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Composite Refraction-Reflection Stack Sections:
Tracing Faults in the Atlantic Coastal Plain Sediments

Cahit _;oruh and .lotto K. Costain, Department o.["Geological Sciences, l."irginio Tech, Blacksburg, Virginia 24061-0420

Dale E, Stephenson, Westinghouse Savannah River (7ompany Savannah River Technologj, (?enter, ,'liken, So_ah Carolina. 29S08

,'qlIMMAIIY The conventiotml interpretatitm of rcliactioa data uses a

Scistnic data from the Atlantic Coastal Plait1 are rcprocessed and siagle-lbld app,'oach and either planar or ivrcgttlar t cliactiou

c_mq_osite rclracli_m-rcllection stack scctitms produced to i_westigate interl'aces (Barry, 1967; i_almer, 1986, I.atlkstotl, I_JS_). Most

I,aseutcat Ihults that penetrate upward iJ_lo Atlantic Coastal Plain I.cchniques used for itlterpreting rel'raction traveltimc-distance
sedimrnls in South C.arolina. Reprocessing recovered rellections from curves are derived ITom tile concept of delay time. The re-

within the deep crust to the Moho as well as from within thin veneer fraction stack discussed here is also designed to utilize tile tie-

(301) m) of the Athmtic (_oastal Plain sediments, in addition to at- lay times.--l'hese are combined usillg tuultilbld data in which
tempts lo rccover rellected arrivals from shallow depths, reprocessing traces are recorded with dillcrent o[l_cts similar to COllllllOll-

was I'ocuscd on shallow structures by recovering refracted head wave mid-point reflection ensembles.

arrivals using refraction slack scctitms discussed itr this paper. The traveitime t, Ibr a critically reliactcd wave arrivillg at

I't_tti{ms of the seismic lines that cross interpreted faults are rcproc- a source-receiver distance x (l:igure I) is
csscd wilh emphasis on the enhancement of shalh_w seismic events
usitlg a mute scheme that minimizes loss of data and yields composite
rt;fractiotl and reflectitm stack sections. The refraction stack sections I_ = /0 f" .v (I)I/2
ate produced by stacking tile split-spread dala (sorted by the mid-point

ct_ordinates) and applying a linear-move-out correction thai trans- where to is the delay- _i" it_tercept-titne atld t"2is velocity of the

fourths the refraction arrival times into intercept (delay) times. Veloci- second layer. The delay-time is
lies necessary for the correction were obtained from constant-velocity
lest panels using the linear-move-out correction. The refraction stacks 2h

p.roduccd extretncly good refracted signals representitlg horizons tlmt t0 = _ cos ir (2)
are corrclated witla corresponding reflections and/or syrttt_elic
sc.ismogtatns from well log data. The correlation formed the basis for where h and I", arc thickness and velocity of the litst layer,

t:_u|structing the composite rel'raction-rellectiotl stack sectio,_s that are respectively; and

cfyslalline basement, the I)uubm'ton Triassic basin aral the Cretaceous 1"1
sedintcnts of the Atlantic Coastal I'lain. The fhulting, in general, is cos ic = I - _ (3)
not limited to tile l'riassic l)unbarton basin which is it|terpreted to be 1/2
bottnded hy reverse (at the NW) faults. Othc,r faults imaged in the

sediments and exlending upward froth the basement are generally _e-

verse faults. I)eformation witht)ut faultit_g is imaged iu Tertiary I x t
sediments and is associated with some of the deeper faults that pcac- S CMP Iq
Irate the sediments. I)isplacenlent imaged along faults decreases rap .........

idly upward from the basement. The composite refraction-rellection __o_,_r_ /,_/__t

stack sections exhibit that the depth of upward penetration of the
f'tulls wlries; most of them are associated with deh_rmation at times

as small as 5(1ms two-way time (_25 m), while one fault (the A'I'I'A) h
penetrates to depths that include a shallow refracted horizon.
It_bricatcd upper crustal slructures, the buried Triassic l)ttnbarton

= basin, at_d reverse and normal faults suggest that the sttbst_rface is O / _ Vl

(_vc_printcd by compression followed by extet_sion and httcr by com- A B C D V2pwssion.

IN'I'II(Ii)I.JC'I'I()N I"igure I. Critically refracted wave arrival: ('NII' is the tnid-poi_t
()ne of the major objectives of this paper is to discuss tile hetweeo sot_rce m_d receiver, r._t,= ,Vl:'/l"l aud

Use Of shallow refracted arrivals to construct a composite trn= i"Rll"t are Ihe source and receiver terms o1 the. delay
_ rcfraction-rellection stack that allows better imaging oi tile time, respectively.

sttbsttrface at shallow depths. Conventional processing of

u_ultifold reflection data generally requires that refracted wave I)elay time t, consists of a source term (t._ = Sl:./I/_) that

arrivals be discarded by the application of a mute. i lcre, we is the time it takes the critically refracted waveliont to travel

encourage the use of reli'acted waves using a stacking process from tile source l'_oiut to the tel'factor with a_ angle of tact-

similar to the conventional stacking process of rcllected waves dence i, and a receiver term (t_._ = i;R/I"_) that is the travcltime

(Yihnaz, 1987). Seismic data recorded ibr rellection arrivals Ibr tile critically refracted waveli'ont to travel li'ore the
also include rel'racted arrivals in which the reilected wave['ronts reli'actor to tile receiver (I,'igure I). The dclay time, thcrelbre,

: are represented by hyl_erbolic time-dclavs (normal movcout) is the two-way traveltime Ibr the critically reliactcd wavefront
otl traces with increasing olFset, while tlie refracted waves are liore source lo refractor and then to a receiver. Since the delay

rcpreseated by linear timc-dehtys. Because the correction lhr time is obtaiued Iiota i-t I (I) by defining x----(}, I:igure 2 is
normal moveout causes non-linear stretching, the refracted obtained by moving the critically refracted raypaths without

waves and stretched parts of traces are normally inclutlcd in modi['ying the critical angle of incidence i_ to sitmtlate x = 0.

the mute scheme. We suggest using a combitmtio|l of linear in l:igure 2 the sotttcc and receiver poiats are put togcther at

and non-linear corrections to recover both type oi" arrivals, tile mid-point between tile source and receiver locations in

Our attempts have resulted in additional data and infbrmation I:igure I. The Incar time dill'create between tile arriwd time
that can be used as a part oi the interpretation (I.aughlin, of aerl'acted waves at an olivet x and tile delay time is called

1988; Sen, 1991" (,_oruh and others, 1t)92). lni'ornmtion gained rcli'action moveout (I,r,M()) at oll'set x, Figure 3, Apl_lication

I?om the reii'acted arrivals allows it_terpretatitms about of tile reii'action moveout transibrms the arrival time o1" the

shallower structures that can not be imaged by rellected ar- raypaths given in I"igure I into the arriwd time of the raypaths

rivals o_ly. showt_ in i:igure 2. I_ctluction of the aNival time of a critically
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S.FI richly times related to these raypaths rc.suits iii a snlool.hillg
cii'ect. "l'hc number of raypaths covering the same part o1 the

CMP rel'tactor is a ntaxiluum at tile center bequeath tile common-

-ot_'-_.o&.. ._.ad,to¢,_, villus that a data set comprised of the combined delay timesFrom an irregular refractor will be a lhnctiml c_l' the laver

reli'action moveout woukl reduce ali arrival lilucs in a (_P,S

_""--_L._ _ V1 ensemble to a common delay ti,ue, as showll i,, I:igu,'e 5. All- tct the correction Ibr reli'action moveout, ali the refracted

C O 13 Va wavelets will appear at tile same time ii"tile reliactor is planar
and velocities are constant. IF tile refractor is irregular, tile

I"il_urt" Z. ('rillcally refracted wave arrival after relYaclion mt_vcmlt refracted wavelets will appear around ali average delay time.
corrccti_m: 'lhe ._ource arid receiver poilllS are moved lo These obsel'vatiolls [Orlll tile basis lbl" tlSiilg tile COIIllllOll re-
CMP poilzt ts_= SEItg aral trn= FR/Vi are thesourcealld ('faction st-irFace ensembles after correcting for tile linear re-
receiver terms of lhc delay time, respectively. I"igure repres- fraction nloveout. These eliselnbles are tile input used to l'orlll

eHts the critically reli'acted planar wnvefront to travel li'mn the reliaction stacks which are I]lell spliced with the Iellecti_n
(;MP point to point (.) on the refractor and back to CMl _ stacks.
point on the surlace.

_Sl R2 S3 R4 S5 CMP RS $4 R3 $2 nl
rcl't acted wave at an all,ct is transformed into a delay tilue by I
subtracting the linear refraction moveout from tile arrival

Itime. I"rtnu I:igure 2, tile relation between the refraction delay

timel;igureand3istW°'way zero-all'set rellection time (7;,) shown irl le _B C "O E ,- _ " I " '
• "/b = to

I

cos ic (4) V2

where 7', > ta. So, tile reliaction delay times can be converted Irlgme 4. MulliS_hlcritically refracted wave arrival._: Multi-oll?,ct
illtO tile rellection tillles by the cosine transformation. Now, spilt-spread data sorted by the mid-poi0fl coordinales fbrms

let tlS look at inultiJ'old refracted wave arrivals iii a cOlnlnoll- m_sambles wilh 'the common-refracli_m-surl;'lce raypaths ,

mid-point ensem['91e, that slmw tile maximum Iblding beoleath the CMl' point
while the number of common-raypalhs tapers out in bolh
directiol_s.

_ .

The refraction stack sections are c_nstructed in the

T (x, to)-domain and are therelore suitable lhr direct interpreta-
tion. in contrast to the conventional use of refracted arrivals,

i 0.ts tile refi'action stack utilizes lirst arrivals as well as later arrivals

m - in data sets. The processing Ilow era refraction stack is simi-

e 'NMO Itr to a conventional processing llow Ibr rellected arrivals.
lt,cii'actor velocity inlbrmation required to apply the rel?action

0.t moveout correction can be obtained by velocity analysis

schemes that use the linear moveouts. A general processing

_o Iii0 flow to produce a refraction stack fronla multilbld data set

T0o."_o might include: refraction datum statics, amplitude balancing,
sorting data sets into comlnon-reli'action-surlitce ensembles by

to"_ mid-point coordinates, determination of refractor velocities,
correcting the conm_on-rel'raction-surlhce ensembles Ibr the

20 .... 0'o..... _ _,o .... Ao " refraction linear moveout, stacking by summing the traces of
the common-rel'raction-surlace ensembles, amplitude balanc-

Offset ing and liltering. This list might also include mute schenles ii"
one would preli_r to be selective.

l"ilt,urc 3. Definition q_f linear rcrracti;m and hyperlmlit" rt,llcctiqm
nmvemlt: II,MO arid NM() are the linear rel'racliot_ attd

hyperbolic rcllection moveouC_ at au olivet xs, (Sl-R1, R2-$2, S3-R3, R4-$4, $5-135)
CMP

IIEHIA('Ti(gN STACK /__,
Multilbid rellection data acquisition also results in multi- z

Ibld refracted wave raypath coverage because source and rc- /_e_o"

ceiver pairs used are symmetric about a common-mid-point f._, ft, , .t; ...._ q_..
((_MI'), as shown in i;igure 4. This figure represents split-

- spread recorded traces sorted by the common-mkl-point coor-
dinates. (_ommon-nlid-poiut gathers ttsed to prepare traces for .. .
stacking the rellected waves can be considered conunon (F, G, H, I, J) O tA, B, C, D, E)
refi'actor surPace ((;RS) ensembies lhr tile refi-acted arrivals.

CR.S ensembles sorted by all'set exhibit arrival times delayed Fil_ure 5. I_lultifidd critit'ally rerrncted wave arrivals tiler Iti_l() c_}r-

by the linear ref'raction nloveout. As sliown iii Figure 4 there re_'ti..: 'lhc raypaths i_ I;igure I are moved Io rl,pl'cselll

are tntllti refracted raypaths covering the stale surface. The the crilically reli'acled raypalhs allcr reliac|ion moveout

__ delay .times for these raypaths can be conlbitled tO represent correction. As J-fold dala, 5-pairs oFsot_ree-receiver pohlls

the delay time lhr the contmon-mid-point (CMP). This ge- are moved lo poi_t (_MI', resulti_g in 5 dowu-goi_g m_d 5

ometry indicates that the delay time obtained by sunmling the t,p.comi_0g crilicnlly reli'actedwaveli'o_H._.
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The multiibld refraction data may be represented by to determine tile upward penetration depth oi tile laults in or-
der to determine tile latest tectonic activity that produced dis-

fa(t) = "l<U- RMOk) q-nk(t) (5) placement in tile area. We carried out rcprocessing that was
targeted to recover shallower rellections than those in the

where rA(t- RMO,) is the reliacted wave at an offset corre- seismic section on the left in l:igure 6. lt was possible to re-
._l,onding to trace counter k and ro(t) is noise. The trace, cover additional shallower rellections that helped to determine

gN(0, obtained from N-Ibld rcl'raction stack data can be rc- tile upward penetration of the liudts more accurately as shown
presented by on tile right in Figure 6. Interpretation of the new results

N showed that tile border fault between Triassic basin sediments

)J'b(t + RMOk) (,6) and crystalline basement penetrated upward to as shallow agN(t)
kz-"J_'-.-i depth as tile shallowest recovered rellection, lt was necessary

to trace this fault and others to shallower depths to determine
or [hull o[l_et. Examination oi'" the data sets acquired Ibr rc-

N [leered arrivals showed that there were also suilicient reliacted

g_t) = Z [-rk(/+ ieMOk -- RMOk) + nk(t + RMOk)]
arrivals in-the data suitable ibr refraction stacking. Velocity
analysis carried out using constant velocity panels vcrilicd that

k--I there were recoverable arrivals. The refraction stacks obtained

N enabled us to image shallower structures than those recovered

[rk(t)-t-nk(t 4- RMOk)-I in the reilection stack sections. The composite refraction andgt_t)
k_=I rellection stack section silown on the right in Iqgure 6 has tile

same input data originally used to produce the section on the
If the refracted wavelets representing dif[_rent offsets are tile left in the same Figure. Similar results From other data sets
same r(t) fbr N-fold data, then tile data that represent the re- will be discussed at the meetiug. The refraction stacks

li'acted event at delay time t, can be written as produced extremely good refracted signals (l:igure 6), and
N originate from horizons that correlate with corresponding re-

_-ank(t + RMOk) (8) Ilections and/or synthetic seismograms ftore well log data.Fly(t) Nr(t) +
The correlations Ibrm the basis Ibr constructing tile composite

: '_= _ reliaction-rellection stack sections that are used to determine

I:rom this symbolic representation it is obvious that the re- the upward penetration of [hulls imaged in crystalline base-
Fraction stack will enhance the refracted events while atten- ment, tile l)unbarton Triassic basin and the Cretaceous

uating the noise. The stacking processes can also be used to Atlantic Coastal Plain sediments in South Carolina. in gen-
scan for the velocity required For the refraction moveout eor- erai, the laulting in tile area is not limited to tile Triassic
rection. In the case of a planar sub-horizontal refractor, and Dunbarton basin, which is interpreted to be bounded by re-

independent of the recording style, the velocity will be the verse (at the NW) and normal (at the Si!) Faults. There are
refractor velocity, which is other reverse Faults imaged in tile sediments that extend from

the basement upward into tile sediments. I)elbrmal_on with-

k'l (9) out Faulting imaged in Tertiary sediments is associated with
I.'_ sin ic some of tile deeper laults that penetrate tile sediments. Dis-

placement imaged along [hulls decreases rapkily upward from
In tile case of a dipping refractor and split-spread recording tile basement. The composite refraction-rellection stack

the velocity will be the average of the apparent velocities from sections indicate that the depth of upward penetration of the
down-dip and up-dip shooting that is fhults varies; most of' the faults are associated with dcforma-

[I I , l',] tiot, attituesassmallas5On_st,vo-waytime(_25n0. OneI."2 _ 0.5 sin" + . (10) [halt (tile A'I'TA) penetrates to shallower depths that include
tc - a sm ic+ 0t tile reli'acted horlzon. Imbricated tipper crustal structures, the

In the case of dipping-refractor and one-sided recording the buried Triassic l)unbarton basin and reverse and normal litults
velocity will approximate either down-dip or up-dip apparent suggest that the subsurlhce structures have experienced com-

- velocity, depending on tile direction of the line and the x'e- pression Ibllowed by extension and later by compression again.

cording style, i)ifferent schemes might be used to produce composite

Although there is a strong smoothing effect because of rcl'raction-rellection stack sections. We suggest three methods
rcli'action stacking, the portion of the rel'ractor that contrib- to combine refracted and reflection stack data:

t, tes to tile stack with the maximum number of wavelets is • Refraction and re/lection stack data sets can be generated

centered about the common-mid-point, and represents a rcla- by utilizing linear refraction and hyperbolic rellection
lively small area. The reli'action stacked traces ft'ore the CRS moveout corrections separately. The two data sets with
ensembles represent two-way traveltimes ( delay times) For equivalent arrival times can then be combined together to
critically refracted travel paths around the common-mid-point produce the composite stack data.
and thereibre can reveal subsurlace structures, l:or refi'action • The linear refraction moveout and hyperbolic rellcction
stacking, the only velocity necessary is the refractor velocity, moveout can be utilized in tile same algorithm to produce

_. 1"2. II" the refraction delay times are to be converted into tile composite stack data. A relerence two-way zero-olE_et
two-way rellection times, then, there is also the need for the time can control the type of moveout correction and dif-
velocity (I/0 of the first layer in order to define i_. This con- I_rent mute schemes ii"necessary.
version becomes more critical when the contrast between scis- • A r-p domain p,'ocessing can be used to separate tile re-
mic velocities is larger, fractcd and rellected arrivals belbre linear alld hyperbolic

i_,efraction-rellection stack sections are compared in l:ig- moveout corrections are made.
ure 6. The stack section on the left in l:igure 6 was originally

recorded and processed to interpret subsurface Ihults that C()NC.I,USI()N

_ peuetrnte upward from the upper crust into tile overlying Data sets acquired Ibr reflected arrivals also include re-
sediments of tile Atlantic Coastal Plain in South (:arolina. fi',qcted arrivals. In contrast to the conventional approach, we
Interpretations resulting from this processing revealed subsur- discard parts of data sets as little as possible. The resulting
fhce Ihuits that penetrate upward into tile Coastal Plain stack sections show that attempting to retain as much re-
sediments. Recognition o1"the deeper iauits nmdc it uecessary corded data as possible can make a dill_rence in the recovered

=
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rollcctions. III addition to keeping rcllectcd arriwds we suggest RH'T;RENt;ES
that refracted arriwils should be inchittcd in tile final stack

sections. lhe coliacted eveilts recovered hl tile colilposite IUirry, K.IVl., 1967, I)ehly lime aiid its nlipIic;llion to reli'_iclioli prolile inlcr-

rcliaction-rellcction stack sections Call help to illlagc and iii- llfehllioli, ill _eisiiiic I_,efrliclioii I_rospeciing: etl., _-|ilS}t,r;Ive, A.%V.,
'l'tllsn, Soc. I'xphlr. (;eophvs. lip. 3,114-361.

tcrpret shallower StltlCttll'C Ibr dil|'erent purposes. 'l'he CXatli- (,'olllh, (]., St,li, A.K., I)t,nlnracki, W.I., (;osl_iili, J.K., Siellliensoli , I).1".,
pie ._howII iii ttlis paper is used to trace tile tlpWal'd 1lOlletration ;li_d sIieve, A.I.., 19q2, I";lullhll_, iii lhc Consl;ll I'lMn scdinicnls: ,'-;cisnlic

tlc'l_tll of the I_iuits that eXtclld upwartl into the Atlantic hnngys liom e¢lllillosile relleciion ;ind reli;iclioii sl;ick sections,

( 'oastal Plain setlilnents lioli! deeper tipper crustal Stl'tlCtllres, ( ;enlogicill Soclcty oi Ainericli Allslrncls Wilh I_i'ogr;uils, v. 2,1, i1. 9-1ii.

Shallow structtli-es illlagetl by tile reli'actcd waves C_lli also I)e IAilik.,;Ioli, It. W., 1089, lhc seJslllic relr;iclioii inlqhod: A vhd_le Ionl for
ninppili I slillllow tnrgel._ inlo the Itiglls: (loophysics, 54, 1535- I 5,12.

USt2tl tO nlininlizc the ell'ect of long wavelength statics 011 the I.aughlin, K. J., 1988, Inierprelalion o1 refr,'lciion ;ind relleelioli si,ark dnlii
rollecied arrivals, over the Ihov,'lrd I'nllll l.oile iii Soulh (Jlirolhia: iXl.,_. lhr, sis iii

(;eopllysics, Vlrgini,1 'loch, 42 lip.

A(;KNIiWI,I';I)(IMFN'I'S liillnler, I)., 1986, I?,efr;iclion SeisliliCS lhc Illlerlil resolulioli oi slrucluro nlitl
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Figure 6. Comparison of reflected and composite refracted-reflected stack data: Left: Rellection stack obtained by conventional processing
to trace the upward extent of faults penetration from the upper crust imo the Atlantic Coastal Plain sediments. Rigtlt: Composite

refraction-reflection stack obtained by special processing to recover shallower rellections and refractions. The dillerence between
the right and left speaks Ibr it.self.








