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UNAM – Dirección General de Bibliotecas 

Tesis Digitales 

Restricciones de uso 
  

DERECHOS RESERVADOS © 

PROHIBIDA SU REPRODUCCIÓN TOTAL O PARCIAL 
  

Todo el material contenido en esta tesis esta protegido por la Ley Federal 
del Derecho de Autor (LFDA) de los Estados Unidos Mexicanos (México). 

El uso de imágenes, fragmentos de videos, y demás material que sea 
objeto de protección de los derechos de autor, será exclusivamente para 
fines educativos e informativos y deberá citar la fuente donde la obtuvo 
mencionando el autor o autores. Cualquier uso distinto como el lucro, 
reproducción, edición o modificación, será perseguido y sancionado por el 
respectivo titular de los Derechos de Autor. 
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#)="!$+!"# �+>#"!.*&%+�"/�5+.$5$"&'+�%"�=*!'21)/*#�=*!*�/*#�+&%*#�%"��*B/"$:4�"&�)&�!*&:+�%"�="!2+%+�%"�3J

3? #":(��*�C!"1)"&1$*�%"�1+!'"�%"/�=!$5"!�5+%+�"#'0�1+&'!+/*%*�=+!�/*�=!+C)&%$%*%�%"/�>*#*5"&'+ B�1+$&1$%"�

1+&�/*�!0=$%*�%$#5$&)1$;&�%"�/*�!"/*1$;&�"#="1'!*/����� %"/�5+%+�C)&%*5"&'*/�@"/$='$1$%*%A(

�"1$"&'"5"&'" ��*!*&e�	
��! @6?3KA�/+:!*!+& !"1)="!*!�/*�"/$='$1$%*%�%"�/*#�+&%*#�%"��*B/"$:4�*�=*!'$!�%"�

!":$#'!+#�%"�!)$%+�#2#5$1+�*5>$"&'*/(��&%$1*!+&�E)"�"/�0&:)/+�%"�C*#"�%"�/*�"/$='$1$%*%�=)"%"�#"!�$&C+!5*1$;&�

.*/$+#*�=*!*�/*�#"=*!*1$;&�%"�5+%+#(�
/�0&:)/+�%"�"/$='$1$%*%�="!5$'"�"&1+&'!*!�1+& =!"1$#$;&�/*�C!"1)"&1$*�%"�
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	 ���������������� ����������� ���������������������� ��������
�
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#)#�#$&:)/*!$%*%"# �E)"�*�#)�."-�1+!!"#=+&%"&�*�)&�1*5>$+�"&�/*�%$!"11$;&�%"/�5+.$5$"&'+�%"�/*#�=*!'21)/*#�

%"/� 5"%$+� %" !"'!;:!*%+� *� !"'!;:!*%+� +� .$1"."!#*(� �+),� 	
 ��! @6?3HA� '*5>$,&� )'$/$-*!+&� "/� *&0/$#$#� %"/�

5+.$5$"&'+�%"�=*!'21)/*#�"&�/*�1+!!"/*1$;&�1!)-*%*�"&'!"�=*!"#�%"�"#'*1$+&"#�=*!*�%$#'$&:)$!�"&'!"�1)!.*#�%"�

%$#="!#$;&�C)&%*5"&'*/"#�B�%"�5+%+�50#�*/'+�1+&#$%"!*&%+�"#'*#�%$C"!"&1$*#�"&�/*#�%$!"11$+&"#�%"�5+.$5$"&'+(�

�$&*/5"&'" ��*!*#14$&$�	
��! @6?3?A�=!+=)#$"!+&�)&�5,'+%+�=*!*�$&."!'$!�/+#�%*'+#�%"�/*#�+&%*#�#)="!C$1$*/"#

"&�"/�E)"�/*�C)&1$;&�%"�%"#*D)#'"�"#�)&*�&+!5*�%"/�%"'"!5$&*&'"�%"�/*�5*'!$-�%"��4+5#+&J�*#O"//�".*/)*%*�"&�

/+#�=)&'+#�%"�%*'+#�%"�%$#="!#$;&�"<="!$5"&'*/(��*�=!$&1$=*/�."&'*D* %"/�5,'+%+ "#'0�%*%*�=+! /*�=+#$>$/$%*%�

%"�'"&"!�"&�1)"&'*�.*!$+#�5+%+#�#$5)/'0&"*5"&'" �#$&�"#="1$C$1*!�*�E),�5+%+# ="!'"&"1"&(

�+!�+'!+�/*%+ ����� "#�"/�5,'+%+�50#�#$5=/"�B�C!"1)"&'"�=*!*�+>'"&"!�/*�C!"1)"&1$*�%+5$&*&'"�%"/�#$'$+�*�

=*!'$!�%"/�=!+1"#*5$"&'+�%"/�!)$%+�#2#5$1+�*5>$"&'*/ @���A !":$#'!*%+�=+!�)&*�#+/*�"#'*1$;&�@�*O*5)!*�3GIGV�

�"!5+�B��40."-J�*!12*�3GG9A /+#�1)*/"# 4*&�!"*/$-*%+�"#')%$+# =*!*�%"#1)>!$!�/*�1+&"<$;&�"&'!"�"#'*�1)!.*

+>#"!.*>/"�B�/*�%$#'!$>)1$;&�."!'$1*/�%"�/*#�=!+=$"%*%"#�"/0#'$1*#�@�!*$�B��+O$5*'#)�6??FV�W*S*#"�	
��! �6?33A(�

�"1$"&'"5"&'" /*�4$=;'"#$#�E)"�=!+=+&" E)" "/���� "#�%"�1*!01'"!�%$C)#$.+ 4* #$%+�*>+!%*%+ 1+& >)"&+#�

!"#)/'*%+# */ +>'"&"! /*#�=!+=$"%*%"#�%$&05$1*#�%"/�#)>#)"/+ $&.$!'$"&%+�"/����� @�0&14"-J�"#5*�	
��! �6?33V�

�=$1*�	
��! �6?3RV��+&'#$�	
��! �6?3RA(��%"50# �#"�4*�"<'"&%$%+ /*�$&."!#$;&�%"/������>*D+�"/�"#E)"5*�%"

$&."!#$;&�1+&D)&'*�%"/ ���� B�/*#�1)!.*#�%"�%$#="!#$;&�%"�5+%+#�C)&%*5"&'*/"#�B�+�#)="!$+!"#(�
#'"�"#E)"5*�

4*�!"#)/'*%+ #"!�!+>)#'+ B�!"/*'$.*5"&'"�#$5=/" B 5$'$:*�/+#�=!+>/"5*#�%"�&+�)&$1$%*% %"/�5+%"/+ +>'"&$%+

@=+!�"D"5=/+ ��$L*J�/+!"#�	
��! �6?3KV��$.*!*5�	
��! �6?3IV��*!12*J�"!"-�	
��! �6?3GA(


&�"#'"�'!*>*D+ "<=/+!+ /*�!"/*1$;& "&'!"�/*# C+!5*#�%"�/*# 1)!.*#�%"�%$#="!#$;&�%"�/*#�+&%*#�%"��*B/"$:4�B�"/�

���� 1*/1)/*%+�>*D+�"/�"&C+E)"�%"�1*5=+# %$C)#+# @	��A(��'$/$-*&%+ %+#�5+%"/+#�#$5=/"#�1+&�=*!05"'!+#�

.*!$*>/"# �5)"#'!+ E)"�/*�C+!5*�%"/ �����+>#"!.*%*�="!5$'"�$%"&'$C$1*!�/*#�1)!.*#�%"�%$#="!#$;&�%"�/*# +&%*#�

%"��*B/"$:4�"&�5+%+� C)&%*5"&'*/�".$'*&%+� /*�1+&'*5$&*1$;&�%"�5+%+#� #)="!$+!"#( �%"50# �=!"#"&'+ )&*�

*=/$1*1$;&�=*!*�5"%$1$+&"#�%"�)&�*!!":/+�%"�"#'*1$+&"# "&�"/�%"/'*�%"/�!2+��&%*!*<�@�/5"!2* �
#=*L*A(��+#�

%*'+#�%"���� !":$#'!*%+#�=+!�*!!":/+#�="&'*:+&*/"#�#"�*&*/$-*!+&�)'$/$-*&%+�"/�5,'+%+�%"����� �"/�5,'+%+��J

W B�/*#�1+!!"/*1$+&"#�1!)-*%*#�"&'!"�=*!"#�%"�!"1"='+!"# @��A( �%"50# ��" =)"%" *=!+."14*! /*#�1*!*1'"!2#'$1*#�

%" /*�C+!5*�%"/ ���� =*!*�"/":$!�1)!.*#�1+&C$*>/"#�%"�%$#="!#$;&�%"�C*#"�B�:!)=+�%"�+&%*#�%"��*B/"$:4�"&�

5+%+� C)&%*5"&'*/(� �&*� $&."!#$;&� 1+&D)&'*� %"� "#'*#� 1)!.*# >*D+� "/� #)=)"#'+� %"� 1*5=+� %$C)#+ 1+&%)D+ *

="!C$/"#�%"�."/+1$%*%"#�%" �#�B��=�5"D+!*%+#�=*!*�"#'"�#$'$+(��$&*/5"&'" �/+#�10/1)/+#�%$!"1'+# 5)"#'!*&�E)"�

=*!'"�%"�/*�$&C+!5*1$;&�"&�/+#�%$*:!*5*#�%"�%$#="!#$;&�%"�1+!!"/*1$;&�1!)-*%*�B����� ��JW�1+!!"#=+&%"�*�

5+%+#�#)="!$+!"#(
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	 ���������������� ����������� ���������������������� ��������
�
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-1-1: �"!$���� ��*�!�� (�/��� � <"�( ���"�, �#��! �*"��#$0��"�

�"� 4*� "#'*>/"1$%+� E)"� "/� ����� "#'0 %"C$&$%+ 1+5+� /*� !*2-� 1)*%!*%*� %"/� 1+1$"&'"� "&'!"� /*#� %"&#$%*%"#�

"#="1'!*/"#�%"�=+'"&1$*�4+!$-+&'*/�B�."!'$1*/�>*D+�/*�'"+!2*�%"�1*5=+#�%$C)#+#�@	���=+!�#)#�#$:/*#�"&�$&:/"#A(�


/����� =)"%"�"<=!"#*!#"�"&�',!5$&+#�%"�/*#�=*!'"#�$5*:$&*!$*#�%"�/*#�C)&1$+&"#�%"��!""& "&�"/�%+5$&$+�%"�

/*�C!"1)"&1$* 1)*&%+ C)"&'"�B�!"1"='+!�#+& 1+$&1$%"&'"#�@�0&14"-J�"#5*�	
��! �6?33A(�
&�=*!'$1)/*! "/ ����

=)"%"�"<=!"#*!#"�"&�',!5$&+#�%"�/*�=*!'"�$5*:$&*!$*�%"�/+#�1+5=+&"&'"#�%"�/*�C)&1$;&�%"��!""&�1+5+�

RSTU'� V� � WXYZ[00'� '2 V�\ ! XYZ[��'� '2 V�\XYZ[..'� '2 V�\ L @6(3A

�* "1)*1$;& @6(3A�5)"#'!*�/*�C+!5* %"�1*/1)/*!�/*����� 1+&�/*�4$=;'"#$# %"�E)"�"/ ����"#�)& 1*5=+�%$C)#+(


&�"#'*�"<=!"#$;& �/+#�1+5=+&"&'"#�%"�/*�C)&1$;&�%"��!""&�"#'0&�*#+1$*%+#�1+&�/*�:"+5"'!2*�B�/*#�=!+=$"%*%"#�

"/*#'+%$&05$1*#� %"/� #)"/+(� �*!*� C$&"#� %" "#'"� '!*>*D+ � #"� 1+&#$%"!*� )& 5"%$+� "#'!*'$C$1*%+ 1+&� $&'"!C*1"#�

4+!$-+&'*/"#�$/$5$'*%*# #+>!"�)&�#"5$"#=*1$+(��*�#)="!C$1$"�#)="!$+!�"#�)&*�#)="!C$1$"�/$>!"�B�#"�#)=+&"�E)"�/+#�

5"%$+#�#+&�4+5+:,&"+# � $#+'!;=$1+#�B�"/0#'$1+# �1+&�."/+1$%*%"#�%"�+&%*#���B�� �%"&#$%*%"#�%"�5*#*�, B

"#="#+!"#��(�
&��*!12*J�"!"-�	
��! �@6?3HA�#"�%"#1!$>"&�50#�%"'*//"#�#+>!"�"/�10/1)/+�"C$1$"&'"�%"�����(

-121: ��( !$%��������( �!��' �#��#$�*���$%��.�( ���( !$%����*�!�� (�/���

�*!*�5+#'!*!�/*�!"/*1$;&�"&'!"�"/�1+5=+!'*5$"&'+�%"�/*#�1)!.*#�%"�%$#="!#$;&�%"�+&%*�%"��*B/"$:4�B�"/ ���� 

#"�4*&�"<*5$&*%+�%+#�5+%"/+#�%"�"D"5=/+�"&)5"!*%+#�"&�/*�'*>/*�6(3(�
/�5+%"/+�3�1+&#$#'"�"&�)&*�1*=*�#+>!"�

)& #"5$"#=*1$+ 50#� !2:$%+ � 5$"&'!*#� E)"� %+#� 1*=*#� 1+&� %+#� 1+&'!*#'"#� %"� $5="%*&1$*� #$:&$C$1*'$.+#� #"�

1+&#$%"!*&�=*!*�"/�5+%"/+�6(��*#�."/+1$%*%"#�*)5"&'*&�"&�=!+C)&%$%*% B�/+#�1+&'!*#'"#�%"�$5="%*&1$*�"&'!"�

/*#�1*=*#�#+&�#)C$1$"&'"#�=*!*�"D"5=/$C$1*!�"/�"C"1'+�%"�+#1)/*1$;&�"&'!"�"/�5+%+�C)&%*5"&'*/�B�"/�=!$5"!+�

5+%+�#)="!$+!(
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	 ���������������� ����������� ���������������������� ��������
�

���			�	 �����������	�	��	��				

�*>/*�6(3(��+%"/+#�%"�"D"5=/+�)'$/$-*%+#�"&�"#'"�'!*>*D+(

5�>�? �*>�F�? ��>�F�? 	���$# #>G+F�2?

�"#�("�&

-; HH9 6?? 3K??

H IHH R?? 66??

�"#�("�-

&; 6??? 9I? 3H??

2;D 69?? IR? 3I??

H 9R?? 6??? 6R??


&� /*� C$:)!*� 6(3 #"� 5)"#'!*& /*#� 1)!.*#� %"� %$#="!#$;&� %"� +&%*#� %"� �*B/"$:4� =*!*� "/� 5+%"/+� 3 %"/ 5+%+�

C)&%*5"&'*/�B�/+#�=!$5"!+# %+# 5+%+#�#)="!$+!"#�=*!*�/*#�."/+1$%*%"#�%"�C*#"�B�%"�:!)=+ "&�1+&D)&'+ 1+& "/�

�����'";!$1+ 1*/1)/*%+ *�=*!'$!�%"/ 1+&1"='+�%" 	��(��"�=)"%"&�$%"&'$C$1*!�%+#�C!"1)"&1$*#�1*!*1'"!2#'$1*#�"&�

/+#� ����(� �*� =!$5"!*� C!"1)"&1$*� 1+!!"#=+&%"� */� =$1+� =!$&1$=*/� @*=!+<$5*%*5"&'"� 1+$&1$%"&'"� 1+&� /*�

C!"1)"&1$*�%"�!"#+&*&1$*�C)&%*5"&'*/�%"�/*#�+&%*#��A�B�/*�#":)&%*�1+!!"#=+&%"�*/�52&$5+�*>#+/)'+�@1"!1*&+�

*�/*�C!"1)"&1$*�%"�!"#+&*&1$*�C)&%*5"&'*/�%"�/*#�+&%*#�� �."!��$L*J�/+!"#�	
��! 6?3KA( 
#'*#�%+#�C!"1)"&1$*#�

B � "&� =*!'$1)/*! � /*� C!"1)"&1$*� %"/� 50<$5+� "# %"� $&'"!,#� "&� "#')%$+#� :"+',1&$1+#(� �+!� +'!+� /*%+ � =+%"5+#�

$%"&'$C$1*!�/*#�C!"1)"&1$*#�%"�/+#�=)&'+#�%"�$&C/"<$;&�"&�/*#�1)!.*#�%"�%$#="!#$;&�%"�."/+1$%*%�%"�C*#" ��-��" B�/*#�

C!"1)"&1$*#�����
 %"�/+#�=)&'+#�1!2'$1+#�=*!*�/*#�1)!.*#�%"�."/+1$%*%�%"�:!)=+ �"#�%"1$!�

]^A_`abcd]`^ � K�$�]e`fghi�]` � K% @6(6A

�"�=)"%"�"#'*>/"1"!�)&*�=!$5"!*�!"/*1$;&�"&'!"�/*#�1)!.*#�%"�%$#="!#$;&�%"�."/+1$%*%�%"�C*#"�B�/*�C+!5*�%"�/*�

%"/ �����'"&$"&%+�"&�1)"&'*�/*�C!"1)"&1$*�%"/�=!$5"!�52&$5+�"#="1'!*/�%"/ ����( �*�C!"1)"&1$*�%"/�=!$5"!�

52&$5+� %"/� ���� "#� 1"!1*&*� *� /*� C!"1)"&1$*� %"/� =)&'+� %"� $&C/"<$;&� %"� /*� 1)!.*� %"� %$#="!#$;&� %"� 5+%+�

C)&%*5"&'*/(�
#'"�5$#5+�=*'!;&�#"�=)"%"�+>#"!.*!�=*!*�"/�=!$5"!�5+%+�#)="!$+! %+&%"�/*�C!"1)"&1$*�%"/�=)&'+�

%"� $&C/"<$;&� "#'0� 1"!1*� %"� /*� C!"1)"&1$*� %"� *5=/$')%� 52&$5*� %"� /*� =!$5"!*� +#1$/*1$;&� %"/ ����(� �'!*�

1*!*1'"!2#'$1*�%"�/*#�1)!.*#�%"�%$#="!#$;&�%"�."/+1$%*%�%"�C*#"�#+&�/*#�-+&*#�%"�+#1)/*1$;&�"&'!"�5+%+#( 
#'"

"C"1'+�%" +#1)/*1$;& "&'!"�"/�5+%+�C)&%*5"&'*/�B�"/�=!$5"!�5+%+�#)="!$+! "#'0�=!"#"&'"�"&'!"�/*#�C!"1)"&1$*#�

%"/�=$1+�=!$&1$=*/�B�"/�=!$5"!�52&$5+�%"/ ����(
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	 ���������������� ����������� ���������������������� ��������
�

���			�	 �����������	�	��	��				

�+!�+'!+� /*%+ � /*� !"/*1$;&�"&'!"� "/����� B� /*� 1)!.*�%"�%$#="!#$;&�%"�."/+1$%*%�%"/�:!)=+�"#� ".$%"&'"(��*�

C!"1)"&1$*�%"/�52&$5+�"&�/*�!"/*1$;&�"#="1'!*/����� "#�1+$&1$%"&'"�* /*�C!"1)"&1$*�%"/�=)&'+�1!2'$1+�%"�/*�

1)!.*�%"�%$#="!#$;& �$&1/)#+�1+&�)&�5*B+!�:!*%+�%"�=!+<$5$%*%�"&�1+5=*!*1$;&�1+&�"/�=)&'+�%"�$&C/"<$;&(�

�%"50# �/*�C!"1)"&1$*�%"/�=!$5"!�1!)1"�"&'!"�"/�5+%+�C)&%*5"&'*/�B�"/�=!$5"!�5+%+�50#�*/'+�"&�/*�."/+1$%*%�

%"/�:!)=+�"#'0�"&'!"�"/�=$1+�=!$&1$=*/�B�"/�=!$5"!�52&$5+ %"/�����( �;'"#" E)"�"<$#'"� '*5>$,&�)&�=)&'+�

1!2'$1+�%"�/*�1)!.*�%"�%$#="!#$;&�=*!*�"/ 3"! 5+%+ #)="!$+! "& "/ !*&:+�%"�C!"1)"&1$* *&*/$-*%*(

�*�C$:)!*�6(6�5)"#'!*�"/�10/1)/+�%"/�5+%+�C)&%*5"&'*/�B�"/�=!$5"!�5+%+�#)="!$+!�=*!*�/*�."/+1$%*%�%"�C*#"�B�

:!)=+�%"�/*#�+&%*#�%"��*B/"$:4�D)&'+�1+&�"/������=*!*�"/�5+%"/+�6(��*!*�"#'"�5+%"/+ �"/������5)"#'!*�%+#�

=$1+#� =!+5$&"&'"#� B� %+#� .*//"#(� 	"� /*� 5$#5*� 5*&"!*� E)"� "&� "/� "D"5=/+� *&'"!$+! � =+%"5+#� +>#"!.*!� "/�

1+5=+!'*5$"&'+�5"&1$+&*%+�%"�/*#�1)!.*#�%"�%$#="!#$;&�"&'!"�/*#�C!"1)"&1$*#�%"/�50<$5+�B�"/�52&$5+�=*!*�

/+#� %+#� =*!"#� %"� =$1+(� 
#� %"1$! � /*#� C!"1)"&1$*#� %+&%"� "/� ����� =!"#"&'*� "#'+#� 52&$5+#� 1+!!"#=+&%"&�
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&�"#'"�'!*>*D+ �#"�"<=/+!; /*�!"/*1$;&�"&'!"�"/�1+5=+!'*5$"&'+�%"�/*#�1)!.*#�%"�%$#="!#$;&�%"�."/+1$%*%�%"�
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/*�'"+!2*�%"�1*5=+# %$C)#+#(��*�!"/*1$;&�"&'!"�"#'*#�%+#�1)!.*#�#"�=)"%"�!"#)5$!�"&�/+#�#$:)$"&'"#�1$&1+�=)&'+#(
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%"�."/+1$%*%�%"�C*#"�B�%"�:!)=+ �!"#="1'$.*5"&'" =)"%"&�)#*!#"�1+5+�=)&'+#�%"�1+&'!+/�=*!*�%$#'$&:)$!�"/�

5+%+� C)&%*5"&'*/� %"� /+# 5+%+# #)="!$+!"#(� 
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*>#+/)'+A�%"�/*�1)!.*�%"�%$#="!#$;&�%"�."/+1$%*%�%"�C*#"(
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�*�*&'$:)*�1$)%*%�%"��"+'$4)*10&�C/+!"1$;�"&�/*#�'$"!!*#�*/'*#�%"/�1"&'!+�%"��,<$1+�"&'!"�3R?�*(��(�B�RR?�HR?�

%(��(�
&� #)� *=+:"+ � /*�1$)%*%� '"&2*�)&*�=+>/*1$;&�%"�50#�%"� 1$"&�5$/�4*>$'*&'"#�B� "!*� /*�50#�:!*&%"�%"/�

4"5$#C"!$+�+11$%"&'*/ �1+&�)&*�"<'"&#$;&�%"�50#�%"�6?�O$/;5"'!+#�1)*%!*%+#�@�+S:$// �6?3RA(�
/�1"&'!+�%"�/*�

1$)%*%�'"&2*�)&�:!)=+�%"�:!*&%"#�"%$C$1$+#�$&'":!*%+#�E)"�5+#'!*>*& �"&�)&�+!%"&�5)B�=*!'$1)/*! �/+#�.*#'+#�

"#=*1$+#�B�=/*'*C+!5*#�E)"�C+!5*>*&�/+#�1+&D)&'+#�*!E)$'"1';&$1+#�50#�5+&)5"&'*/"#�%"�/*�*&'$:)*��5,!$1*(�

�*��$!05$%"�%"/��+/�"#�)&+�%"�/+#�"%$C$1$+#�50#�:!*&%"#�4"14+#�=+! "/� 4+5>!"�"&�/*�*&'$:f"%*%(

�1')*/5"&'" �/*��$!05$%"�%"/��+/�'$"&"�HF�5�%"�*/')!*�1+&�63R�5�*�1*%*�/*%+�%"�/*�>*#"�1)*%!*%*(��* "#'!)1')!*�

C)"�1+&#'!)$%*�"&�1)*'!+�&$."/"#�+�1)"!=+#�*!E)$'"1';&$1+# �%"�*/:)&*�5*&"!*�%$C"!"&'"�%"�/+�E)"�#"�."�4+B(�

�%"50# �"&�/*�=*!'"�+11$%"&'*/�%"�/*��$!05$%" �4*B�)&*�=/*'*C+!5*�"&�'"!!*-*#�E)"�#"�1+&#'!)B;�%"#=),#�%"�#)�

C$&*/$-*1$;&�@�$//+&�B�	!"S$'' �3GH3A(��*��$!05$%"�#"�1+&#'!)B;�"&�)&*�#+/*�+="!*1$;& �1+&�."!'"%"!+#�B�=$"%!*#�

%"�/*�!":$;&�E)"�/+:!*!+&�)&�.+/)5"&�#;/$%+�%" 50#�%"�)&�5$//;&�%"�5"'!+#�1N>$1+#(��)"�1+&#'!)$%+�"&'!"�"/�

=!$5"!�B�"/� #":)&%+�#$:/+�%"�&)"#'!*�"!*�%)!*&'"� /*��!$5"!*�
'*=*�%"� /*�1$)%*%�%"��"+'$4)*10&�@�*!*>$*�B�

�NL"- �6?3KA(
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50#�.$#$'*%+#�%"/�1"&'!+ %" �,<$1+(�
/�&N5"!+�%"�="!#+&*#�E)"�.$#$'*&�/*��$!05$%"�=)"%"�*/1*&-*!�4*#'*�6? ???�

"&�"/�"E)$&+11$+�%"�=!$5*."!*(��*!*�C$&"#�%"�1+&#"!.*1$;&�B�!"#'*)!*1$;& �"#�&"1"#*!$+�1+&+1"!�/*#�=!+=$"%*%"#�

5"10&$1*#�%"�/+#�5*'"!$*/"#�B�"/�#)>#)"/+�%">*D+�%"�/*��$!05$%"(��0#�*//0�%"�/+#�=!+1"#+#�%"�!"#'*)!*1$;& B

"&'!"�+'!*#�=!$+!$%*%"# �"#�&"1"#*!$+�"#'*>/"1"!�/*�!"#=)"#'*�#2#5$1*�%"�/*�"#'!)1')!*�=*!*�C)')!+#�'"!!"5+'+#(�

	"�4"14+ �"/�1"&'!+�%"��,<$1+ #"�/+1*/$-*�*=!+<$5*%*5"&'"�*�)&+#�9??�O5�%"�/*�-+&*�%+&%"�5*B+!5"&'"�

+1)!!"&�/+#�#$#5+#�B "# *C"1'*%+�!":)/*!5"&'"�=+!�#$#5+# %"�#)>%)11$;& �=+!�#*1)%$%*# %" $&'!*=/*1*#�%"�C*//*#�

&+!5*/"#�@�Y�HA�B �*)&E)"�5"&+#�C!"1)"&'"# �=+!�#$#5+# 1+!'$1*/"#�=+1+�=!+C)&%+#(��+#�"#')%$+#�:"+',1&$1+#�

B� /*� ".*/)*1$;&� %"� /*� !"#=)"#'*� #2#5$1*� "&� "#'*#� "#'!)1')!*#� #+&� "#1*#+#(� �+!� "D"5=/+ � "&� /+� E)"� =)"%"�

1+&#$%"!*!#"�)&�1*#+�%"�,<$'+ �/*��$!05$%"�%"��+#"!�"&�
:$='+�&+�1+/*=#;�%)!*&'"�*/:)&+#�'"!!"5+'+#�/+1*/"#�

=+!E)"�C)"�!"#'*)!*%*�=!".$*5"&'"�@W4*/$/�	
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&�"#'"�'!*>*D+�)'$/$-*5+#�)&*�5"'+%+/+:2*�&+�$&.*#$.*�

=*!*�"#'$5*!�/*#�=!+=$"%*%"#�C2#$1*#�B�:"+',1&$1*#�%"�"#'"�/":*%+�N&$1+�B�5+&)5"&'*/�%"�&)"#'!+#�*&'"=*#*%+#

'"+'$4)*1*&+#(
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5*'"!$*/"#� %"/� $&'"!$+!� =*!'"� %"� )&* "#'!)1')!*� '$=+� 1N=)/*(� �$&*/5"&'" � 1+&#$%"!*5+#� E)"� /+#� %*'+#�
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/�5+%"/+�)'$/$-*%+�1+&#$#'$;�"&�)&�1)"!=+�1*#$�'!$*&:)/*!�=*!1$*/5"&'"�"&'"!!*%+�#+>!"�)&�
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$&.+/)1!*�"/�#"5$"#=*1$+(
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&�/*�C$:)!*��91�#"�5)"#'!*�
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=*!*�)&�5+%"/+�3	�E)"�1+&#$#'"�"&�)&*�1*=*�=/*&*�%"�9?�5�%"�"#="#+! �E)"�1+!!"#=+&%"�*/�.*/+!�5"%$+�%"�/*�

*/')!*�%"�/+#�!"1"='+!"# �)'$/$-*&%+�/*#�5$#5*#�=!+=$"%*%"#�%$&05$1*#�%"�/+#�5*'"!$*/"#�%"�&)"#'!+ 5+%"/+ 6	(�
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Local Generation of Love Surface Waves

at the Edge of a 2D Alluvial Valley

by Juan Camilo Molina-Villegas,* Juan Diego Jaramillo-Fernández,
José Piña-Flores, and Francisco José Sánchez-Sesma

Abstract This work deals with the local generation of Love surface waves at the
edge of an alluvial valley that is formed by a soft layer with dipping interface. These
waves are extracted from the system response due to the incidence of antiplane SH

plane waves. The indirect boundary-element method (IBEM) is used for computa-
tions. Results are given as modal emission spectra of Love waves, as functions of
frequency, for the fundamental mode and the first two harmonics for various combi-
nations of incidence angles, interface geometries, and impedance ratios. The structure
of these emission spectra is inspired by the analytical solution of the canonical anti-
plane problem of a semi-infinite layer with a moving base and wall, which allows
indication of the 1D response and the locally generated surface waves.

Introduction

Current practice almost neglects the effects of surface
waves in their dual role: (1) as incoming waves produced
by the earthquake source and modulated by the spatial vari-
ability of the site structure and (2) as locally generated by
basin edges. This investigation focuses on the second issue,
as the first problem is explored in the recent study by Bow-
den and Tsai (2016). In any event, the explicit consideration
of surface waves may help reduce epistemic uncertainty.
Novikova and Trifunac (1993, 1994) explore the role of sur-
face waves and even suggest some ground-motion prediction
equations (GMPEs). In fact, Bowden and Tsai (2016) no-
ticed that many GMPEs include terms for the presence of
basins or long-period signals.

There is significant field evidence of the effects of lateral
irregularities in the seismic response of alluvial valleys. It
suffices to give a few examples here. During the 1971
San Fernando, California, earthquake, large differences be-
tween peak ground motions at close stations were attributed
to the presence of lateral irregularities (Hudson, 1972). On
the other hand, King and Tucker (1984) analyzed the re-
sponse of several valleys in Russia to different earthquakes
and concluded that such response could not be explained
near the edges by 1D models. During the 1995 Kobe earth-
quake in Japan, extensive damage and strong motions were
observed in narrow strips in the vicinity of zones with lateral
irregularity (Pitarka et al., 1998). Regarding the 1985Micho-
acán earthquake, which caused significant damage in Mexico
City, the large duration of recorded ground motion can be

partially attributed to the emission of surface waves at the
edges of the valley (Campillo et al., 1989) and the ensuing
energy trapping in the deep sediments (Cruz-Atienza et al.,
2016). In Greece, large ground motions have been docu-
mented for the valley of Volvi, and these were attributed
to lateral and vertical irregularities (Semblat et al., 2005).
Finally, in the Turkish town of Dinar in 1995, serious struc-
tural damage was concentrated in a region near the rocky
outcrops that form the basin edge (Bakır et al., 2002).

Many authors analyzed the dynamic response of 2D
alluvial valleys with lateral irregularity. Bard and Bouchon
(1980a) studied the response of closed alluvial valleys to
the vertical incidence of SH plane waves and examined
the generation of Love waves. They performed their analysis
in both frequency and time domains. Bard and Gariel (1986)
did the same for stratified models. In an attempt to examine
the effects of small irregularities in the bottom of a soft layer
overlying a half-space, Campillo et al. (1990) computed syn-
thetic seismograms and found evidence of the significance of
such effects. Meanwhile, Moczo and Bard (1993) used finite
differences and studied the response of a semi-infinite allu-
vial valley including an analysis of differential motion.
Somewhat later, Heymsfield (2000) used the boundary-
element method (BEM) to study the response of an alluvial
valley with a lateral irregularity geometry similar to that pro-
posed in this communication but the layer was assumed vis-
coelastic. The response was studied in the frequency domain
at different locations in the soft sediments and a comparison
was made with the response of the 1D model. Additionally,
Narayan and coworkers (Narayan and Richharia, 2008;
Narayan and Kumar, 2009; Narayan, 2012) studied the re-
sponse of alluvial valleys with lateral irregularity using either

*Also at Facultad de Minas, Universidad Nacional de Colombia – Sede
Medellín, Colombia 050041.
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homogeneous or stratified models over a homogeneous
half-space. They explored various wave types and the effect
of incident angle as well. With the goal of reaching the en-
gineering practice, their results are given in terms of the so-
called aggravation factor for the nominal 1D model response.

For the inplane case (P, SV, and Rayleigh waves), there
are few studies. In a pioneering work, Bard and Bouchon
(1980b) analyzed the inplane time-domain response of three
closed 2D valleys under vertical incidence of plane P and SV
waves, documented the generation of Rayleigh waves, and
showed the importance of vertical motion as well.

For the 3D case, Volk et al. (2017) studied the effect of
subsurface canyon on the site amplification on the Israeli
coast and Stolte et al. (2017) use the ambient noise to mea-
sure the topographic amplification due to a soft-rock ridge at
Los Alamos, New Mexico.

Despite those contributions, we note that there is not a
complete parametric study by means of which the modal
emission spectra of Love waves could be extracted and used
to compute the approximate response of irregular basins by a
denormalization process.

In this work, a parametric study on the generation of
Love waves in 2D alluvial valleys due to the incidence of
SH plane waves is made. Furthermore, the concept of modal
emission spectrum for Love waves is established inspired in
the canonical solution for the semi-infinite layer with anti-
plane moving rigid horizontal base with a vertical wall.
The extension of these results to 2D and 3D realistic settings
is the subject of our current research.

A Canonical Model

Consider the semi-infinite horizontal layer of mass
density ρ, shear-wave velocity β, and thickness H shown
in Figure 1a. For harmonic antiplane motion of its rigid base
and rigid vertical wall given by v0�ω�, the resulting displace-
ment field can be analytically expressed, with Fourier series,
in terms of a modal sum in which both the 1D response and
the effect of the wall are explicit (Rodríguez-Zúñiga et al.,
1995). The complete displacement field is
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n=β
2�

p
�Im�kn� ≤ 0� is the horizontal wave

number and f0 � β=4H is the fundamental frequency of
the 1D model. For x � 0 the right side of equation (1) is

(a) (b)

Figure 1. Canonical model and synthetic seismograms at surface: (a) the canonical model: semi-infinite homogeneous layer with syn-
chronous moving rigid base and wall, and (b) comparison of the total displacement field and the approximate total displacement field (total
field less inhomogeneous waves) at the surface for a model with β � 1000 m=s, H � 2000 m, and a prescribed displacement defined by
Ricker wavelet with ts � 2:0 s and tp � 1:0 s. The color version of this figure is available only in the electronic edition.
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precisely v0�ω�, fulfilling the moving rigid wall boundary
condition.

Equation (1) can be rewritten in a generalized way as

EQ-TARGET;temp:intralink-;df2;55;526
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4
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2
n
are the modal emission spectra of

inhomogeneous waves (ω < Ωn) and Love waves (ω ≥ Ωn),
whereas Φn�z� � cos�Ωnz=β� are the modal shapes of the
1D model.

Considering that not too far from the vertical wall the
inhomogeneous waves will vanish, from equation (2), the
diffracted field can be approximated as
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πβ

� 1
2
� are the number of modes of

the 1D model for the frequency ω and An�ω� are the modal
emission spectra of Love waves:
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A comparison of the total field and the approximate total
field (total field minus inhomogeneous waves) for a given
model is presented in Figure 1b, in which the close resem-
blance of those signals makes clear the small influence of
inhomogeneous waves for the large range of excitation
frequencies. In fact, for low frequencies these are very im-
portant. Nonetheless, they are beyond the scope of this work.
Therefore, for layered systems over half-space, the evanes-
cent waves are neglected.

From the approximate diffracted field of equation (3), it
can be seen that for every frequency the equation is a finite
modal sum over all the modes that exist for the 1D model,
which includes the product of a nondimensional modal emis-

sion spectrum of Love waves An�ω� (Fig. 2a,b), the modal
shapes of the 1D model cos�Ωnz=β�, the propagation term
exp�−iknx� that involves the phase velocity dispersion
curves of the 1D model (Fig. 2c), and the source or excitation
v0�ω� term. The latter shows the direct relationship between
the diffracted and the 1D model fields.

Some relevant properties of the phase velocity
dispersion curves and modal emission spectra of the canoni-
cal model (Fig. 2) are (1) they have cutoff frequencies that
match the fundamental frequencies of the 1D model
�fnc � �2n� 1�f0; n � 0; 1; 2;…�, (2) they are density in-
dependent, and (3) the modal emission spectra for high
frequencies have participation factors equal to 4�−1�n

�2n�1�π
, which

indicates the small relative importance of higher modes.

Problem Definition

This work stems from some properties of the canonical
model presented in the A Canonical Model section. By
means of a parametric analysis, the local generation of Love
surface waves is characterized. A particular kind of 2D open
alluvial valley model with lateral heterogeneity is consid-
ered, and the incidence of plane SH waves is assumed, as
it is depicted in Figure 3. The model is composed of a layer
(medium s) of depth H with a dipping linear interface over a
horizontal length a, which overlays over a half-space
(medium h).

Problem Decomposition

Using the same decomposition as the one employed for
the canonical model, the total displacement field is defined as

(b)(a) (c)

Figure 2. Modal emission spectra of Love waves and phase velocity dispersion curves of the canonical model: (a) amplitude of the Love-
wave modal emission spectra, (b) phase of the Love-wave modal emission spectra, and (c) phase velocity dispersion curves.

Figure 3. Studied model of a 2D basin with lateral hetero-
geneity.
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the sum of the 1D field and the diffracted field (Fig. 4 shows
an example of this decomposition in the time domain):

EQ-TARGET;temp:intralink-;df5;55;461v�x; z;ω� � v1D�x; z;ω� � vD�x; z;ω�; �5�

in which v�x; z;ω� is the total displacement field (described
in the Total Displacement Field section), v1D�x; z;ω� is the
displacement field for the 1D model due to the incidence of
the same SH plane wave that the model with the lateral
heterogeneity (described in the One-Dimensional Model sec-
tion), and vD�x; z;ω� is the diffracted field (described in the
Diffracted Field section).

The surface waves generated on the lateral heterogeneity
of the model emerges from equation (5). Therefore, the
diffracted field can be computed as

EQ-TARGET;temp:intralink-;df6;55;307vD�x; z;ω� � v�x; z;ω� − v1D�x; z;ω�: �6�

Once the total field is known using a numerical method
and the 1D field from its analytical solution, the diffracted
field is computed and from it some properties of the canoni-
cal model, such as the modal emission spectra of Love
waves, can be obtained.

Total Displacement Field

The total displacement field is computed using a
validated implementation of the indirect BEM (IBEM;
Sánchez-Sesma et al., 1993). This is a numerical method
based on an indirect representation that is a consequence
of Somigliana’s representation theorem. This approach com-
putes the field from distributed sources at the boundaries of
the media and gets an approximate solution of the problem.
As a validation example, the comparison of the analytical
response of the model presented in Figure 5a for an incoming

SH plane wave and the one computed using the IBEM
is shown in Figure 5b. The diffraction from the edges is
negligible.

One-Dimensional Model

The 1D model associated with the studied model is
defined as a layer of depth H, mass density ρs, and shear-
wave velocity βs over a half-space with mass density ρh,
shear-wave velocity βh with a fundamental frequency
f0 � βs=4H. The approach presented here requires the use
of some characteristics of the 1D model: (1) its response due
to the incidence of the same SH plane wave that the model
with the lateral heterogeneity (v1D�x; z;ω�), (2) its phase
dispersion curves or eigenvalues (Fig. 6a), and (3) its modal
shapes or eigenvectors (Fig. 6b) that are now functions of
depth and frequency and are computed as

EQ-TARGET;temp:intralink-;df7;313;287Φn�z;ω� �

�
cos�νsz� 0 < z ≤ H

cos�νsH� exp�−iνh�z −H�� z > H
;

�7�

in which νs �
���������������������������
�ω2=β2s� − k2n

p
is the layer’s vertical wave-

number, νh �
������������������������
ω2=β2h − k2n

p
is the half-space’s vertical

wavenumber, kn � ω=cn�ω� is the horizontal wavenumber
for the nth mode, ω is the circular frequency, and cn�ω�

is the phase velocity of the nth mode as function of frequency
(called dispersion curves).

Diffracted Field

The main assumption of this approach is that somehow
away from the lateral heterogeneity (x > 2a) the diffracted
field is composed mainly of the Love waves that can exist on
the 1D model. This means that the inhomogeneous waves
generated at the basin edge are very inefficient in transport-

−

(a) (b)

Figure 4. Comparison between the total and 1D field for surface receivers in a particular model: (a) Model used to show the decom-
position of the total field as a 1D and a diffracted field; and (b) comparison between the total and 1D field for a time variation of the incoming
plane wave defined as a Ricker wavelet with parameters ts � 3:0 s and tp � 0:8 s. The color version of this figure is available only in the
electronic edition.
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ing energy along the layer. Following equation (3) for the
canonical model, the diffracted field can be approximated as

EQ-TARGET;temp:intralink-;df8;55;208vD�x; z;ω� ≈ �Sh�ω�
XN�ω�−1

n�0

An�ω�Φn�z;ω� exp�−ikn�ω�x�;

�8�

in which An�ω� is the modal emission spectrum of Love
waves for the nth mode (unknown), kn�ω� � ω=cn�ω� is
the horizontal wavenumber for the nth mode of the 1D model
(from phase velocity dispersion curves of the 1D model, see
Fig. 6a for some examples), Φn�z;ω� is the modal shape for
the nth mode of the 1D model (they are computed from

equation 7 and the phase velocity dispersion curves of the 1D
model), N�ω� is the number of modes for frequency ω,
and �Sh�ω� is the amplitude of the incident wave, which
has been defined to have zero phase in the origin of
coordinates.

The procedure employed to compute the modal emis-
sion spectra of Love waves, which are now complex, is de-
scribed as follows: (1) compute the diffracted field in some
surface points far from the lateral heterogeneity using equa-
tion (6), (2) compute equation (8) on the same points from
(1) using the phase velocity dispersion curves and modal
shapes of the 1D model, and (3) generate a overdetermined
system of linear equations that is solved for the modal emis-
sion spectra of Love waves using the least-squares method.

(a) (b)

Figure 6. Phase velocity dispersion curves and modal shapes for the 1D model with properties �ρ � ρs=ρh � 1 and �β � βs=βh � 0:1,
0.2, 0.3, and 0.4: (a) phase velocity dispersion curves, and (b) modal shapes for the fundamental mode and first harmonic for
�f � f=f0 � 3:0. The color version of this figure is available only in the electronic edition.

(a) (b)

Figure 5. Validation of the indirect boundary-element method (IBEM) for the case of a layer over a half-space under the incidence of a
plane SH wave: (a) model used to validate the IBEM, the incoming wave has a time variation defined as a Ricker wavelet with parameters
ts � 1:0 s and tp � 0:3 s; and (b) comparison of synthetic displacements at surface for the analytical and the IBEM solutions. The lateral
size of the IBEMmodel is 10 times the wavelength within the layer at the fundamental resonance frequency. The color version of this figure is
available only in the electronic edition.
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Figure 7 shows the comparison of the diffracted field
(obtained from equation 6) and the approximate diffracted
field (obtained from equation 8 and using the methodology
presented in this section) for the model presented in
Figure 4a. The agreement is good even for depth receivers,
though only information from surface receivers were em-
ployed on the computation of the modal emission spectra
of Love waves; for receivers outside the basin the compari-
son is meaningless because the diffracted field cannot be
approximated using equation (8).

To validate the procedure described above, in Figure 8
the amplitudes of the modal emission spectrum of Love
waves for the canonical model obtained using only surface
receivers (light line) and the analytical ones (dark line) are
compared.

Through the use of a parametric analysis, the modal
emission spectra of the fundamental mode and the first

two harmonics will be presented and analyzed for a wide
family of models.

Parametric Analysis

To perform a parametric study, we introduce these nor-
malized quantities: nondimensional horizontal length of the
lateral heterogeneity, �a � a=H; nondimensional shear-wave
velocity, �β � βs=βh; nondimensional density, �ρ � ρs=ρh;
impedance ratio, IR � βsρs=βhβh; and nondimensional
frequency, �f � f=f0 � 4Hf=βs. The analysis includes six
geometries ( �a � 0, 0.5, 1, 2, 4, and 8), four IRs (0.1, 0.2,
0.3, and 0.4), and three incidence angles (γ � 0°, 30°, and
60°); nondimensional density �ρ � ρs=ρh � 1 has been
assumed. This amounts to 72 models.

Figures 8–13 show the amplitudes and phases of the
modal emission spectra of Love waves for the fundamental

(a) (b)

(c) (d)

Figure 7. Comparison of the diffracted field and the approximate diffracted field for surface and interior receivers of the model presented
in Figure 4a, for low (ts � 3 s and tp � 1:5 s) and high (ts � 3 s and tp � 0:8 s) frequencies, in which Ricker wavelet has been used as
temporal variation of the incident SH plane wave: (a) surface receivers and low frequencies, (b) interior receivers (z � 75 m) and low
frequencies, (c) surface receivers and high frequencies, and (d) interior receivers (z � 75 m) and high frequencies. The color version
of this figure is available only in the electronic edition.
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mode and the first two harmonics of the analyzed models,
which have been computed using the procedure presented
herein.

Figures 8–13 display the salient characteristics of Love-
wave emission spectra. We note that the inversion scheme
leads to some small effects of other modes that are present
in the computed complete response. The bias introduced is
very small and can be reduced by adopting explicit analytic
templates and performing simultaneous multimode inver-
sion. This is not the main subject of our research and will
require further scrutiny. Meanwhile, we highlight the follow-
ing properties of the modal emission spectra for the studied
set of models:

• The most significant parameters that control the modal
emission spectra are, in order of importance: IR, the inci-
dence angle (γ), and the geometry of the lateral irregularity
( �a); this is shown in Figures 9, 11, and 13.

• The amplitude of the modal emission spectra is null for
frequencies smaller than the associated fundamental fre-
quency of the 1D model ( �f � 2n� 1), then, with a jump,
reaches maximum value. From this, frequency until
( �f � 2n� 2) decreases very fast and becomes constant
or continues with a very slow decay. This behavior is sim-
ilar to that of canonical model and is shown in Figures 9,
11, and 13.

• Emission of Love waves appears to be negligible if the IR
is greater than 0.4; this is shown in Figures 9, 11, and 13.

• The amplitude of the modal emission spectra increases for
small values of the IR; this is shown in Figures 9, 11,
and 13.

• The amplitude of modal emission spectra increases with the
incidence angle; such effect has been described by Sánchez-
Sesma and Esquivel (1979), see Figures 9, 11, and 13.

• The amplitude of modal emission spectrum increases with
the horizontal length of the lateral irregularity for frequen-
cies higher than the fundamental, see Figures 9f, 11f,
and 13f.

• The lower amplitude of modal emission spectrum for the
fundamental mode occurs for the lowest IR, the vertical
incidence of the plane waves, and the lower slope of the
lateral irregularity ( �a � 8). Specifically, in this case, the
peak amplitude is about the 6% of the maximum, see
Figure 9f.

• The lateral irregularities with small slopes tend to be more
efficient at generating Love waves at higher frequencies
( �f > 2) than the ones with large slopes, see Figures 9f,
11f, and 13f.

• For higher modes, the amplitude of the modal emission
spectrum decreases, as compared to the one of fundamental
modes, see Figures 9, 11, and 13.

• The phase of the modal emission spectrum for small values
of �a (large slopes of the lateral heterogeneity) is smoother
than for high �a (lower slopes of the lateral heterogeneity),
see Figures 10, 12, and 14.

• For sharp lateral heterogeneity, the phases always have the
values of −π, 0.0, and π, as in the canonical model (see
Fig. 2b); this is shown in Figures 10a, 12a, and 14a.

Conclusions

• Starting with the analytical response of a semi-infinite
layer with moving rigid base and wall, we introduce the
concept of modal emission spectrum of Love waves and
propose an inversion scheme to obtain them as functions
of frequency and the parameters that define a set of con-
figurations. The inversion scheme provides the salient
properties of modal emission spectra. This is being im-
proved to reduce the small bias due to modes different from
the studied one.

• These modal emission spectra measure the efficiency of a
basin with lateral heterogeneities for the generation of sur-
face waves. This work is focused on Love’s waves.

• The modal emission spectrum is a property of the basin
edge and the incoming field and does not depend on the
location of the receivers used for its computation because
the inhomogeneous field is negligible on those points.

• A parametric analysis has been carried out for the compu-
tation of the modal emission spectra of Love waves corre-
sponding to the fundamental mode and the first two
harmonics for a particular antiplane open valley with lat-
eral heterogeneity. The principal results that emerge from
this analysis indicate that: (1) their value is almost zero
until a cutoff frequency matches the fundamental fre-
quency of the 1D model fnc � �2n� 1�f0. For larger
frequencies, their amplitudes continuously decrease and
tend to be almost flat for high frequencies, (2) its amplitude
increases for small IRs, (3) the amplitude increases with
the incidence angle, and (4) small slope irregularities

Figure 8. Comparison of the amplitude of the modal emission
spectra for the canonical model. Dark line represents the analytic
result obtained from equation (4), and light line represents the result
obtained using the surface displacement field and the least-squares
method described in the Diffracted Field section. The color version
of this figure is available only in the electronic edition.
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(large �a) are more efficient in the generation of Love waves
than large slope basin edges.

• The results summarized in this communication can be used
to approximately assess the response of a particular kind of

open alluvial valley with lateral heterogeneity due to the
incidence of SH plane waves. Besides the Love waves
generated at the basin edge, this approach includes the
1D response as well.

(a) (b)

(c) (d)

(e) (f)

Figure 9. Amplitude of the modal emission spectra for the fundamental mode for different lateral irregularity geometry ( �a), impedance
ratios (IRs), and incidence angles (γ): (a) �a � 0:0, (b) �a � 0:5, (c) �a � 1:0, (d) �a � 2:0, (e) �a � 4:0, and (f) �a � 8:0. The color version of
this figure is available only in the electronic edition.
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(a) (b)

(c) (d)

(e) (f)

Figure 10. Phase of the modal emission spectra for the fundamental mode for different lateral irregularity geometry ( �a), IRs, and in-
cidence angles (γ): (a) �a � 0:0, (b) �a � 0:5, (c) �a � 1:0, (d) �a � 2:0, (e) �a � 4:0, and (f) �a � 8:0. The color version of this figure is
available only in the electronic edition.
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(a) (b)

(c) (d)

(e) (f)

Figure 11. Amplitude of the modal emission spectra for the first harmonic for different lateral irregularity geometry ( �a), IRs, and in-
cidence angles (γ): (a) �a � 0:0, (b) �a � 0:5, (c) �a � 1:0, (d) �a � 2:0, (e) �a � 4:0, and (f) �a � 8:0. The color version of this figure is
available only in the electronic edition.
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(a) (b)

(c) (d)

(e) (f)

Figure 12. Phase of the modal emission spectra for the first harmonic for different lateral irregularity geometry (�a), IRs, and incidence
angles (γ): (a) �a � 0:0, (b) �a � 0:5, (c) �a � 1:0, (d) �a � 2:0, (e) �a � 4:0, and (f) �a � 8:0. The color version of this figure is available only in
the electronic edition.
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(a) (b)

(c) (d)

(e) (f)

Figure 13. Amplitude of the modal emission spectra for the second harmonic for different lateral irregularity geometry ( �a), IRs, and
incidence angles (γ): (a) �a � 0:0, (b) �a � 0:5, (c) �a � 1:0, (d) �a � 2:0, (e) �a � 4:0, and (f) �a � 8:0. The color version of this figure is
available only in the electronic edition.
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• The extensions of the results presented herein to realistic
2D and 3D settings with the consequent emission of both
Love and Rayleigh waves considering near-source effects
are all subjects of our current research.

Data and Resources

Synthetic seismograms used in this study were com-
puted by means of our own computer codes that implement
the indirect boundary-element method (IBEM). Dispersion

curves where computed using our own implementation of
Thomson–Haskell method.
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(a) (b)

(c) (d)

(e) (f)

Figure 14. Phase of the modal emission spectra for the second harmonic for different lateral irregularity geometry (�a), IRs, and incidence
angles (γ): (a) �a � 0:0, (b) �a � 0:5, (c) �a � 1:0, (d) �a � 2:0, (e) �a � 4:0, and (f) �a � 8:0. The color version of this figure is available only in
the electronic edition.
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A B S T R A C T

The location of El Ejido town over a deep sedimentary basin in a zone of high seismicity in the Spanish context

has motivated research on its seismic response characterization. To this aim, S-wave velocity models have been

obtained from joint inversion of Rayleigh wave dispersion curves and full-wavefield modelling of the horizontal-

to-vertical spectral ratio of ambient noise (HVSR) under the diffuse field assumption (DFA). Combination of

spatial autocorrelation surveys (SPAC) with array apertures of several hundred metres and HVSRs displaying

low-frequency peaks allowed to characterize deep ground features down to the Triassic bedrock. Predominant

periods in the town ranged from 0.8 to 2.3 s, growing towards the SE, with few secondary peaks at higher

frequencies.

The shallow structure has been explored by means of geotechnical surveys, Multichannel Analysis of Surface

Waves (MASW) and SPAC analysis in small-aperture arrays. Resulting models support a general classification of

the ground as stiff soil.

1. Introduction

As cities grow up, the number of elements exposed to risk becomes

bigger and updated strategies to reduce the seismic risk are required.

This is the case of El Ejido, a new town in southeast Spain with a

constant growth rate which has trebled its population since the early

eighties. It is located 10 km from the Alboran sea coast, the most seis-

mically active region in the country. The significant seismic hazard in

this area is supported by historical seismic reports [1] and has been

evidenced by recent strong earthquake swarms occurred in Alboran Sea

[2]. This perspective made it worthwhile for us to carry out a seismic

microzonation in terms of seismic velocities and predominant periods

of the ground motion.

Regarding to the local ground conditions of El Ejido, there are two

remarkable features which turn this area into a singular framework. It is

located atop Campo de Dalías, which is a deep sedimentary basin

capable of developing low-frequency resonances of seismic waves,

whereas the relatively hard soils found near surface could lead to un-

derestimating the seismic hazard that really exists. European seismic

code [3] includes a soil characterization in terms of shear wave velo-

cities. Nevertheless, such classifications of soil based solely on the

average shear-wave velocities for the upper 30m (VS30) ignore velocity

contrasts between soil layers below 30m, especially in cases of deep

sites as Campo de Dalías [4–6] which could result in a less accurate

determination of elastic response spectra. Moreover, the ratio between

the resonant periods and the natural period of the building structures

has been demonstrated as an explanatory parameter of damage incre-

ment in affected buildings [7].

Modern structural design codes [8,9] begin to include the site

period in the definition of soil classes and researchers are proposing

new site classifications based on this property [10,11]. It is a well-

known fact that unconsolidated deposits amplify seismic waves [12].

Destructive earthquakes as the 1985 Michoacán and 2015 Kathmandu

events, as well as moderate ones like the 1993–1994 Adra earthquakes

[13] are evidence of this. On the other hand, long-period ground mo-

tion is increasingly often considered as an essential point due to its

interaction with large-scale structures [14,15] because long pre-

dominant periods linked to deep basins might play a role as important

as softer sediments in shallower basins.

Geological and geotechnical information gives evidence of the ac-

tual landform conditions for shallow and deep layers through a char-

acterization of existing materials, being the shear-wave velocity (Vs)
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structure the most relevant parameter for site effect estimation. A long-

established parameter in geotechnical studies, the NSPT value is widely

used for estimation of Vs ground structure where more specific methods

are not available (e.g. [16–18]).

The Vs structure of ground materials can be also obtained by pro-

cessing short-period Rayleigh waves by means of techniques that take

advantage of their dispersive properties when they travel through a

layered media. The phase-velocity cR(f) is mainly determined by the Vs

structure with slight dependence on the P-wave velocity (VP) and

density (ρ). Surface waves provide the highest possible signal-to-noise

ratio for shallow seismic exploration. Consequently, the field works for

data acquisition and subsequent data analysis become cost-effective in

comparison with other classical techniques, ensuring reliable results

[19–21].

The spatial autocorrelation method (SPAC, [22]) and the horizontal-

to-vertical spectral ratio (HVSR) provide a theoretical basis for ground

characterization from analysis of seismic noise signals. The HVSR

technique [23] is nowadays used as the standard tool for obtaining the

fundamental site period meanwhile array-based techniques provide

elastic parameters variations with depth [22]. The combination of these

two methods in joint inversion schemes allows resolving lower fre-

quency bands and the effective identification of deeper ground inter-

faces (e.g. [24–28]). The diffuse wavefield approach (DFA, [29]), based

on the seismic interferometry theory, provides a suitable theoretical

framework for modelling these observations.

This work is focused on the microzonation of El Ejido through

available geological and geotechnical information, active-source sur-

face-wave methods and ambient seismic noise surveys. To this aim,

geological and geotechnical data have been compiled and described.

Application of the MASW method along six profiles enhanced the re-

solution in the upper layers. The possibility of estimating VS30 from the

phase velocity of Rayleigh waves of a particular wavelength, cλ, has

been evaluated using the MASW dataset. Then, a dense seismic mi-

crozonation based on the HVSR technique has been carried out. HVSRs

have been used for inversion of local 1-D velocity profiles, combined

with geological information and/or dispersion curves retrieved from

array techniques, and 2D cross-sections have been built from several

local models. An algorithm based on the DFA [30] was employed for

this task. Instrumental choices and limitations of techniques used for

signal analysis were taken into account to interpret the results accu-

rately.

This study is the first stage for future seismic risk mitigation plans

which should consider local seismic response effects, based on the

whole set of soil dynamic parameters, to assess the seismic hazard level

of the populated towns in this coastal plain.

2. Geological and geotechnical settings

The town of El Ejido is located in Campo de Dalías, a basin bordered

by the Alboran Sea to the south and by Sierra de Gador mountain range

to the north (Fig. 1). From a tectonic point of view, Campo de Dalías

basin is located in the Internal Zone of the Alpine Betic Chain, being an

emerged portion of the Alboran Sea [31]. It has an extension of around

330 km
2
spanning 33 km long (in E-W direction) and 14 km maximum

wide (in N-S direction). El Ejido is over thick sedimentary fillings with

ages between Mid-Miocene and Holocene as concluded in previous

general studies of Campo de Dalías basin (e.g. [32,33]). These sedi-

ments overlay a folded Paleozoic-Triassic metamorphic complex, de-

noted as Alpujárride complex, which is settled as the bedrock of the

coastal plain. Sierra de Gádor is the most representative outcrop of this

complex, that remains as the bedrock under the marine sediments in

Alboran Sea [34] (Fig. 2).

The basin basement is composed of dolomites and limestones

slightly metamorphosed in the upper part, although phyllites and

quartzs can be found on the occidental and oriental borders of Sierra de

Gádor [33]. Miocene sediments are deposited discordantly over this

folded and faulted basement, including rocks of marly, clayey and

sandy-silty nature in the study area. The Miocene succession is overlaid,

also discordantly, by a Pliocene sequence mainly composed of calcar-

enites, silts, marls, sands and conglomerates [32,35]. Quaternary de-

posits lay on top of the upper Pliocene and can be either marine or

continental in origin [33]. Those of continental origin are made up of

red silts and they are abundantly found on the surface of El Ejido as well

as marine terraces (Fig. 2a). Pliocene calcarenites are also found in a

small percentage on El Ejido surface, but their bigger outcrop is found

in the southwestern sector of Campo Dalías plain. Therefore, Qua-

ternary deposits have a variable lateral continuity while Pliocene unit

has a higher continuity on the scale of the study area [35] (Fig. 2b).

Industrial intensive agriculture is the main economic activity in

Campo de Dalías using a large percentage of the coastal plain lands.

Such activities find on underground aquifers their main water supply,

resulting in a huge number of dug wells throughout this area. These

Fig. 1. Location of the study area. Background colour of Campo de Dalías displays the digital elevation model.
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resources are useful for interpretation of the passive seismic surveys

and they enabled us to draw various preliminary cross sections of the

sedimentary cover near El Ejido (Fig. 2b). Borehole data along with

some previous studies based on seismic surveys [36] provide us with a

priori information of average seismic velocities and densities. Materials

of the Pliocene unit have been attributed with mean seismic velocities

(VP) around 2.6 km/s [33]. Upper Tortonian calcarenites have esti-

mated seismic velocities (VP) around 3 km/s. On the other hand, 1-D

velocity models in the Alboran Sea obtained by Grevemeyer et al. [37]

attribute VP above 5 km/s to the first crustal layer, which would com-

prise the Alpujarride complex.

Geotechnical information extracted from 15 standard penetration

tests (SPT) made for foundation design (Fig. 3) has been used to in-

vestigate the composition and properties of the shallow ground layers.

Quaternary red silts and clays cover the central flatland in El Ejido

town, which is wedged in between two gently hills with N-S trend en-

closed in the marine terraces area (Fig. 2a). The deepest geotechnical

surveys show that these Quaternary deposits have thicknesses of up to

25m in the central-southern zones (surveys 8, 10, 12) increasing up to

40m in the NE part (694-D). They overlay Pliocene calcarenites which

can be effectively considered as the geotechnical basement. Surveys

performed on the hills show abundant gravelly levels (1, 5, 6),

Fig. 2. a) Surface geological map of El Ejido area (modified from MAGNA, Spanish Geological Survey). The urban perimeter is denoted by the black line. Borehole

locations are represented by triangles and the Standard Penetration Tests by circles b) Cross-sections along profiles sketched from available boreholes.
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calcareous crusts (3, 4, 14) and conglomeratic rocks (13, 15) in the

upper metres. Pliocene calcarenites are almost outcropping in surveys 2

and 80-D and at a depth of 9m in survey 15. The deepest SPTs pene-

trated 15m into this calcarenitic layer without reaching its bottom.

Deep wells performed in the town (80-D, 285-D, 694-D) reached the

bottom of the calcarenitic layer at depths between 60 and 90m.

3. Analysis and results

A brief description of applied methodologies, data analysis and re-

sults obtained for determination of the shallow and deep ground

structure in El Ejido town are presented below. The shallow VS structure

has been estimated from geotechnical information and calculated using

MASW and SPAC techniques. The deep ground structure is determined

by joint inversion of HVSRs and dispersion curves retrieved from am-

bient noise records.

Fig. 3. Lithostratigraphic columns from studied geotechnical loggings. Locations of these logs can be found in Fig. 2a.

Table 1

Empirical correlations based on NSPT vs VS to process the geotechnical tests.

Author(s) Soil type VS based on NSPT-value

(m/s)

r
2

Ohta and Goto [17] Clays and silts 85.6 N
0.34

0.73

Sand and gravels 85.6·1.048 N
0.34

0.73

Gravels 85.6·1.222 N
0.34

0.73

Akin et al. [16] All alluvial Soils 59.44 N
0.109

z
0.426

0.79

All Pliocene Soils 121.85 N
0.101

z
0.216

0.88

Tan et al. [18] Soft Soil 101.34 N
0.2364

0.83

Stiff soil 128.71 N
0.2833

0.65

Hard Soil and Soft

Rock

128.05 N
0.4081

0.73

Yoshida and Motonori

[38]

50% Gravel Soil 60 N
0.25

0

0.14
–

z=depth in metres, N=number of blow counts, r
2
= multiple correlation

coefficient.

0
=Vertical pressure in kPa.
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3.1. Geotechnical tests

As a first approach to estimate Vs values, empirical relationships

between this property and the SPT blow count (NSPT) have been used

[16–18,38]. Except for one case of 50m drilling, all the tests were

performed very shallow, between 3 and 30m deep. The water table was

found in the deepest borehole at 34m in Pliocene calcarenites. Due to

the lack of local VS-NSPT relationships for the soils of the study area, the

values obtained with several empirical formulae (Table 1) must be

taken as a rough approximation.

Geotechnical data show a Quaternary unit varying widely in com-

position and interleaved with calcareous and conglomeratic crusts

which lead to meet refusal of the in-situ tests even in the top.

Stratigraphic sections generally have a first unit of artificial ground

with an average thickness of 80 cm. Most of them drilled the

Quaternary unit only. The vast majority of empirical relationships be-

tween NSPT and VS found in literature have been calculated for

Quaternary soils while older materials are scarcely studied. Therefore,

the possibility of comparison of estimated Vs values for Pliocene cal-

carenites is very limited (Table 2).

According to Table 2, materials found on in situ tests were estimated

to have average VS of 263m/s for sands, 268m/s for silts, 347m/s for

gravels and 297m/s for clays. Despite the lack of local and specific

correlations for calcarenites a VS mean value of 511m/s has been are

estimated for these rocks.

3.2. Multichannel analysis of surface waves

In November 2017, 3.4 km of linear transects arranged in six pro-

files were laid out through several streets of El Ejido (Fig. 4) for an

active-source MASW survey. Locations of these transects were chosen to

sample the main geological units described in Fig. 2. A Wacker Neuson

BS60-4s vibratory rammer was used as seismic source (Fig. 5b). To

reach high efficiency in terms of surveyed length per day, a towed land-

streamer was built by using a heavy-duty fire hose (Fig. 5a), which

enabled collecting data in a roll-along mode. The seismic equipment

consisted of 24 geophones of 4.5 Hz natural frequency screwed onto

metal plates with 2m spacing and a SUMMIT II Compact recording unit

(Fig. 5a). The offset from the seismic source to the first geophone was

4m. This linear array of 46m in length was displaced 10m between

consecutive shots.

The seismic data were processed by using the “SurfSeis” software

package from Kansas Geological Survey, USA. Dispersion curves were

manually picked from each shot gather after applying the wavefield

transformation into the frequency-velocity domain described by Park

[39] (see also [20,40]). This processing provided a set of dispersion

curve fragments at relatively high frequencies, all of them comprised in

the band 7–50 Hz. As an example of data processing, Fig. 5c depicts a

dispersion diagram in which the fundamental mode is clearly observed.

Since variations in the dispersion curves corresponding to individual

profiles remained moderate, the respective average curves are shown

for reference (Fig. 6). For each profile, the dense series of dispersion

curves were identified as fundamental-mode Rayleigh waves and se-

parately inverted using the gradient-based iterative method described

in Xia et al. [41]. The local 1D VS models were parametrized using 10

layers of variable thicknesses and unbounded seismic velocities VS and

VP, maintaining a constant Poisson's ratio of 0.25. The models pre-

senting the minimum RMS error between experimental and theoretical

dispersion curves were selected, allowing a maximum RMS of 0.5.

Then, a 2D (horizontal position versus depth) Vs model was built by

means of kriging interpolation, assigning every 1D model to the mid-

point of each receiver spread [40]. The resulting cross-sections are

shown in Fig. 7.

It is usually considered that the maximum reliable Rayleigh wave-

length for MASW surveying is of the order of the array length (e.g.

[42]). Thus, approximate relationships lead to an effective surveying

depth between 15 and 23m for the here-employed array setup.

Since each MASW line was designed to sample a particular geolo-

gical unit, the Vs structure shows a reasonable lateral uniformity along

each cross-section. It allows synthesizing the results in terms of average

velocities. Table 3 shows VS30 values averaged along the profiles. Since

the theoretical maximum penetration of the MASW method for our

Table 2

Description of depths (minimum and maximum), N-value, real density (ρ) and VS computed from the NSPT value by using empirical relationships.

Soil Type Depth Levels

(min.–max.) (m)

N-value ρ (g/cm
3
) VS (Ohta and Goto)

(m/s)

VS (Akin et al.)

(m/s)

VS (Tan et al.) (m/

s)

VS (Yoshida and Motonori, 50%

gravels) (m/s)

n X σ n X σ X σ X σ X σ X σ

Quaternary

Sands with gravels 1.0–9.0 1 25 – 2 1.90 0.14 268 – 205 – 320 –

Silts 1.5–13.6 29 22 16 2 1.84 0.01 256 75 230 125 319 77

Gravels 2.3–8.7 18 46 8 1 1.72 – 379 43 376 35 287 34

Clays 1.9–24.8 26 33 18 1 1.94 – 282 64 264 86 346 67

Pliocene

Calcarenites 3.6–47.4 19 49 22 2 2.15 0.07 – – – – 666 145

n= number of data, X=mean value, σ= standard deviation.

Fig. 4. Distribution of conducted seismic surveys and accessed boreholes in El

Ejido urban area. Red lines represent MASW profiles. Black dots are HVSR

measurement points (Section 3.3). Red pentagons illustrate the deployment

points (S1, S2 and S3) of portable seismic arrays (Section 3.4). Grey circles and

triangles show the locations of the analysed SPTs and boreholes (see details in

Fig. 2 and 3). Lines a-a′ and b-b′ denote the profiles for which HVSR curves

were inverted (Section 3.3.1). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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experimental setting is about 23m, VS30 estimates involve some ex-

trapolation of the Vs(z) structure, which has been performed assuming

continuity of the bottom layer properties down to 30m.

The highest average VS30 values, 738 ± 60 and 725 ± 70m/s,

have been found in zones of marine terraces surveyed by profiles P1 and

P5 (eastern hill and northern part of the town, respectively, Fig. 4).

Velocities grow towards the north in P1 and they are slightly lower in

the eastern part of P5, near a dry watercourse.

Intermediate velocities between 605 ± 40 and 658 ± 70m/s in

VS30 have been found in profiles P2, P4 and P6. Even though the

shallow geology at P2 and P4 correspond to Quaternary red silts, pre-

sence of hard clays, cemented limes and calcareous crusts from 5 to

15m deep is behind these relatively high velocities. Pliocene calcar-

enites were reached at depths of 14 and 25m in the west and east ends

of P2, respectively.

The lowest VS30 (506 ± 70m/s) corresponds to profile P3, in the

central-southern part of the town, with decreasing values to the south.

Nearby geotechnical logs (points 9 and 10 in Fig. 2a) show somewhat

softer columns without significant cemented layers or having drilled

calcarenites in the upper 19m.

3.3. HVSR technique

Predominant period of soil was obtained in this work through

seismic noise measurements by application of horizontal to vertical

spectra ratio method (HVSR, [23]). This method is nowadays used as a

standard tool for obtaining resonance frequencies of sediments when a

high impedance contrast exists [43]. Over the last years, methods for

modelling HVSR(f) were developed to be used in geophysical explora-

tion. A recent review of these techniques has been made by Lunedei an

Malischewsky [44].

In view of the relatively high sedimentary thicknesses (Fig. 2) and

the expectation of fundamental frequencies distributed in a wide band,

especially below 1Hz, broadband seismometers were chosen to perform

the seismic noise observations. Portable Güralp CMG-6TD triaxial

seismometers were used to record the three components of ambient

Fig. 5. Experimental setup for data acquisition of MASW data and example of dispersion curve retrieval. (a) Land-streamer of 46m in length with 4.5 Hz geophones;

(b) manual vibratory rammer as seismic source; (c) Dispersion curve picking for a shot gather belonging to profile P 3.3.

Fig. 6. Mean dispersion curves along the MASW profiles (Pn labels, blue

colour). Dispersion curves computed from passive array experiments (Section

3.4) are shown with yellow lines and labelled as Sn. The respective locations

can be found in Fig. 4. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

A. García-Jerez, et al.



noise vibrations at 94 measurement points in the town (Fig. 4). Flat

response in velocity of these seismometers is between 0.03 and 100 Hz.

Every single station was equipped with a GPS and the measurements

were sampled with a rate of 100 samples per second (sps). For each site,

data acquisition lasted between 20 and 30min depending on the level

of local disturbances (pedestrians, nearby traffic, etc.). “Geopsy” soft-

ware (http://www.geopsy.org; [45]) was used to compute HVSRs in the

frequency range 0.25–15 Hz, employing 40 s long time windows over-

lapped 50%. Removal of those windows clearly contaminated with

transients was done manually. Fourier amplitude spectra were

smoothed through a Konno & Ohmachi window [46] with a bandwidth

coefficient of 40.

Fig. 8 shows the HVSRs obtained at four different sites which ex-

emplify the typologies found: clear peak, broad peak, plateau and

double peak. A univocal definition of the fundamental frequency, out of

the total number of 94 measurement points, was obtained for 26 points

included in the group of clear peaks (Fig. 8a).

Clarity of HVSR peaks obtained in El Ejido was tested following the

recommendations proposed in SESAME guidelines, assessing criteria

related to amplitude and frequency-dependent thresholds [47]. Only

one of the HVSR curves was found with a weak peak, the rest were

included in the four groups of typologies defined previously: 40 belong

to broad-peak type (42% of our measurements), 27 were classified as

clear peaks (28%), 16 double peaks (18%) and 10 plateau (12%). Some

trends can be observed in the spatial distribution of HVSR shape

(Fig. 9). The northern part of the town is clearly represented by HVSR

with broad peaks. In the central part, there is an irregular distribution

including all the shape types. A majority of clear peaks are concentrated

in the southeast part of the town. This distribution could be interpreted

in terms of local complex stratigraphy as well as the effects of dipping

interfaces near the basin edge [48–52].

It is remarkable how all HVSRs have their peaks in the frequency

band below or close to 1 Hz, independent of its shape. Such low-fre-

quency resonances give information of the deep interfaces between

Quaternary-Neogene sediments and soft rocks and Upper Miocene-

Triassic stiff rocks. The HVSR curves along sections a-a′ and b-b′ are

shown in Fig. 10. The overall trend of frequencies to decrease towards

the SE (Figs. 9, 10b) is consistent with the increments in depth shown in

the geological cross sections (Fig. 2b) as well as in isopach maps of the

basin built from borehole analysis [32].

3.3.1. Inversion of HVSR shape

An innovative interpretation of the HVSR inspired by the possibility

of retrieving the 3D elastodynamic Green's tensor between two stations

embedded in an elastic medium from cross-correlation of their ambient

noise records (ambient noise interferometry) was introduced by

Sánchez-Sesma et al. [29]. The theoretical basis of this general hy-

pothesis was developed in several research works [53–55] and con-

firmed in experiments with ambient noise measurements [56].

In the underlying theoretical approach, a 3D-diffuse equipartitioned

displacement vector field is assumed to be established within an elastic

Fig. 7. MASW cross-sections obtained in El Ejido town. Profile locations are shown in Fig. 4.

Table 3

Average VS30 values and phase velocities for 40 and 45m wavelength (cλ) for

each MASW profile. N shows the number of measurements considered.

Profile N VS30 (m/s) N c40 (m/s) N c45 (m/s)

P 1 75 738 ± 60 59 644 ± 60 30 684 ± 50

P 2 44 658 ± 70 15 625 ± 70 8 640 ± 80

P 3 67 506 ± 70 42 465 ± 60 32 494 ± 70

P 4 27 605 ± 40 18 555 ± 40 10 570 ± 40

P 5 47 725 ± 70 34 657 ± 70 21 672 ± 80

P 6 21 606 ± 50 11 583 ± 60 6 612 ± 80
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medium with a bounded heterogeneous region. Then, power spectral

densities of motion along any Cartesian axis m at an arbitrary point x,

Pm(x; ω), are proportional to the imaginary part of the corresponding

Green's function at the source Gmm(x; x; ω), where ω=2 π f is the

circular frequency and m=3 stands for vertical direction [57]. Taking

the usual definition, the H/V spectral amplitude ratio under DFA is

given by

=HVSR x
P

P

Im G

Im G

x

x

x x

x x

( ; )
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11

33 (1)

According to this theory, the inversion of seismic velocity models

from the experimental HVSRs has been carried out considering a stra-

tified elastic halfspace by using algorithms described in [30] which take

advantage of compact expressions of the imaginary part of Green's

functions [58] for the special case of coinciding source and receiver at

the top of the layered media. “HV-Inv” software (https://w3.ual.es/

GruposInv/hv-inv/, [30,59]) was used to obtain seismic velocity pro-

files for sections a-a′ and b-b′ (Fig. 4). The former profile was chosen

according to clarity of the intersected peaks as well for being in the

flatland, where shallow exploration methods found softer materials,

while the latter by criteria based on the expected trend of sediment

thickness growing. In general, the HVSRs were considered between

0.25 Hz and 15 Hz. This frequency range was shortened in cases of

unstable behaviour at low frequencies (see e.g. Fig. 8c below 0.4 Hz)

and in some cases presenting singular features near this high-frequency

limit (e.g. flat HVSR with amplitudes below 1), probably related with

very shallow and local ground characteristics. This latter simplification

avoids excessive and site-depending model parametrization in the

upper 10–15m.

Attending to the stratigraphic models, where five main geological

units are distinguished (Fig. 2b), the inversion procedure began with

the establishment of parameters ranges for a general model of four

layers over a half-space (Paleozoic-Triassic unit). The limits for the

seismic velocities, density, thickness and Poisson's ratio of each layer

(Table 4) have been defined on the basis of previous geophysical in-

formation (e.g. [33,37]) besides a calibration through 20 HVSR mea-

surements on boreholes, where stratigraphy is known. A combined use

of Monte Carlo sampling (in a first stage) and downhill simplex opti-

mization was the strategy followed to adjust the theoretical HVSR

curves, resulting from trial models in the parameters space (Table 4), to

the experimental ones. Likelihood of the tested models, for both the

HVSRs and the dispersion curve inversions (Section 3.4) is based on the

definition:

=

=
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where X is the inverted observable, σX is its standard deviation, and

subscripts obs and th stand for observed and theoretical values.

An example of inversion at a borehole site, using depth constraints

based on stratigraphy, is shown in Fig. 11. Conversely, results for sites

Fig. 8. Four instances of HVSR typologies found in El Ejido: a) curves with a single clear peak b) broad peaks whose widths vary from 0.2 to 0.4 Hz c) plateau-type

shape with low amplitude and d) peaks showing narrower peaks on top.
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S1, S2 and S3 (Fig. 4) are shown in Fig. 12 as examples of inversions of

HVSR where a priori information is lacking, using the general parameter

ranges presented in Table 4. These three curves show significant peaks

with fundamental frequencies below 0.7 Hz and amplitudes between 4

and 5, reproduced by models with clear velocity contrasts between 400

and 650m deep. These contrasts can be interpreted as interfaces with

hard calcareous rocks. The HVSRs become relatively flat above the

main peak except for site S1, where a wide bump in the band 1.2–10 Hz

evidences a more complex shallow structure.

The 1-D seismic velocities models obtained along lines a-a′ and b-b′

were assembled into pseudo-2D profiles (Fig. 13) by using a radial-basis

function interpolation through “Surfer” software. The a-a′ cross-section

(Fig. 4) arises from the best fits of 7 HVSR curves distributed along

1800m, and the second one (b-b′ Fig. 4) from 9 curves along 2800m.

In the light of these two profiles, various remarks can be made about

the sediments drift and seismic velocity ranges attributed to each geo-

logical unit. Firstly, it is observed how the depth down to the halfspace

increases from 370m in the northwest limit to 620m in the southeast

end (b, b′ respectively) while it keeps around 550m deep along a-a′

profile. Since overlapping between velocity values of different materials

Fig. 9. Spatial distribution of HVSR peak frequencies in El Ejido urban area. Broad peaks are represented by squares, clear peaks by triangles, double peak shapes by

twin triangles and plateau shapes by half squares.

Fig. 10. Representation of HVSRs along sections a-a′ (panel a) and b-b′ (panel b). These profiles have been extended beyond the town limits in order to oversee

consistency with the general basin structure. Peak amplitudes have been normalized and their corresponding fundamental periods are highlighted with black

triangles.
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is accepted, an unequivocal and direct identification of each layer from

these profiles is not possible. Thus, we prefer to give results in terms of

averaged values for each layer of the general model established for

inversion (Table 5).

3.4. SPAC technique

The second procedure used here to define the shallow and deep

shear-wave velocity structure in El Ejido was based on analysis of dis-

persion curves of fundamental-mode Rayleigh waves retrieved from the

SPAC method [22]. The SPAC coefficient ρSPAC(ω, R) was computed as

the azimuthally-averaged cross-spectral densities between the records

of seismometers evenly spaced on a circumference and a central station,

using the power spectral density at the centre for normalization. The

SPAC coefficient was separately computed for a set of overlapping time

windows, plotted as a function of time and frequency and averaged

discarding windows with evident disturbances. Finally, the phase-ve-

locity cR(ω) was computed for each frequency from Eq. (3)

=R J
c

R( , )
( )

,
SPAC 0

R (3)

where J0 represents the zero-order Bessel function and R is the array

radius.

The next stage is the fitting process of cR(ω) by means of an inver-

sion procedure to obtain a 1D layered model profile, in terms of body

waves velocities and densities, whose theoretical dispersion curve ap-

proximates closely the experimental one.

SPAC observations were carried out in three open spaces inside the

urban area (Fig. 14). Pentagonal or triangular arrays with several

Table 4

Ranges for model space exploration used in the inversion procedure of HVSR

curves.

Layer Thickness

(m)

min–max

VP (m/s)

min–max

VS (m/s)

min–max

ρ (kg/m
3
)

min–max

ν min–max

1st 1–70 500–1900 330–900 1950–2050 0.15–0.35

2nd 20–300 800–2100 500–1000 2000–2200 0.21–0.35

3rd 20–300 1400–2500 850–1200 2200–2400 0.21–0.35

4th 30–300 1650–4000 1000–1900 2200–2600 0.21–0.35

Half-space 2450–5100 1500–2800 2700–2750 0.21–0.28

Fig. 11. Example of HVSR inversion on borehole 83-D (see location in Fig. 2a). a) Experimental HVSR curve; b) Stratigraphic column; c) Obtained VS profile.
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apertures were deployed at each site. The radii ranged from 5 to 40m

for sites S1 and S3 and from 120 to 310m for S2 (Table 6). Broadband

sensors were used as independent stations to record ambient noise in

the largest array (site S2) meanwhile VSE-15D sensors all connected to

a single SPC-35 digitizer were used for smaller radii (sites S1 and S3).

The former setup has the advantage of wireless recording over the

latter, being used here in larger arrays. The VSE-15D velocimeters have

a flat frequency response from 0.25 to 70 Hz. The records were sampled

with a rate of 100 sps, lasting half an hour for the small apertures (sites

S1 and S3) and one hour for the larger ones (S2). The window lengths

were defined to ensure that they contained each analysed period 50

times at least. Rayleigh wave velocities were retrieved in the range from

9 to 28 Hz for small arrays (S1, S3) and from 0.7 to 7 Hz for the big one

(Fig. 6).

Using the assumption of an effective sampling depth between λ/3

and λ/2 for fundamental-mode Rayleigh waves of wavelength λ

[39,60], the maximum resolved depth would be between a third and a

half of maximum wavelength (λmax) which can be estimated from the

velocity associated to the minimal frequency fmin of the dispersion curve

as λmax = cR(fmin)/ fmin. Thus, the maximum estimated depths are

between 22 and 33m for site S3, and from 30 to 45m for site S1. The

big triangle at site S2 would reach maximum depths between 880 and

1320m.

The results of the inversion procedure are displayed in Fig. 15. In-

version-derived values of VS30 can be calculated from thicknesses and

VS values of the best-fit models (Table 6). Due to the limited resolution

of the large array (site S2) at short wavelengths, the definition of the

upper layers could be fuzzier, even though the computed VS30 value

remains in a reasonable range in comparison with the smaller arrays.

These models are consistent with the results of the MASW, reaffirming

the moderate spatial velocity variations in the scale of hundred metres

and increasing the exploration depth reached with that active technique

Fig. 12. Inversion of HVSRs (black lines) on sites S1, S2 and S3 (see locations in Figs. 4 and 14). Theoretical curves and their corresponding tested models are

coloured according to the misfit bars. The best model achieved and its theoretical HVSR are highlighted in red. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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(slightly for S1 and S3 and substantially for S2). However, the inversion

of Rayleigh wave dispersion curves is sensitive to an overall or

smoothed trend of Vs(z), implying a degree of uncertainty in some

characteristics of the velocity structure (e.g. existence of sharp velocity

contrasts). The ground model can be more constrained by adding other

observations such as the HVSR, which are very sensitive to the ex-

istence and depth of such interfaces.

3.5. Joint inversion of HVSR and dispersion curves

Dispersion curves from SPAC and HVSR at the array centres were

processed together by a joint inversion scheme (Fig. 16). For site S2, the

dispersion curve was extended to high frequencies (48 Hz) including

the mean dispersion curve we got from MASW profile P 3.3 (Fig. 6),

which go across the largest triangle (Figs. 4 and 14). “HV-Inv” software

was also used in this final stage in order to characterize the S-wave

velocity structure. Suitable weights for the contributions of HVSRs and

dispersion curves were used, defining the misfit of a model m as
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where n and m are the number of samples for the HVSR and the

dispersion curve, respectively. This choice equalizes the weight of

both observables in the misfit, regardless the respective number of

samples (frequencies) and it does not appear to slow down the

convergence of the algorithm.

The minimum frequency of the dispersion curve retrieved at site S2

approaches the fundamental frequency given by the HVSR technique,

providing additional information about the deep sedimentary structure.

On the other hand, the inclusion of the dispersion curve derived from

MASW, which provided a theoretical exploration depth of about 23m,

improved the model accuracy in the upper two layers. The major peak

in the theoretical HVSR is mainly controlled by the deepest velocity

contrast of these inverted models. VS models obtained by joint inversion

of HVSRs and Rayleigh wave dispersion curves have a slightly stiffer

half-space in comparison with inversion of HVSR only (Fig. 12). Results

for S2 show a somewhat deeper and stiffer basement in comparison

with the model derived from dispersion curve fitting (Fig. 15). In

general terms, joint inversions provide more constrained models,

therefore these halfspace properties should be considered to have been

determined in a more reliable procedure. Parametric analysis gives

evidences on how cost functions (misfit) display sharper minima for

joint inversion [59]. An example of this is shown in Fig. 17a-c, where

the misfits for HVSR, cR (Eq. (2)) and joint inversion (Eq. (4)) are

compared for some perturbations in the model for S2 inverted in

Fig. 13. Interpolated 2-D cross-sections showing the deep structure for El Ejido

town in terms of seismic velocities, built from interpolation of 1-D models re-

sulting from HVSR inversion. Models are shown down to the inverted halfspace

depth. The vertical black line represents the intersection of profiles a-a′ and b-

b′.

Table 5

Mean values and standard deviations obtained from the 16 best fits used for

constructing the 2-D profiles shown in Fig. 13.

Layer Thickness (m) σ (m) VS (m/s) σ (m/s) VP (m/s) σ (m/s)

1st 14 13 483 70 851 111

2nd 110 57 688 80 1251 164

3rd 144 47 990 100 1936 222

4th 234 112 1381 184 2694 486

Half-space – – 2255 329 3950 602

Fig. 14. Array setup for SPAC observations in El Ejido. Red points are the

sensor positions on vertexes and centre of each array geometry deployed. In the

case of pentagonal arrays, only the largest radius is shown. (For interpretation

of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Table 6

Summary of array features and ranges of dispersion curves and models re-

trieved with the SPAC technique.

Site R (m) Δf (Hz) ΔcR (m/s) ΔVS (m/s) Δz (m) VS30 (m/s)

S1 5–10–20–40 9–24 402–816 350–1066 5–45 578

S2 120–220–310 0.7–7 514–1842 592–2300 24–1316 514

S3 6–12–24 12–28 534–788 640–1056 7–33 705
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Fig. 16, which is represented by a black dot. Along the horizontal axis,

velocities and thickness of the upper four layers of the model are re-

scaled by the same factor, preserving the travel time of P and S waves

through the structure. cR(f) shows high sensitivity to these perturba-

tions which involve variation of velocities in shallow and intermediate

layers. The vertical axis corresponds to variations in P and S velocities

for halfspace, preserving the Poisson's ratio. In this case, the HVSR

presents greater variations. Joint inversion (Fig. 17c) provided real

sensitivity to velocity values and constrained better the existing deep

impedance contrasts. It should be noted that the velocity contrast be-

tween bedrock and sedimentary fillings is a critical parameter for as-

sessment of strong-motion amplifications. In particular, ground ampli-

fications of 3 times at the fundamental frequency can be estimated at

site S2 for vertically incident S-waves (it corresponds to 6 times nor-

malizing by the amplitude of the incident wave, as in Fig. 17e).

The HVSR(f) function depends only on the travel time of P and S

waves within the layers and on density contrasts, so that equivalent

models could be generated if all thicknesses and velocities (or all

densities) were rescaled by the same factor. For instance, Sánchez-

Sesma et al. [29] interpreted a HVSR curve from Texcoco (Mexico City),

similar in shape and predominant frequency (0.47 Hz) to some found in

El Ejido, as the resonance of 40m of very soft clays (Vs as low as 70m/

s) overlying a much stiffer substratum (1000m/s). Thus, constraints to

the shallow layer velocities provided by high-frequency segments of the

Rayleigh wave dispersion curves, as those retrieved in S1 and S3, still

contribute to the non-uniqueness reduction of the resulting models.

4. Discussion and conclusions

Five main types of materials have been identified in El Ejido town

from analysis of deep boreholes. Lithologies range from Quaternary

deposits on surface, which are mainly composed by sands, silts, gravels

and clays to Paleozoic-Triassic dolomites (Fig. 2b). Results of geo-

technical tests provided lithological information down to 50m deep.

Fig. 15. Empirical dispersion curves (black lines) and theoretical curves corresponding to the tested models (coloured lines). Body wave velocity models for each

analysed site. Best model achieved is highlighted in red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 16. Results of joint inversions from empirical HVSR and dispersion curves (black lines) for each analysed site (Fig. 14). The theoretical curves are coloured as

their corresponding velocity and density models. Best model achieved is highlighted in red. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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The Quaternary materials show a relatively high average NSPT value of

32 blow counts. Interleaved in the first metres of Quaternary deposits,

calcareous crusts and conglomerates are found, causing refusal in SPT

logs. Density of Quaternary materials varies between 1.72 g/cm
3
for

gravels and 1.94 g/cm
3
for clays. Pliocene calcarenites show an average

NSPT value of 49 blows and a density of 2.15 g/cm
3
. Materials such as

gravels, conglomerates, calcareous crusts and calcarenites often show

similar NSPT values. On the other hand, some materials (mainly clays

and silts) presented NSPT varying in wide ranges, so that lithology

provides only a rough indication of the physical properties of soils.

Empirical relationships (Tables 1 and 2) estimate VS values for Qua-

ternary materials varying in a range from 205 to 379m/s, while cal-

carenites, which only outcrop on southern neighbourhoods (Fig. 2a),

would have VS of 511 ± 150m/s.

More detailed Vs profiles for the shallow layers have been obtained

by using the MASW method. Fig. 18 shows examples of these profiles

with superimposed geotechnical information. In terms of Eurocode 8,

the ground in El Ejido urban area can be classified as type B, whose VS30

values are established to range between 360 and 800m/s. MASW cross-

sections reveal that materials with VS within this range are pre-

dominantly found in the upper 10 – 15m. Some layers and bodies of

softer materials (Vs < 360m/s) with different sizes and thicknesses

appear interleaved or atop these units in the central-southern area

(West of MASW profiles P2, line P3 and East of P4) and on the Qua-

ternary alluvial cones of the western zone (P6 line, Fig. 7). The central-

southern area presents the softest profiles, being also the only zone of

the town where the HVSR show peaks of moderate amplitude (2–3) at

intermediate frequencies (6–8 Hz), numerically coinciding with theo-

retical S-wave resonances in the upper 10–20m. Velocities above

600m/s are mainly reached within layers of Pliocene calcarenites (e.g.

SPT 8, Fig. 18b) or in levels described as marly or stiff clays (e.g. SPT

loggings 9, 10, 12, Fig. 18a, b). As shown in Fig. 18, a good agreement

between alternative methods has been reached where comparison was

possible.

Seismic methodologies present certain complexity and costs related

with the acquisition and deployment of the equipment. It consisted of

50m long linear array for MASW measurements and, in the case of

SPAC measurements, of several bidimensional arrays with different

apertures that need to be placed during several hours in a quiet area.

With this in mind, the MASW dataset acquired in El Ejido can be used to

check and to adjust for this zone a simplified seismic method for esti-

mation of local VS30 values using simpler arrays, suitable for active and

passive sources. This approach could be useful in the future to char-

acterize this town with higher sampling density or to extend this study

to surrounding areas. Konno and Kataoka [61] suggested that the ex-

perimental setup used for determination of VS30 can be simplified if the

array is designed to operate in suitable narrow wavelength ranges. They

proved empirically the practical equivalence between VS30 and the

Rayleigh wave velocity for wavelengths between 35 and 40m (c35, c40)

for a large dataset in Tokyo area.

In the present work, during the checking procedure of the ad-

vantages related to this faster approach it has been observed how VS30 is

better estimated by c45 or c50 velocities (Fig. 19). This result agrees with

those pointed out for places with deep water tables (e.g. [42]) and it

can be partially explained by the difference between the characteristic

Poison's ratio of soils in these two places (about 0.25 for El Ejido,

corresponding to dry and relatively hard materials, and above 0.45 for

Tokyo). The much smaller Poisson's ratios reported in our explored area

would lead to higher inverted VS30 values for a given dispersion curve

(up to ~4% increment), as a result, the equivalence with the increasing

function cR(λ) would be reached for longer wavelengths.

The HVSR method has been applied in order to obtain a map of

predominant frequencies and shape typologies from 94 sites in the town

distributed on a 250×250m grid. Robustness of this technique to

provide the fundamental frequency when clear HVSR peaks are ob-

served is widely accepted in the literature. That case corresponds to

strong contrasts of seismic velocities between soft sediments and bed-

rock [47,48]. The obtained results show the effectiveness of the HVSR

Fig. 17. (a-c) Misfit values considering HVSR, cR (Eq. (2)) and joint inversion (Eq. (4)), respectively, for perturbations in the model inverted for site S2 in Section 3.5

(Fig. 16). Along the horizontal axis, velocities and thickness of the upper four layers of the model are rescaled by the same factor. Vertical axis corresponds to

variations in halfspace velocities, preserving the Poisson's ratio. Black dots represent unperturbed parameters. (d-e) Evolution, under the same model perturbations,

of the fundamental frequency for vertically incident S waves (f0SH) and the amplification at f0SH with respect to the amplitude of the incident wave. (f) Experimental

HVSR at S2 compared with the transfer function of vertically incident S-waves computed for the inverted model, with the fundamental-mode Rayleigh wave

ellipticity and with the theoretical HVSR under the DFA for full-wavefield and for surface waves only.
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method even in conditions of relatively high-velocity Pliocene and

Miocene rocks keeping an important contrast with the underlying ma-

terials. Clear peaks in El Ejido are mainly concentrated in the southeast

part, with peak frequencies between 0.5 and 0.7 Hz, although some are

scattered between broad- and double-peak neighbours with frequencies

from 0.7 to 1 Hz. Broad peaks are the highest percentage of the HVSR

dataset, with lower cut-off limits between 0.3 and 0.7 Hz and higher

limits from 0.6 to 1.2 Hz. This latter value is specially concentrated in

the northern row of the grid. Double-peaked HVSRs are sparsely dis-

tributed in the town. In this case, the difference in frequency between

the peaks is often moderate so that they appear partially overlapped,

with the low frequency subpeak between 0.4 and 0.6 Hz and high fre-

quency one between 0.6 and 0.9 Hz. Plateau-shaped HVSRs [49] are

also located in northern rows, with cut-off frequencies ranging from 0.8

to 1.2 Hz. Predominant frequency distribution is not well-linked to

shallow soil conditions. On the contrary, a clear dependence on the

total thickness of sedimentary materials, estimated from deep borehole

and seismic reflection data, is found in the study area. The highest

predominant frequencies were found in the NW area of the town,

whereas the SE zone shows clear HVSR peaks with lower frequencies. In

case of double or broad peaks, the high-frequency value accords better

with the nearby clear peaks and with the overall NW-SE trend of the

periods to increase.

Since HVSR curves are sensitive to the sediment-bedrock interface,

they have been used as a passive technique for approximate subsoil

mapping [62–65]. In this work, the inversion of HVSR curves under the

DFA provided us with 1-D velocity models where the sediments-bed-

rock interface is mapped (Fig. 12) as well as other shallow secondary

contrasts (e.g. Fig. 18d, e). In this case, the heterogeneity in the upper

layers revealed by the geotechnical tests is highly simplified in terms of

an equivalent model. In fact, the upper 20m were described by a

maximum of 2 layers out of the 5 defined for the inversion process

Fig. 18. Examples of Vs cross-sections with superimposed stratigraphic columns obtained at nearby geotechnical profiles. (a) Part of profile P3 (b) Part of profile P2.

Average NSPT values of the strata are shown. (c) Experimental (black line) and modelled (red line) HVSRs for site HV5, exhibiting a secondary peak at 5 Hz. (d) Upper

layers of the Vs(z) model inverted from HVSR at HV5 (red line), which belongs to section a-a′(Figs. 4 and 13), and shallow profile obtained from MASW at the same

point (blue line). Models are shown down to the basement in panel (e). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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(Table 4). Non-uniqueness of HVSR inversions was diminished pro-

viding additional constraints to the model parameters. In particular, an

essential part of the procedure was a previous calibration through

measurements performed next to deep boreholes, in which the inter-

faces described in previous geological studies of Campo de Dalías were

identified. This processing method based on the DFA is a simple way to

achieve reliable 1-D profiles from the fitting of experimental HVSR

curves without the need to extract a particular type of waves (see e.g.

[66] for an alternative method based on the selection of Rayleigh wave

arrivals). Since effects of Love waves, higher modes of Rayleigh waves

and body waves in the HVSR are not always negligible (e.g. [67,68]),

full-wavefield inversions are definitely more suitable than over-

simplified approached based on modelling the HVSR of noise by the

Rayleigh wave ellipticity (e.g. [26,69]). For example, the peak fre-

quency for the inverted model S2 shifts from 0.52 Hz to 0.63 Hz if only

fundamental-mode Rayleigh waves are considered in the forward

modelling (Fig. 17f). Moreover, body waves can be the main con-

tribution to the vertical motion in some frequency bands with low

power or high ellipticity of the Rayleigh waves, preserving realistic

HVSR amplitudes in the forward modelling (e.g. compare red and solid-

grey lines in Fig. 17f).

The assembling of individual velocity profiles (Fig. 13) has con-

firmed the south-eastward increase of sediment thickness, overcoming

the poor information on the deep structure within the urban area. Ac-

tive-source reflection surveys carried out in Campo de Dalías show that

El Ejido lies in the north flank of an asymmetric syncline with ENE-

WSW trend. N-S reflection profiles showed a mean apparent dip of

about 8° for that flank. Similar behaviour is observed in the two profiles

constructed for the urban area by inversion of HVSR curves. The NW-SE

section (profile b-b′ Figs. 4 and 13) shows an apparent dip of around 7°

with a maximum depth of 620m down to the half-space, which is close

to the 603m value attributed by P-wave analysis of an active line that

passes near b′. Inversion of broad and double peaks in the HVSR often

led to models with significant velocity contrasts at intermediate depths

and moderate contrasts between the halfspace and the overlaying ma-

terials (e.g. points 25 and 56 in the NW side of profile b-b′, Figs. 10 and

13). On the other hand, the E-W section in El Ejido town (profile a-a′ in

Figs. 4 and 13) shows variations of the half-space depth between 490

and 630m. Such geometry also agrees well with a parallel reflection

profile conducted 1.8 km northwards (see AL-04 and AL-01 profiles in

[70]).

Joint inversions of Rayleigh-wave dispersion curves and HVSR

curves were carried out with the aim of enhancing the reliability of the

velocity models, reducing the non-uniqueness associated to the in-

dependent inversion of any of these curves. An array of larger aperture

(site S2, Figs. 4 and 14) was deployed to retrieve Rayleigh wave velo-

cities at low frequencies, close to the HVSR predominant frequency.

Even though the resulting ground model has a more constrained deep

structure, mainly in Vs, the obtained seismic velocities are still within

the ranges defined for the models inverted from HVSRs (Table 4). The

S-wave velocity of 2.5 km/s found below the main interface is in good

accordance with the shallow layers of the general 1D models for Al-

boran Sea obtained by Grevemeyer et al. [37] and Stich et al. [71] from

arrival times of seismic phases of local earthquakes, which are respec-

tively 2.4 and 2.8 km/s for the uppermost 3 km. The VP/VS ratio of 1.76

for the halfspace is also consistent with their models which show values

in the range 1.65–1.8. Simple 1D analysis predicts S-waves amplifica-

tions due to the sedimentary structure of up to 3 times at the resonance

frequency (Fig. 17e-f).

As far as the authors’ knowledge, our models provide the first

bounds for VS of the whole stratigraphy for the sedimentary fillings in

Campo de Dalías basin down to the Triassic basement by means of

seismic techniques sensitive to this magnitude. The models coming

from inversion of ambient noise measurements at deep boreholes in the

outskirts of the town show Quaternary conglomerates with VS ranging

from 820 to 1000m/s, well above the surface velocity of most of the

Quaternary units logged in the urban area. This result highlights the

benefits of spending time in techniques capable of resolving weak ve-

locity variations, such as the MASW and the SPAC method (Figs. 7 and

15). Pliocene units are represented in those models by calcarenites

varying from 590 to 680m/s and marls from 990 to 1200m/s. Despite

the aforementioned lack of local relationships between NSPT and Vs for

Pliocene units, this interval includes the value given from geotechnical

analysis, previously considered as a rough approximation. Finally,

layers between 1300 and 1600m/s and those above 1800m/s are

identified as Tortonian calcarenites and Triassic dolomites, respec-

tively. These older units had been only described in terms of VP and

densities. The use of these Vs models will help to perform significant

simulations of the seismic response of the basin, which is the topic of an

ongoing research work.
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To assist in the identification of fundamental-mode dispersion curves of Rayleigh waves in dispersion diagrams,

we explore the relation between the shape of the horizontal-to-vertical spectral-ratio (HVSR) of ambient seismic

noise and the shape of the dispersion curves for phase and group velocities in a stratifiedmedium.We propose to

use the information coming from the HVSR to identify the osculation zones andmulti-mode effects and to locate

inflection points and critical points in the observed phase and group dispersion diagrams of Rayleigh waves. The

relationship between these curves has been numerically investigated for somemodels consisting of one and two

homogeneous layers overlying a half-space, with velocities increasing downwards. It is primarily found that the

first minimum in the HVSR appears close to the frequency of the inflection point of the fundamental mode of

phase velocity. In addition, the osculation and multimode effects occur between frequencies of the fundamental

peak and the first minimum of the HVSR. On the other hand, the frequencies of the minima in HVSR closely ap-

proximate the critical points of the fundamental-mode group-velocity dispersion curve, even better than the in-

flection points of the fundamental-mode phase-velocity curve. Finally, we show an example of experimental

identification of fundamental-mode phase and group dispersion curves supported by the shape of the HVSR,

obtaining a reliable velocity profile through the simultaneous inversion of these three curves.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

In the last two decades, the ambient seismic noise (ASN) has been

extensively used to obtain Rayleigh wave dispersion diagrams. The

primary objective of these studies is to obtain S-wave velocity profiles

and to evaluate site effects (see Xia et al., 1999; Bonnefoy-Claudet

et al., 2006; Foti et al., 2011). Different geophysical methods are

allowing the retrieval of dispersion curves using ASN signals, among

which themost important are the following: 1.- Spatial Autocorrelation

(SPAC, Aki, 1957; Köhler et al., 2007; García-Jerez et al., 2008); 2.-

Frequency-Wavenumber analysis (FK, Capon, 1969; Ohori et al.,

2002); 3.- passive Multichannel Analysis of Surface Waves (MASW,

Dai et al., 2019, Coelho et al., 2018, Mi et al., 2017); 4.- Refraction

Microtremor (ReMi, Louie, 2001).

Dispersion curves picking in frequency-velocity or equivalent dia-

grams is generally made manually, identifying high energy bands with

segments of dispersion curves of a particularmode. Thus, interpretation

errors can be madewith some probability. In methods such as the SPAC

or with limited array setups, only an effective phase velocity dispersion

curve can be usually picked, probably as a combination of several Ray-

leigh wave modes (Tokimatsu et al., 1992; Zhang, 2011). The transition

between different modes can even contain leaky waves which cannot

be interpreted in terms of normal Rayleigh-wave modes (Gao et al.,

2014; García-Jerez and Sánchez-Sesma, 2015). When the propagation

medium has a high impedance contrast or low velocity zones (Mi

et al., 2018), the effective phase-velocity dispersion curve of Rayleigh

and Love waves often shows jumps due to mode osculation effects

and/or significant contributions of higher modes (Tokimatsu et al.,

1992; Ikeda et al., 2012; Pan et al., 2013; Gao et al., 2016). This multi-

mode effects can even be due to the directional contribution of noise

sources (Ma et al., 2016) or to the presence of surface topography
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which can strongly influence the energy distribution in a dispersion

image at high frequency (Zeng et al., 2012; Ning et al., 2018).

When workingwith a limited number of stations, the lack of resolu-

tion in the dispersion diagram can make it difficult to separate the dif-

ferent modes (e.g. Lin et al., 2017), mainly when there are osculation

effects. Incorrect identification of themodeswill usually lead to an over-

estimation of S-wave velocities and errors in depths during the

inversion (Zhang and Chan, 2009; Gao et al., 2016). Separation of

higher-mode dispersion curves from the fundamental-mode group ve-

locity gets even more complicated due to the existence of crossings be-

tween different modes at different frequencies (see e.g. Baena-Rivera

et al., 2016). However, when a correct identification of fundamental

mode and higher modes is made, for phase and group velocities, the in-

corporation of highermodes in an inversion process allows to get better

information about the velocity profile, increasing the depth of investiga-

tion and the resolution of the model (Maraschini et al., 2010).

Different studies have tried to mitigate the problem of mode identi-

fication. Tokimatsu et al. (1992) discussed the effects of multiple modes

on Rayleigh wave dispersion curves to reduce the non-uniqueness of

shear wave velocity profiles, proposing the definition of effective dis-

persion curves that appear as a combination of modal curves. Lunedei

and Albarello (2009) found an expression for the effective dispersion

curves as a function of the modal phase-velocity dispersion curves.

This equation has been used by Farrugia et al. (2016) to obtain velocity

profiles with effective dispersion curves. Moreover, Lai et al. (2014) and

Astaneh and Guddati (2016) presented explicit mathematical deriva-

tions for different definitions of the effective phase velocity of Rayleigh

waves in an isotropic elastic horizontally layeredmedium, based on an-

alytical derivatives. These formulae can lead to the development of a

new class of inversion algorithms capable of considering the influence

of all modes of Rayleigh wave propagation.

Amplitude ratios, subsoil conditions and analysis of particle motion

can help in modal separation. Boaga et al. (2013) examined the subsoil

conditions and the commonfield acquisition procedures that can gener-

ate osculation effects in the Rayleigh wave dispersion curves. These os-

culation effects are linked to the Rayleighwave ellipticity. These authors

show a priori markers of subsoil conditions that can act as warnings

against the osculation effects and relate these signs with those frequen-

cies at which dispersion curves can be misidentified. Rivet et al. (2015)

proposed to use the horizontal-to-vertical spectral-ratio (HVSR) from

records of ASN for the identification of higher modes. They indepen-

dently inverted the dispersion curves assuming that they corresponded

to (1) the fundamental mode and (2) the first higher mode. Afterward,

they computed the theoretical HVSR for the obtained models and com-

pared them with the observed HVSR, allowing the identification of the

excitation mode.

In contrast, Ma et al. (2016) used the approach proposed by

Tokimatsu et al. (1992) to distinguish the fundamental-mode excitation

from the higher modes, observing the particle motion for Rayleigh

waves in a period range of 1–10 s. Besides, these authors found that

the cut-off frequency of the first higher mode is controlled by the

depth of the basement and coincides with the rapid decrement of the

HVSR of the fundamental mode (ellipticity). Maranò et al. (2017) have

succeeded in recovering the ellipticity of Rayleigh waves from records

of ASN. They indicated that the phase angle of the ellipticity can be valu-

able information for mode separation. The ellipticity angle allows to ac-

curately find the frequency of its singularities, which in turn correspond

to a change in the direction of the particle motion from retrograde to

retrograde or vice versa. Boué et al. (2016) also analyzed the particle

motion in cross-correlations (CC) between pairs of stations to distin-

guish between fundamental- and higher-mode dispersion curves con-

sidering these differences in the motion direction.

More recently, Mi et al. (2019) proposed the separation of higher

and fundamental modes of Rayleigh waves in the frequency - phase ve-

locity (f-v) domain through the high-resolution linear Radon transfor-

mation. They also calculated the HVSR of Rayleigh waves for the

fundamental mode from active seismic records. Finally, Maraschini

et al. (2010) proposed a method to invert Rayleigh wave data in

which the misfit function is a norm of the Thomson-Haskell matrix de-

terminant evaluated at experimental dispersion data. The main advan-

tage is the possibility of considering several modes simultaneously,

without specifying to which mode each velocity belongs.

On the other hand, the HVSR is the simplest and the prevalent

method to obtain the dominant frequency of the site by processing

ASN recorded by a single station (e.g. Nakamura, 1989; Lermo and

Chávez-García, 1993). Theoretical efforts have been carried out to find

out the connection between this observable and the vertical distribution

of elastic properties (e.g. Arai and Tokimatsu, 2004; Kawase et al., 2011).

Modelling ASN as a diffuse field has shown excellent results (e.g.

Sánchez-Sesma et al., 2011; Spica et al., 2015; Lontsi et al., 2015). Actu-

ally, joint inversion of the HVSR and the fundamental and/or higher

modes dispersion curves is a powerful and relatively simple scheme

that mitigates trade-off issues between model parameters (e.g. Piña-

Flores et al., 2017; Sivaram et al., 2018; García-Jerez et al., 2019).

In this work, we first explore the relationships between the disper-

sion curves of Rayleighwaves and theHVSR calculated under the diffuse

field approach (DFA). Using two simple models with varying parame-

ters, we show that the shape of the observed HVSR allows us to identify

the dispersion curves of fundamental-mode Rayleigh waves preventing

the contamination by higher modes. An application to array measure-

ments performed at the Andarax river delta (Almeria, Spain) is pre-

sented. ASN data recorded by pentagonal arrays were analyzed by

using the SPAC, FK and the cross-correlations between pairs of receivers.

We took advantage of the characteristics of the HVSR to pick reliable

phase and group dispersion curves of fundamental-mode Rayleigh

waves. A joint inversion of these curves under the DFA led to an im-

proved velocity profile for this site. Finally, forward computations

show that some of the information in the SPAC, FK and CC dispersion di-

agrams corresponds to higher modes.

2. Theory of the horizontal-to-vertical spectral ratio (HVSR)

It has been established that the HVSR, defined as the square root of

the ratio between the horizontal and the vertical power spectral densi-

ties in a diffuse field, can be expressed in terms of the imaginary parts of

the Fourier-transformed Green functions for coinciding source and re-

ceiver (Sánchez-Sesma et al., 2011). In particular, this quantity can

be expressed in term of the imaginary part of the Green's function

components as:

H=V x;ωð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Im G11 x; x;ωð Þ½ � þ Im G22 x; x;ωð Þ½ �

Im G33 x; x;ωð Þ½ �
:

s
ð1Þ

where Im[G11(x,x;ω)] is the imaginary part of the Green function and

G11(x,x;ω) is the displacement at x in direction 1 produced by a unit

harmonic load acting at x in direction 1. The subscripts 1 and 2 refer to

horizontal, and 3 to vertical degrees of freedom, and ω stands for circu-

lar frequency. Eq. (1) gives the way to compute the HVSR theoretically,

assuming that thewavefield can be approached by a diffuse field. In this

expression, the Green's function components are associated with the

geometry and the elastodynamic properties of the ground. In this work,

a layered halfspace with unbounded horizontal interfaces is considered.

The top surface is a free surface and the media are assumed homoge-

neous, isotropic and elastic, with P and Swave velocities αi and βi, mass

density ρi and thickness hi for layer i. Further details about the efficient

computation of HVSR are described in García-Jerez et al. (2016).

3. Relationship between dispersion curves and HVSR

The theoretical relationship between the dispersion curve and the

HVSR comes from the calculation of the imaginary part of the main
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diagonal of the Green's tensor under a diffuse field approach. These

quantities can be expressed, for a given frequency, as integrals on the

horizontal (radial) wavenumber k. The kernels in the (k, ω) domain

can be extended to the complex k-plane. Since surface waves corre-

spond to simple poles along the real-k axis, their contributions to the in-

tegrals can be computed from the Cauchy's residue theorem. As shown

in García-Jerez et al. (2016), the expressions for the imaginary part of

the Green's function, in the special case of source and receiver coincid-

ing at the top of the layered media, can be written in a very compact

form:

Im G11 0;0;ωð Þ½ � ¼ Im G22 0;0;ωð Þ½ �

¼ −
1

4
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where fPSV
H (k), fPSV

V (k) and fSH(k) are the kernels associated to the

body waves in 3-D, χm is the ellipticity of the mth Rayleigh mode,

and ARm and ALm correspond to the medium responses for the mth

Rayleigh and Love modes, respectively (Harkrider, 1964). The ana-

lytical computation of χm, ARm and ALm requires the precise location

of the poles along the real k-axis. These positions can be evaluated

rapidly as they correspond to the values of the km(ω) representation

of the dispersion curves at a given frequency (see e.g. Piña-Flores

et al. 2016). In summary, under the DFA, the HVSR contains implicit

information on the fundamental- and higher-modes phase velocity

dispersion curves.

The examination of two example models listed in Table 1 will pro-

vide insight into the relationship between the Rayleighwave dispersion

curves and the shape of theHVSR. Model 1 consists of a layer overlaying

a stiffer half-space, while two layers with two significant impedance

contrasts are considered for model 2. Velocity increases downwards

and impedance contrasts between the layers are high enough to exem-

plify the osculation effect between the fundamental mode and the first

highermode. Rayleighwave dispersion curves formodel 1 are shown in

Fig. 1 for the fundamental and the first higher mode and for both phase

and group velocities, along with the theoretical HVSR computed under

the DFA.

Two characteristic frequencies can be identified in the HVSR.

The first frequency corresponds to the main peak (approximately

coincident with the fundamental resonance frequency of the S

waves) and the second one corresponds to the absolute minimum

(close to the fundamental resonance frequency of the P waves,

see Piña-Flores et al., 2017). These two frequencies are often in

the frequency band of interest for geotechnical studies, in particu-

lar, the peak frequency. Other important properties are the fre-

quencies of the inflection points in the phase velocity dispersion

curves (fInf, points where the concavity of the dispersion curve

changes) and the frequencies of the critical points in the group ve-

locity curves (fcrit, points where the first derivative, respect to fre-

quency f vanishes), that is:

d2c f Inf

� �
df 2

¼ 0 and
dU f critð Þ

df
¼ 0 ð3Þ

Table 1

Example models used in this work.

h (m) α (m/s) β (m/s) ρ (kg/m3)

Model 1

25 663 200 1700

∞ 866 500 2200

Model 2

15 2000 380 1600

350 2300 850 1800

∞ 3500 2000 2500

Fig. 1. HVSR (continuous black line) and dispersion curves of Rayleigh waves for group velocity (red lines) and phase velocity (blue lines) computed for model 1. Small circles show the

critical points of the group velocity curves while the small squares show the inflection points of the phase velocity curves. The frequency of the inflection point and critical point, for the

fundamentalmode, are very close to theminimumof theHVSR. The frequencieswhere possible osculation effects exist are between thefirstmaximumand thefirstminimumof theHVSR.
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where
d2cð f Þ

df 2
is second derivative of phase velocity dispersion curve and

dUð f Þ

df
is the first derivative of the group velocity.

d3cð f Inf Þ

df 3
≠0 has been

assumed.

A first relationship between the inflection points of the phase ve-

locity dispersion curves and the shape of the HVSR can be stated con-

sidering the frequency of the first minimum of the HVSR. This

frequency is next to the frequency of the inflection point of the

fundamental-mode dispersion curve. This same pattern can be

observed for the first higher mode where the frequency of the inflec-

tion point is close to the second minimum of the HVSR. Another

characteristic of the phase velocity dispersion curves is that they

may have zones of osculation between modes. This osculation be-

tween the fundamental mode and the first higher mode is present

between the frequencies of the main peak and the first minimum

of the HVSR.

The relationship between the HVSR and the group velocity dis-

persion curve is also evident. The frequency of the minimum in the

HVSR is close to the frequency of the critical point of the dispersion

Fig. 2. HVSR (black line) and dispersion curves of Rayleigh waves for group velocity (red lines) and phase velocity (blue lines) computed for model 2. The critical points of the group

velocity curves are shown with circles, while the squares show the inflection points for the phase velocity curves. Frequencies of inflection points and critical points in the

fundamental mode are next to the troughs of the HVSR. Possible osculation effects appear between the frequencies of the maximum and minimum of the HVSR.

Fig. 3. Fundamental-mode dispersion curve for phase (panel b) and group (panel c) velocities of Rayleighwaves, andHVSR (panel a) obtained frommodel 1modifying the thickness of the

surface layer (from10 to 110m). Reddots represent inflection and critical points of dispersion curves andminimaof theHVSR. Panel d shows the frequencies of such points as a function of

the layer thickness.
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curve, even with a higher degree of proximity in comparison with

the inflection point. Additionally, the frequency of the first crossing

between the fundamental mode and the first higher mode in group

velocity is between the main peak and the first minimum. Besides,

we can observe a critical point of the group velocity curve for the

higher mode in this frequency range.

Fig. 2 shows the calculation of the fundamental mode and the first

higher mode for phase and group velocity of Rayleigh waves for

model 2, along with the HVSR. For this model, the HVSR shows two

prominent peaks and two clear troughs. In the same way as the pre-

vious example, we can observe the mentioned behavior of the dis-

persion curves between the frequencies of the maximum and

minimum for the two peak-trough pairs. That is, the frequencies

where the HVSR presents these minima approximately correspond

to the locations of inflection points in the phase velocity curve and

of critical points in the group velocity curve, both for fundamental

mode.

The effects of osculation are present between the frequencies of

the maximum and minimum of the HVSR. The group velocity disper-

sion curves present several crossings between the higher modes and

the fundamental mode at different frequencies, making it difficult to

distinguish the fundamental mode. In the analyzed models, at least a

crossing between the fundamental and the first higher mode of

group velocity appears between the maximum and minimum of the

HVSR.

Fig. 3 shows the dispersion curves of the fundamental mode for

phase (panel b) and group (panel c) velocity of Rayleigh waves

along with the HVSR (panel a) modifying the thickness of the sur-

face layer in model 1 (from 10 up to 110 m). Fig. 3d shows the fre-

quencies of the critical and inflection points of the dispersion

curves (in group and phase velocity, respectively) and the minima

in the HVSR as a function of the thickness of the top layer. Note

that the variation in thickness in this high-contrast model does

Fig. 4.HVSR (panel a) and fundamental-mode dispersion curves for phase (panel b) and group (panel c) velocities of Rayleigh waves obtained frommodel 1 modifying the velocities and

thickness of the upper layer.β1 ranged from 150 to 450m/s; the Poisson ratio of the layer and the β1/h ratio are preserved. Red points represent inflection points in c(f), critical points inU

(f) and minima in the HVSR(f). Panel d shows the variation of the frequencies of the mentioned points as β1 varies.

Fig. 5. Location of array “A” measurements and HVSR station (UTM coordinates).
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not modify the correspondence among the frequencies of critical,

inflection points and troughs.

Following with this parametric analysis, variations in the velocity

contrast of model 1 have been also considered (Fig. 4). To do so, sev-

eral S-wave velocities of the surface layer, β1, have been taken from

150 to 450 m/s. The thickness has been also modified in order to

keep β1/h constant (it approximately preserves the peak frequency

of the HVSR). The Poisson ratio of the layer (0.45) and the properties

of the halfspace have been also kept constant. Fig. 4d shows the evo-

lution of the critical and inflection points in the dispersion curves

(group and phase velocity, respectively) and of the minima of HVSR

as β1 varies. Note that the approximate coincidence in frequency be-

tween the critical point in U(f) and the trough in HVSR(f) persists.

The frequencies of the inflection point in c(f) and of the minimum

Fig. 6. Dispersion diagrams and HVSR obtained at the Andarax river delta (Fig. 5). a) Dispersion diagram (phase velocity) by applying the SPAC method. b) Dispersion diagram (phase

velocity) applying the FK method. c) Dispersion diagram (group velocity) applying the CC method. d) HVSR. The solid black line in the dispersion diagrams shows the fundamental

mode dispersion curve, picked considering the shape of the HVSR. The solid red line in the dispersion diagrams shows a possible alternative dispersion curve, picked according to the

criteria of maximum energy bands (effective curve). The vertical black lines in all the panels represent the frequencies of the relevant maxima and minima of the HVSR which can be

used for identification of possible inflection points, osculation zones and multimode effects in the dispersion diagrams.
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in HVSR(f) exhibit better correspondence for those models with high

impedance contrast producing amplitudes higher than two at the

main HVSR peak.

4. Application to experimental data in the Andarax river delta
(Almería, Spain)

In order to obtain a representative velocity profile for the

Andarax river delta, ASN data were recorded using five sensors in

pentagonal array configurations with radii of 12, 25, 50, 94 and

420 m. Identification of dispersion curves for the fundamental

mode of Rayleigh waves was done by using the SPAC, FK and

HVSR techniques using the Geopsy software (Wathelet et al.,

2008, Köhler et al., 2007, http://www.geopsy.org/, last accessed

February 2017). The time windowing used for processing ranged

from 40 s to 120 s long with a 50% overlapping between consecu-

tive windows. Rayleigh-wave group-velocity dispersion diagrams

were also obtained from the CC between pairs of receivers using

frequency-time analysis (FTAN, e.g. Bensen et al., 2007). The appli-

cation of the SPAC, FK and CC techniques was carried out using ~2

h of ASN records at array “A” site (Fig. 5). Since wind, poor thermal

isolation, etc. can generate instability in the HVSR at low frequen-

cies, an 8 h record from a nearby permanent broadband station

properly installed in the campus of the University of Almería was

used to calculate the HVSR. In this way, the curve was be safely ex-

tended below 0.2 Hz to better show the shape of the main peak.

For frequencies around and above the main peak, this spectral

ratio does not differ significantly from those taken at the array

site with portable seismometers.

Fig. 6 shows the dispersion diagrams obtained and the HVSR for

the study area. From the dispersion diagram derived from the SPAC

technique (Fig. 6a) it is possible to observe a possible discontinuity

or jump from the fundamental mode to the higher mode in the

range from 0.6 to 0.8 Hz. In the range between 0.8 and 2 Hz the fun-

damental mode dispersion curve emerges clearly. In the frequency

band between 1.72 and 4 Hz the phase velocity seems to increase

as the frequency increases. This type of phenomenon can occur in

two cases where: 1.- the medium has a low velocity zone (LVZ); 2.-

higher modes are present (Tokimatsu et al., 1992). For the first

case, the existence of an LVZ can be ruled out because the amplitude

of curve of HVSR is not less than the unit in the entire range of obser-

vation frequencies (Castellaro and Mulargia, 2006) and, conse-

quently, we associate this effect to higher modes. Finally, in the

range from 4 to 8 Hz, the dispersion diagram shows a part of the fun-

damental mode dispersion curve with severe contamination by

higher modes that makes picking difficult.

From another perspective, the dispersion diagram obtained from

the FK technique (Fig. 6b) clearly shows the fundamental mode dis-

persion curve in the frequency range from 4 to 10 Hz (where its

identification from SPAC technique was unclear). The bump in the

frequency band from 1.5 to 3.8 Hz can be associated with the pres-

ence of higher modes, as in the case of the dispersion diagram de-

rived from SPAC. In the band between 0.5 and 1 Hz, this method

provided poor resolution and the trend of the dispersion curve is

unclear. On the other hand, in the dispersion diagram obtained

from the CC technique (Fig. 6c) it is possible to observe the group-

velocity dispersion curve in the frequency range between 0.7 and

7 Hz. In this case, the wide range of observation frequencies for

the dispersion curve may be associated to a softer transition

Fig. 7. Results from joint inversion at the test site in themouth of the Andarax river. a) Target HVSR (black line) and theoretical HVSR for the best-fittingmodel (red line). b) Experimental

phase-velocity dispersion curve (black line) and theoretical dispersion curve for the best fitting model (red line). c) Experimental group velocity dispersion curve (black line) and

theoretical dispersion curve for the best fitting model (red line). d) Velocity and density profiles results from simultaneous inversion. The colored curves are associated with the trial

models generated by the iterative inversion method. The bedrock depth is estimated from the best fitting model at 0.43 Km and agrees well with geophysical prospecting carried out

by the Spanish Geological Survey (IGME, 1983).

Table 2

Best model inverted at the Andarax river test site.

h (m) α (m/s) β (m/s) ρ (kg/m3)

Proposed velocity profile

12 828 270 1749

26 1269 420 1538

395 2705 662 2165

∞ 3538 1810 2500
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between different modes, which may show very close group veloc-

ities. Note that higher mode group velocity curves might cross each

other, and even the fundamental mode. Finally, the HVSR (Fig. 6d)

presents two main peaks at 0.38 and 2.5 Hz and two minima at

0.79 and 5 Hz, respectively. Small oscillations that do not represent

main peaks are observed in the frequency range between 0.8 and

2.5 Hz.

As mentioned in the previous section, observation of the shape

of the HVSR curve is handy for identifying the fundamental mode

and those bands with possible osculation and multimode effects in

the dispersion diagrams, which correspond to the frequencies be-

tween and around the main maxima and minima of the HVSR. The

frequencies of the troughs in the HVSR (0.8 and 5 Hz in this case)

indicate the proximity of inflection points in the phase dispersion

curve. As mentioned above, the dispersion diagrams derived from

FK and SPAC techniques exhibit well defined velocities in the

range from 2.5 to 4 Hz which corresponds to energy of higher

modes. In many cases, this effect causes an erroneous identifica-

tion of the dispersion curve. However, the HVSR indicates that a

multimode or osculation effect is expected in the frequency

range between 0.38 (first peak) and 0.8 Hz (first trough) and

between 2.5 (second peak) and 5 Hz (second trough). In the dis-

persion diagram computed from the CC technique, two critical

points are observed at 0.8 and 5 Hz, corresponding with the min-

ima of the HVSR. Instead, if only the criterion of maximum energy

is taken, we can obtain an effective dispersion curve from the dis-

persion diagrams. An example of a possible effective curve is

shown in figure 6ab (solid red line), presenting an inversion of

phase velocities. The inversion of that curve as the fundamental

mode would lead to an unreliable model with significant interme-

diate low-velocity layers.

Besides, the amplitude of the peaks in the HVSR is an indicator

of the impedance contrasts between the corresponding layers of

the medium, and hence of the expected trend of the dispersion

curves. That is, the amplitude of the peaks in the HVSR increases

as the slope of the fundamental-mode phase-velocity curve in-

creases (in absolute value). As shown in Fig. 6d, the main peak at

high frequencies (5 Hz) has an amplitude of 3.5 while the main

peak at low frequencies (0.79 Hz) exhibits an amplitude of 5.5.

Therefore, we can expect a sharper variation in phase velocity

around 0.79 Hz. Once the dispersion curve was picked, a joint in-

version of HVSR and dispersion curve was performed using the

Fig. 8. Dispersion diagrams shown in Fig. 6, including theoretical dispersion curves of several modes (solid and dashed red lines) calculated from the velocity profile obtained from joint

inversion of the observed dispersion curves and the HVSR (solid black lines). The squares show the critical points of the fundamental-mode group-velocity dispersion curve, while the

circles show the inflection points of the fundamental-mode phase-velocity dispersion curve.
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HV-Inv free software (https://w3.ual.es/GruposInv/hv-inv/, last

accessed June 2018) to obtain a representative estimation of the

velocity profile of the zone. Fig. 7 shows the result of the inversion

which exhibits an excellent agreement between the observed

HVSR, phase-velocity and group-velocity dispersion curves and

the theoretical counterparts in the whole frequency range. The

joint inversion of these curves allowed to estimate the velocity

structure at the test site in the mouth of Andarax river, defined

by α and β velocity structures and ρ structure. Piña-Flores et al.

(2017) suggested that the minimum number of layers to consider

for an HVSR inversion should be equal to the number of main

peaks. Since three main peaks are visible on the HVSR here, a pro-

file with three layers on top on a half-space has been considered.

Table 2 lists the parameters of the model which best fitted the ob-

servations, which shows an estimated bedrock depth of 0.43 km

with β of 1810 m/s. The depth of the basement agrees well with

the results of independent geophysical studies carried out in the

‘80 s by the Spanish Geological Survey (IGME, 1983). The theoret-

ical dispersion curves for phase and group velocities of higher

modes were calculated for the inverted model and incorporated

in the experimental dispersion diagrams (see Fig. 8). This figure

evidences that some high energy zones in dispersion diagrams cor-

respond to higher modes.

5. Conclusions

In this work, we explore the relationship between the behavior of

the group and phase velocity dispersion curves for the fundamental

and first higher mode of Rayleigh waves and the HVSR interpreted

under the diffuse field theory. The relationship between these two

curves can be summarized in the following five points.

1. The inflection and critical points in the dispersion curves can be used

as control points to distinguish the fundamental mode from the

higher ones. This knowledge is of great help for the correct picking

of phase and group Rayleigh-wave modes from the dispersion

diagrams.

2. For the fundamental mode, the frequencies of the inflection points in

the phase-velocity dispersion curve and of the critical points in the

group-velocity curve are very close to the frequencies of the main

troughs of the HVSR.

3. The osculation effect between the fundamental mode and the first

higher mode is located between the frequencies of the main peaks

and the following minima of the HVSR.

4. The band with possible effect of multiple modes is located between

the frequencies of the main peak and the subsequent minimum of

the HVSR.

5 The amplitude of the main peaks of the HVSR increases as the slope

(in absolute value) of the phase-velocity dispersion curve increases

As an example, we used the HVSR to assist in the identification of fun-

damental mode phase and group velocity dispersion curves from dis-

persion diagrams in the Andarax river delta (SE Spain). A reliable

velocity profile for the zone was obtained from joint inversion of these

three curves.Wepropose to use information in theHVSR of ASN to iden-

tify the osculation zones, multi-mode effect, inflection points and criti-

cal points of the fundamental mode from the dispersion diagrams.

This way of proceeding can be a very useful complementary tool along

with other ways of mode identification. It allowed to obtain a represen-

tative velocity profile of the zone using joint inversion, aimed at

obtaining a more accurate assessment of local site effects in the event

of an earthquake.
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