakshtanov 
et al. 2007 ). 

7 .  C O N C LU S I O N  

We retrieved the sedimentary and crystalline-crust structure for 
all stations of the Brazilian Seismographic Network and six new 

temporary stations in Brazil and Uruguay by analysing the recorded 
receiver functions with the H–κ stacking method with the aid of 
auxiliary stripes in the stacking image. The most interesting fea- 
ture is that the Paran á–Etendeka Large Igneous Province (Paran á–
Etendeka LIP) in South America, especially the Paran á basin, has a 
significantly lower Vp / Vs in the cr ystalline cr ust than usual and other 
areas, which implies that more felsic minerals exist in the present 
crust. This feature at least indicates that significant mafic under- 
plating or intrusion did not happen in the crust when huge mantle 
magmas passed through the crust at ∼138–129 Ma. The more felsic 
crust beneath the Paran á–Etendeka LIP may be formed in a special 
e volution earl y than the Cretaceous magmatic e vent, or during the 
magmatic e vent b y releasing crustal volatiles when mantle magma 
passed through the crust and formed the large igneous province. 
The resulted sedimentary thickness and Vp / Vs ratios exhibit a good 
correlation with the Phanerozoic sediments in the South Ameri- 
can basins, which implies that Triassic–Jurassic and Cretaceous 
magmatism did not cause significant metamorphism in sediments 
formed before the magmatic events. 
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Writing – re vie w & editing). 

S U P P O RT I N G  I N F O R M AT I O N  

Supplementary data are available at GJIRAS online. 

Supplementary Information 

Figure S1. Receiver functions for synthetic models. The models 
C1, Sa and Sb are shown in Fig. 5 (a); C2a and C2b in Fig. 6 (a); C3
in Fig. S2a . Given a synthetic model, we generated seismograms 
for ray parameters ( p ) ranging from 0.04 to 0.076 s km 

−1 with a 
step of 0.005 s km 

−1 using the Raysum program (Frederiksen & 

Bostock 2000 ). Then iterative time-domain deconvolution of radial 
to vertical component synthetic seismograms (Ligorr ́ıa & Ammon 
1999 ) by using Gaussian pulse factor 5 was processed to extract 
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eceiver functions with a centre frequency of ∼2.4 Hz, same as
hose applied to real observations. The receiver functions of Sa
ontain strong phases of reflections and conversions. 
igure S2. H–κ analysis for a three-layer crust model. (a) Synthetic

nput model. (b) Full model space for the model C3. (c) Zoomed-in
odel space for the sediment layers. Model C3 is covered with an

xtra thin unconsolidated sedimentary layer over the model C2b
Fig. 6 a). Vp of 6.1 km s −1 used for calculations in (b, c) is strongly
ifferent from Vp in layers 1 and 2, so the resulted thicknesses and
p / Vs for the two layers in the model space in (b, c) have observable
eviation from the true model in (a). The symbols are the same as
n Fig. 6 . The star on stripe w 1 Ps m 

in (b) marks the average crustal
olution of the three-layered model ( H a , κa ) obtained by eq. ( 4 ); the
tar on stripe w 1 Ps 2 in (c) marks the average sedimentary solution
f the two sedimentary layers obtained by eq. ( 4 ). 
igure S3. Receiver functions of the station NBPN (a) and the
odel space of the H ––κ analysis (b). The Moho multiples in (a)

nd the stacking stripes for multiples in (b) are not clear. 
igure S4. Receiver functions (a, c) and H–κ model spaces (b, d)

or the station TBTG and SMTB. Ps m 

of the two stations are mixed
ith sedimentary resonances. 
igure S5. Receiver functions of NBIT station. The receiver func-

ions for ray parameters ( p ) of > 0.07 have two remarkable phases
t ∼4.6 and 6.8 s. If the latter is Ps m 

, the crustal thickness will be
uch thicker than nearby stations, so we chose using the former as
s m 

. 
able S1. Results of sediment and crystalline crust 
lease note: Oxford University Press is not responsible for the con-

ent or functionality of any supporting materials supplied by the
uthors. Any queries (other than missing material) should be di-
ected to the corresponding author for the paper. 

ATA  AVA I L A B I L I T Y  

e w observ ation from portable seismic stations is restricted but
vailab le on reasonab le request; the other seismic data are available
t http://rsbr .on.br / (Bianchi et al. 2018 ). All figures are made with
eneric Mapping Tools (Wessel et al. 2013 ). Receiver functions

rom raw seismic waveforms are retrieved via codes in Computer
ro grams in Seismolo gy (Herrmann 2013 ). Synthetic seismo grams
re made with the Raysum program (Frederiksen & Bostock 2000 ).
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intracratonic Paran á Basin, SE Brazil, from surface wave dispersion using
genetic algorithm, J. S. Am. Earth Sci., 21 (3), 173–184. 

n , M. & Shi, Y., 2007. 3D crustal and upper-mantle temperature of the
Chinese continent, Sci. China Ser. D-Earth Sci., 50 (10), 1441–1451. 

ssefa , S. , McCann, C. & Sothcott, J., 2003. Velocities of compressional
and shear waves in limestones, Geophys. Prospect., 51 (1), 1–13. 

ssump c ¸ ˜ ao , M. , Feng, M., Tassara, A. & Juli à, J., 2013. Models of crustal
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