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�i���h�����/�^��� � q~exc~k�srex]=s�] Yd�Nu
z���uR��]{�JY[p}exX�Y[c~e8]rexq~]rZ�qfyP /ehcfk¡]=gE]}s�ehZM\dj�ka¢��+£5£2uR��]
s�¤1��e¥��vL\�¦^eP]r¤��1��preh]r]rY^p.vLehprePyxY^j�k�¤�y§s�exk�\$s�s�X1eP¨+j�qt¦[ehpr]rqts©goY^��ª�\^cfqt�«Y[prj1qm\1��]>l>q~y¬X�Z�Y^j�k� /ehcfk
]}s�\ds�q~Y[j®­¯l � ��° `QWNX�p}exe±k�qt²"ehprehj�s.\^yx³�¤�q~]rqts�qfY^j�´[ehY[Z�ehs�p}qfeh]>v�exp}e±¤�]rehk�µ � qfj�´[c~e¶v�exc~c·µ�ªLprY^]r]}v�exc~c
\^j�k¹¸ �1º `/b�\$s¬\ v�expre¶\^yh³�¤�qfp}exk���Yds�X¹vDq~srX�\^j�k¹vDq~srX�Y[¤1s�srX�e.s�¤1��e¥��vL\�¦^e{]}¤�����p}ex]}]rY[p>\^c~cfY�vDqfj�´
Z�ew\^]}¤�prehZ�ehj�s.Y^�Rs�X�ePy¬X�\^j�´[e±q~j�s�¤1��e¥��vL\�¦^e8]}s�p}exj�´ds�X�`»WNX�ePpr\ds�q~Y¼Y^� º ��vL\w¦[ePs�Y�s�¤��Je§�·v�\w¦[e
exj1expr´dg�vL\^]�¤�]rehk½�«Y^p.\^j/\dc~gE]rq~]x`¶zLY^srX¾yxprY^]r]}v�exc~c5\^j�k¾]}qfj�´[c~e{v�exc~cFs�eh]}s�]�]}X�Y�vLehk¡�¼srY �[� k/z
Y^�Rp}exk�¤1yhs�q~Y[j¿q~j�s�¤1��e vL\w¦[eP\dZ���c~q~sr¤�k�e�­¯p}excm\$s�q~¦^e¶srY¼s�X1e º ��vL\w¦[e ° `.WNX�e ¸ �1º k/\ds�\¾­¯¤�]}qfj�´¼\
]rc~exk�´^e±X/\^Z�Z�ehp+]}¤�p}�¯\dyxeP]rY^¤�pryhe ° ]rX1Y�v�exk�Z�qfj�q~Z¼\dc(y¬X/\^j�´[ePq~j�s�X1eP\^Z���cfqts�¤�k�e»pr\ds�q~Y�`»À�s�X�ehp
ex³�¤�q~��Z�exj�s.s�eh]}sr].yxY[Z��/\^p}exk¿]}Y[¤�p}yxe±]=s�prehj�´^srX¾Y^�5��qfehÁxYEexc~exyhsrprq~y{]}Y[¤�pryhex]�\dj�k¾prehyxY[p}k�exk¾]}qfj�´[c~e
v�excfc�¦^exp=s�qfyx\^c(��p}Y^ /cfeh]NY^�<s©vLY�vLehcfcf]D\$s>l � � `
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V2Ã ��4L�1-/�>�»�.A"�����L4
Ä ]rehprq~ex]�Y^�2ex³�¤�q~��Z�exj�s�s�eh]}s�].v�exp}e8yxY[j�k1¤�yhsrexka\ds.s�X1e8¨{`Åª�`(l>q~y¬X�Z�Y[j�k � q~excfk � s¬\dsrqfY[j

¤�]}qfj�´�u
z��+u5��].�JY[prehX�Y[c~e ]rehqf]}Z�q~y ]}gE]=s�exZÆ\^j�k¾¢���£5£5uR�Ç].sr¤��Je§��vL\w¦[e8]r¤1����preh]r]}Y[px`¶WNX�e±s�eh]}sr]
¤�]}exk¾vLehcfc~]�£2_���£È\dj�k¾¢��.É$� � ­ � q~´[¤�pre � ° `{À.¤�p���¤1pr�JY[]rePq~]+s�Y¹³�¤/\dj�srq~�Êg�s�X�e±e§²"ehyhsrq~¦[ehj�ex]}]
Y^�2s�X�e8W�Ë � \^]�k�ex�1cfY�g[ehk¡qfj½u
z��+u5��] � Ë � ¢±­¯]rq~j�´[c~e±vLehcfcR]rehqf]}Z�q~y±qfZ�\^´[q~j�´ ° ]=gE]}s�ehZ�`PËae
\ds}s�exZ��1srexk¼srY k�¤��1cfqfyx\ds�e+\^c~cQ\^yx³�¤�q~]rq~srqfY[j��/\^pr\^Z�e§s�ehpr]5vDq~s�Xi\^j�k�vDqts�X�Y^¤1sLsrX�e�W�Ë � `EWNX�e.]r\^Z�e
]rY^¤�pryheP\^j�k¾]}exj�]}Y[pr]�v�exp}eP¤�]rehk�µ(\^j1k�s�X�e ]�\^Z�e k�eh�1s�X1]�vLehprePp}exyxY^prk�ehk�` Ä k1k�q~srqfY[j/\dcfc~g^µ�s�eh]}s�]
v�expre¶prehyxY[p}k�exk�qfj¹yhprY[]}]}v�excfc<\^j1ko¸5ehp}s�q~yw\^c � exq~]rZ�qfy º prYd /cfe�­«¸ �1º2° s©g0�Je»´[exY^Z�e§s�prq~ex]h`

W<YayhY[Z���\^pre�\^Z���c~q~s�¤1k�ex]±Yd��k�qt²"ehprehj�s�\dprprqt¦d\^cf]hµ5v�e�¤�]re�\¾Z�Y�¦Eqfj1´¿vDqfj�k�Y�vÌl�_ �
\^Z���cfqts�¤�k1e{\dj/\^c~gE]}qf]+vDX1qfy¬X¿q~]�qfjos�X�e � À»ª�¨ � � Â bÍ]rexq~]rZ�qfy{��prYEyxeh]r]rq~j�´i]}Y^�Ês©v�\dpre±]}¤�q~sre^`�WNX1qf]
\^j/\dc~gE]rq~]Nyw\^c~yx¤�cf\ds�eh]�s�X�e»¦d\^cf¤�e»Î¼­«Ï ° �«Y[pD\±s�q~Z�e.vDq~j�k�Y�v»�2Îi­ÊÏ °2ÐÒÑ Ó�Ô ­«Ï °�ÕUÖ9× ­ Ô ­ÊÏ °r°�Õ}Ø vDX�ehpre
Ô ­ÊÏ ° q~]2srX�e�p}exyxY^prk�ehkik/\ds�\ \^j�k × ­ Ô ­ÊÏ °r° qf]5s�X�e+Ù+q~cf�Jexp=s2srp�\^j1]}�«Y[p}ZÚYd��s�X�e>prehyxY[p}k�exk¹k�\ds¬\1`FWNX�e
s�q~Z�eDvDqfj1k�Y�vÛvL\^] �[� ]r\^Z���cfeh]�­ � ` Â�Ü^� Z�] ° ¤�j�c~ex]}]�Y^s�X1exp}vDq~]re.j1Y^s�ehk�`2z�g¼yhY[Z��/\^prq~j�´{srX�e.pr\ds�q~Y
Y^� º �·v�\w¦[e{s�Y�sr¤��Je§��vL\w¦[eP\dZ���c~q~sr¤�k�e^µ�v�e±\$srs�ehZ��0s+srY¼prehk�¤�yhe s�X�e{eh²�exy§s.Y^�R]}Y[¤�p}yxe pr\^k�qf\ds�q~Y[j
�/\ds}s�ehprj�µ/k�eh�1s�Xok�eh��ehj�k�exj�s�]}s¬\$s�qfyh]D\^j�koY^s�X1expN¦d\^prqf\^��cfeh]x`

WNX�e�sr¤���e¥��vL\w¦[eD]r¤��1��preh]r]rq~Y[jPs�eh]}s�]5\dpre�]}¤�Z�Z�\^p}qfÁxehk±qfj WF\^�1cfe � \dcfY[j�´+vDq~s�X{s�X�e�Z�ew\d]r¤�p}exk
prehk�¤�y§s�qfY^j�q~jis�X�e»p�\$s�qfYPYd��sr¤���e¥��vL\w¦[e{srY º �·v�\w¦^e \^Z���c~q~s�¤1k�e^`
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Ý ����Þ«ß&à/�
Ä yh³�¤�qf]}q~s�q~Y[jon�exY[Z�ehsrp}g � Y[¤�p}yxe lDexyhexqt¦[exp Ä Z���c~q~sr¤�k�e�l>\ds�q~YP¢©Z��1prY�¦[ehZ�ehj�s

� Ë � ¢ º ÀN¸ ÀNá»ÀÍÙ>gEk�p}Y[��X�Y^j�ex] �^� k�z
� Ë � ¢ º ÀN¸ Â ��ªân�exY[�1X�Y[j�eh] ãPk/z
ä�Ëaexc~c u
z���u º q~exÁhY ¢©WN¢NÙ>gEk�p}Y[��X�Y^j�ex] �Pk/z
ä�Ëaexc~c u
z���u º q~exÁhY Â ��ªân�exY[�1X�Y[j�eh] å
¸ �1º º Ù�\dZ�Z�exp ÀNá»ÀÍÙ>gEk�p}Y[��X�Y^j�ex] � k/z
¸ �1º � Ù+\^Z�Z�exp ÀNá»ÀÍÙ>gEk�p}Y[��X�Y^j�ex] � � k/z

S�Ã )+�=4.æL���èç �<�}�
� q~´[¤�pre � ]rX�Y�vD]�u<zL��uR�Ç]+]rq~j�´[cfe.v�exc~c
ex³�¤�qf�1Z�ehj�s+yxY^j1 /´[¤�pr\ds�q~Y[j�vDq~s�X�s�X1e{¢��+£2£5u®W�Ë �

��cf\^yxehk¡�Jehs©v�exexj&srX�e¼]}Y[¤�p}yxei\dj�kasrX�e�srY[�¡]}exj�]}Y[px` � q~´[¤�p}e Â qf]{\o�1X�Y^s�Y�Y^��srX�e�W�Ë � \^]
k�eh��cfY�g[ehk¡\d��Y�¦[e�\iv�excfc5\$s¶\�k1q~²�exprehj�s»]rq~sre^`P¢©j¾s�eh]}sr]¶vDqts�X�Y[¤0s.s�X�e8W�Ë � µ�srX�e8]rehj�]rY[p}] \dpre
\ds}s¬\^y¬X�ehkosrYPs�X�e»�JY[prehX�Y[cfe�k1qf´[qts�qfÁhexp.­ Ä�é b ° `�WNX�e¶qfj1q~s�qf\^c/s�eh]}s+¤�]rehk�]}qfj�´[c~e.vLehcfc�yhY[j1 /´^¤�p�\dsrqfY[j1]
vDq~srX½u<zL��uR�Ç] º ÀN¸@]}Y[¤�p}yxe8��cm\dyxexk½\ds¶ê � �Êsw`±k�eh�1s�X½qfj¿v�exc~cR£2_���£N` � q~´[¤�pre �¹]rX�Y�vD]»s�X�e
prehyxY[p}k�exk½]rX1Y^s¶´�\ds�X1exp�k/\ds�\ivDq~s�X�­«cfeh�Ês ° \^j�k�vDq~srX�Y[¤1s�­«prq~´[X�s ° srX�e8W�Ë � `(WNX�exp}e�q~]�\is�q~Z�e
k�ehcm\wg¼Yd�<\^��Y^¤1s � Z�]Lqfj�s�X�e�k/\$s¬\{vDqts�X¹W�Ë � �Jexyw\d¤�]re»Y^�(srX�e.e§ëEsrp�\Pk�qf]=s¬\^j1yxe.�Jehs©v�exehj�]}Y[¤�pryhe
\^j�k¹p}exyhexq~¦^exp}] ­«ex´�`U�«Y^p�y¬X/\^j�j1exc Â µEs�X�e. /p}]}sNj1ex´�\dsrq~¦^e.s�prY^¤�´[X¹qf]�\ds �0� Z�]LvDqts�Xis�X1e�W�Ë � \dj�k
\ds � �PZ�]LvDq~srX�Y[¤1sNsrX�e»W�Ë ��° `/WNX1qf]�s�q~Z�e+¦^\dprqfeh]�vDq~srX�srX�e�]r¤1prprY^¤�j�k�q~j�´8Z¼\dsrexp}qm\^cJ¦[exc~Y0yhq~s©g^` Ä
prehk�¤�y§s�qfY^joq~jis�¤��Je§�·v�\w¦^e \^Z���c~q~s�¤1k�eP­«��e§s©vLehexj��[�P\^j�koã[�PZ�] ° qf]�Y^��]rehp}¦d\^��c~e�Y[jo\^cfc�y¬X/\^j�j�ehcf]h`

� q~´[¤�pre � q~].\��1cfY^s+Y^�Rs�X1qf].\dZ���c~q~sr¤�k�e¶\^j/\^ctgE]rqf]D�«Y[p�\¼]rehcfexy§s�ehk¾]rqfj1´[cfe»vLehcfc<X�g0k1prY[��X1Y[j�e
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prehyxY[p}k�qfj1´�­¯y¬X/\dj�j�exc � � ° ]rX�Y�vDqfj1´¼s�X�e±\^Z��1cfq~sr¤�k�e»Y^�2\^j �[� ]�\dZ���c~e{Z�Y�¦Eqfj�´�vDqfj�k�Y�vÒqfj�k/z�`
WNX�e¶Z¼\�ë1q~Z±¤�Zì\^Z��1cfq~sr¤�k�e�Y^�Few\^y¬Xos�pr\^yxe�­í\dj�j�Y^s�\ds�ehk¿\^]>�8k/zÛY[j�s�X1e¶ /´^¤�pre ° ]}X�Y�vD].\Ps�Y^s�\^c
prehk�¤�y§s�qfY^jaY^��Y�¦[ehp � s�q~Z�eh].s�X�e8Z�\$ë0qfZ±¤1Zî\^Z���c~q~s�¤1k�e�­í�0`Åã � vDqts�X�Y[¤0s»W�Ë � ¦E]¶�1` ��� vDqts�X
W�Ë ��° `<_�Y[prePq~Z��JY[p=s¬\^j�s�ctg[µJs�X�e8Z�\$ë0qfZ±¤�Zïexj1expr´dg¾qf]��«p}Y[ZðsrX�e º ��vL\�¦^e^µ<p�\dsrX�exp.srX/\^j¾s�X1e
s�¤1��e¥��vL\�¦^e^µJvDX�exj�¤�]rq~j�´�srX�e¶W�Ë � `QWNX�e pr\ds�q~Y�Yd� º ��vL\w¦[e{srY�sr¤��Je§��vL\w¦[e{exj�ehpr´^goqf]Dq~j�yxp}ew\^]}exk
��g �[� k/zÒ­«�«p}Y[Z@� � k�zIvDqts�X�Y[¤0sDW�Ë � s�Y Ö �Pk/zñvDq~s�X�W�Ë ��° `

òNÃôó -/���0�0#¡���=�
ªLY[Z��/\^p}qf]rY^j¾]rexq~]rZ�Y[´[pr\^Z�]>�«Y[p�srX�e8yxprY^]r]}v�exc~cUs�eh]}s�]»\dpreP]rX1Y�vDj½qfj � qf´[¤�p}ePê1`{¢©j�srX�ex]}e

s�eh]}sr]>srX�e»W�Ë � vL\^]+q~j¹s�X�e¶prehyxexqt¦[ehp+�JY[prehX�Y[c~e�­í£2_���£ ° vDX�qfc~e.s�X�e»]}Y[¤�pryhe¶vL\^]>qfj�¢��.É$� � ­«]rehe
� q~´[¤�pre � ° `FWNX�e º ��vL\�¦^e�qf]LsrX�e� /p}]}sD\dprprqt¦d\^c�­ ��Â srY ��Ü Z�] ° \dj�k¼s�X1e.s�¤��Je§�·v�\w¦[e�q~]�srX�e�]rehyxY[j�k"µ
cm\dpr´[ehpD\^Z��1cfq~sr¤�k�e�\dprprqt¦d\^c5­ ��Ü srY � ã8Z�] ° ` Ä ´[\^qfj�µ�srX�e¶\^prp}q~¦d\^c"srqfZ�ex]Dk�qt²"ehpN��e§s©vLehexj¿s�X1e»vDqts�X
\^j�kovDq~srX�Y[¤1sDs�eh]}sr].��ehyw\^¤1]re Yd�Uk�qt²"ehprexj�s+]rehj�]rY[p+k�ex�0s�X�]h`DËIX1qfcfe¶\�jE¤1Z±��ehp+Yd�U]rY^¤�pryhe k�eh�1s�X�]
v�expre±\^yx³�¤�q~prexk"µ�s�X1e ]rX�\^cfc~Y�v�exp+k�ex�0s�X�].´^exj�ehp�\dsrexk¾\¼cf\^pr´^expNs�¤��Je§�·v�\w¦^e^`.WNX�e k/\ds¬\�qfj � qf´[¤1pre
ê¼q~]+�«Y[p�\¼]rY[¤1pryxePk1ex�1srX¾Y^� � �[�8�Êsw` � q~´[¤�p}e Ü ]}X�Y�vD].s�X�e±´[\^qfj�\^j/\^ctg0]}qf]D�«Y[p+srp�\^yhe±j�¤�Z±�Jexp.�
­¯y¬X�\^j�j�ehcFê ° ` Ä ´[\^qfj¹s�X1e \^Z���c~q~s�¤1k�e�Y^�R\dcfc
\^p}prq~¦d\^c~]NX/\^]>��ehexj�prexk1¤�yxehk:­«�«p}Y[Zõ\�Z�\$ë0qfZ ¤�ZÌY^�
�1` �[� s�Y��1`Å�^ã ° ��g�srX�e \dk�k�q~srqfY[j�Y^��s�X�e¶W�Ë � `JWNX�e¶p�\dsrqfY8Y^� º �·v�\w¦[e{s�Y8s�¤��Je§�·v�\w¦[e Z¼\$ë0q~Z±¤�Z
qf]Nq~j�yxp}ew\^]}exk��«prY[ZÚ� ��� k/zñs�Y±� Â k�z�öQ\^j�qfj�yhprex\^]re¶Y^�F�8k�zIvDX�ehj�¤1]rqfj1´�srX�e»W�Ë � `

÷ Ãùø %5?Ú?Ú�
-ñúè)>û
W�v�Y¼k/\ds�\�]}ehsr]+v�expre¶yxY^cfcfehyhsrexko��g�¤1]rqfj1´¼\8]rc~exk�´[e¶X/\^Z�Z�expNY[j�s�X�e¶]r¤1p}�¯\^yhe¶�«Y[p>\8]rY[¤1pryxe

\^j�k¿srX�eP]rq~j�´[c~e{v�excfc�yxY[j0 /´[¤�pr\ds�q~Y[j��«Y[p+]rexj1]rY[p}]xµ
´[q~¦Eq~j�´i\^j�\dyx³�¤�qf]}q~srqfY[j¿´^exY[Z�ehsrp}g�qfk�ehj�srqfyx\^c



ê

s�Y�¦[ehp}srqfyw\dcR]rexq~]rZ�qfy8��p}Y^ /cfeh]x`¼À.j�e8k/\ds¬\�]re§s ¤1]rexk½s�X�e�]}s�\^j�k/\dprk º �·v�\w¦[e8s©gE��e�]rY[¤1pryxedµ�q~e^`
s�X1ePX/\^Z�Z�ehp.X�q~s}s�q~j�´¹\¼üQ\ds»�1cm\dsre±Y[j¿s�X1e�´^prY[¤�j1k�` WNX�eP]}exyhY[j�k½k/\ds¬\¹]}ehs»¤�]}exka\^j � ��vL\w¦[e
s©gE��eP]}Y[¤�p}yxe^µ
q~e^`¶\¼vLYEYEk¾��cm\^j1|�X�ehcfk�k�Y�vDj���g¾\¼¦[ehX�qfyhcfe8\^j1k¾]}s�p}¤�y¬|¿Y[j¾qts�]�¦^exp=s�qfyx\^cU]}qfk�ed`
WNX�e{��cm\^j1|iv�\^]�\^cfq~´[j�ehk�srY�v�\^p}k�s�X1e¶v�exc~c·µQ´[q~¦Eq~j�´¼\dj�qfjE�©cfq~j�e � �·v�\w¦^e±]rY[¤1pryxed`DWNX�e p}exyxY^prk�q~j�´
]}gE]=s�exZïs�p}qf´[´[ehprq~j�´�k1qfk�j1Y^s�v�Y[pr|oyxY^prprehyhsrc~g��«Y[pDs�X�e ¸ �1º \^yx³�¤�q~]rqts�qfY^j�µQ]rY¹\¼Áhexp}Y¼s�q~Z�e¶��¤�c~]re
vL\^]�p}exyxY^prk�ehk¿Y[j�ªLX/\^j�j�ehc � µ�\d]+]}X�Y�vDj�vDq~srX�s�X1e{]}exqf]}Z�Y^´[p�\^Z�]x`�WNqfZ�ex]>\^p}e{p}excm\$s�q~¦^e�s�Y�srX�qf]
ÁxehprY±srqfZ�e���¤�c~]red` � Y[p�ew\^]}e�Y^�<yxY[Z��/\^p}qf]}Y[j�µ�vLe�X/\w¦^e¶y¬X1Y[]rehjop}exyhY[prk�q~j�´[]LvDX1Y[]re»ÁxehprY±srqfZ�e+vL\^]
\^���1prYwë0qfZ�\ds�ehc~g�ex³�¤/\^cí` � q~´[¤�pre±ã�]}X�Y�vD]�s�X�e º ��vL\w¦[eP¸ �1º ]rexq~]rZ�Y[´[pr\^Z�]h`{WNX1e�Y^��]rehp}¦d\^��c~e
\^p}prq~¦d\^c
q~]�s�X�e{s�¤��Je vL\�¦^e^` � qf´^¤�pre �¼]rX�Y�vD]�s�X1eP\^Z���cfqts�¤�k�e{\^j/\dc~gE]rq~].\w¦[ehp�\^´[ehk¾�«Y[p��¼srp�\^yhex]
­¯]}ex³�¤�ehj�srqm\^c~c~gisrp�\^yhex] Â srY¼ê ° `L¢©jos�X�q~]Dyw\^]}e¶srX�e{q~Z��1prY�¦[ehZ�ehj�s>q~j º �·v�\w¦[e¶s�Y8s�¤��Je§�·v�\w¦^e±p�\dsrqfY
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Richmond Field Station - Borehole Test Site

Approximate Scale
1 inch = 45 ft.

45 ft.

6" PVC Casing

114’

112’

97’96’

83’

279.5’

225.5’

225.0’

106.5’

227.0’

100’  Well Depth

Note: 6" PVC Casing ->  O.D.=6.5", I.D.= 5.75"

Note: All water levels 7 - 9 ft. (Feb, 2001)

* Well EMSW has a seismometer permanently emplaced.

4" PVC Casing
$

110’

OBS1

89’

Figure 1.  Location map for RFS wells.



Piezoelectric Source

Downhole 24 Chan A/D and Fiber Optic Telemetry

Sensor String:  16 Active Hydrophones

90’ Minimum
Source-Receiver
Offset

10’

10’

3200 m 1.1" Armored Fiber Optic Cable

OYO DAS-2 
48 channel System
w/ 24 chan F.O. Borehole
ADC extension

Orbital Vib. or
%
Piezoelectric
Source Controller

64 KW Generator
OV Source Inverter
and 1-4 Piezoelectric
Power Supplys

Source Power

Source ControlTrigger

F.O. Borehole Sensor
Digital Data (16 chan)

Sweep Analog 
Data (1 chan)

Recording Truck

Winch Truck

Multi-Conductor
&
Cable with three
Fiber Optic fibers

INEEL Tube-Wave Suppressor11.5’

Figure 2 LBNL  single well seismic imaging system with INEEL 
tube-wave suppressor.



Figure 3.  INEEL tube-wave suppressor deployed as part of 
LBNL’s single well seismic equipment. 

"Soft" Bladder inside
ports open to borehole

Compressed
air reservoir
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P-Wave (0 dB) P-Wave (-2 dB)

Tube-Wave (-9 dB)
' Tube-Wave (0 dB)

'

SWSI With TWS SWSI Without TWS

Figure 5.  Amplitude vs time comparison for single well data recorded with 
TWS (left) and without TWS (right). The improvement in P-wave to tube-
wave amplitude ratio is 11 dB.
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P-wave (-12 dB)

Tube-Wave (-9 dB)
'

Tube-Wave (0 dB)
' P-wave (-12 dB)

Crosswell With TWS Crosswell Without TWS

Figure 7.  Amplitude vs time comparison of crosswell data recorded 
with TWS (left) and without TWS (right).  The improvement in the 
ratio of P-wave to tube-wave energy is 9 dB.



With TWS Without TWS

Figure 8.  Data traces from a sledge hammer source VSP (P-wave 
mode) acquired with TWS (left) and without TWS (right). The tube-
wave is the arrival between 20 and 40 ms.



P-wave (-16 dB)

Tube-wave (0 dB)

P-wave (-15 dB)

Tube-wave (0 dB)

VSP (P)  Without TWSVSP (P)  With TWS

Figure 9.  Amplitude vs time comparison of VSP data recorded with (left) 
and without (right) the INEEL tube-wave suppressor.  The improvement 
in P-wave to tube-wave amplitude ratio is 1 dB.
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P-wave (-17 dB)

Tube-wave (0 dB)
'

P-wave (-15 dB)

Tube-wave (0 dB)
'

VSP(S)  Without TWSVSP(S)  With TWS

S-wave (-3 dB) S-wave (-3 dB)

Figure 11.  Amplitude vs time analysis for  VSP data recorded with an S 
type hammer source both with (left) and without (right) the INEEL tube-
wave suppressor.  The ratio of S-wave to tube-wave amplitudes is 
unchanged. 
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P-Wave (-8 dB) P-Wave (-16 dB)

Tube-Wave (0 dB)

Tube-Wave (0 dB)

SWSI Geophones With TWS SWSI Geophones Without TWS

Figure 13.  Amplitude vs time analysis for single well data recorded with 
wall-locking geophones both with (left) snd without (right) the INEEL  tube-
wave suppressor.  The improvement in P-wave to tube-wave amplitude 
ratio is 8 dB.



P-Wave? (-9) P-Wave? (-3 dB)

Tube-Wave (0 dB) Tube-Wave (0 dB)

SWSI Control Geophone With TWS SWSI Control Geophones Without TWS

Figure 14.  Amplitude vs time analysis of single well data recorded with a "control" geophone (one 
placed between the source and the TWS), both with (left) and without (right) the INEEL tube-wave 
suppressor.  The P-wave is difficult to identify because the interval time between P and tube waves 
is small.



P-Wave
P-Wave 

Tube-Wave Tube-Wave 

SWSI Control Geophone With TWS SWSI Control Geophones Without TWS

Figure 15.  Frequency vs time analysis (top) and total spectral content 
(bottom) for single well data recorded with (left) and without (right) the 
INEEL tube-wave suppressor.  We interpret a 5 dB improvment in the ratio 
of P-wave (at 1800 Hz) to tube-wave (at 250 Hz).



Spectral Analysis of Single Well Geophone Data

With TWS
(

Without TWS

Figure 16.  Spectral analysis of single well geophone data.  Frequency 
vs time (top) and total spectra (bottom) are shown for a data recorded 
with the INEEL tube-wave suppressor (left) and without the TWS (right).
The P-wave has a peak at 2400 Hz,  while the tube wave has a spectral 
peak at about 200 -400 Hz. 
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Figure 19.  Amplitude analysis using various measures of the 24 
hydrophones in the receiver well for a single shot gather using the 
LBNL piezoelectric source with a 4 kV pulse.

LBNL Piezoelectric Source



Figure 20.  Amplitude analysis using multiple measures of the LBNL 
POV source for 24 hydrophones in a crosswell acquisition geometry.  
The source used a 4 kV pulse.




