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Introduction

The Nechako Ba sin is lo cated in the in te rior pla teau of Brit -
ish Co lum bia, and is bounded to the east by the Rocky
Moun tains and to the west by the Coast Moun tains (Fig -
ure 1; Hayes and Fattahi, 2002; Calvert and Hay ward,
2009). Al though the ba sin has been an oc ca sional ex plo ra -
tion tar get since the first well was drilled in 1931, the com -
plex tec tonic his tory and chal lenges as so ci ated with im ag -
ing in side and be low vol ca nic se quences pre vented a good
un der stand ing of its ar chi tec ture and hy dro car bon po ten tial 
(Calvert and Hay ward, 2009). Past drill ing at tempts by Ho -
no lulu Oil Cor po ra tion Lim ited, Hud son’s Bay Oil and Gas
Com pany Lim ited and Ca na dian Hunter Ex plo ra tion Lim -
ited, which doc u mented the pres ence of oil, as phalt and gas
anom a lies in wellbores (Hannigan et al., 1994; Hayes and
Fattahi, 2002; Ferri and Rid dell, 2006), and re cent re sults
of a hy dro car bon-po ten tial eval u a tion of the ba sin (Rid dell, 
2009) sug gest that the south-cen tral part of the ba sin is the
most pro spec tive, with struc tural trapping elements and
potential Cretaceous and Jurassic sources and reservoirs.

The 2008 Geoscience BC seis mic sur vey con sists of seven
two-di men sional (2-D) crooked lines ac quired in the east-
cen tral part of the ba sin (Fig ure 2), with one of the goals be -
ing to map the ex tent of the out crop ping Early Cre ta ceous
rocks in or der to de ter mine if they were de pos ited within a
sin gle large ba sin or within sev eral sub-bas ins (Calvert and
Hay ward, 2009). The Cre ta ceous rocks in this area are of
par tic u lar in ter est for ex plo ra tion be cause they con tain all
the hy dro car bon shows iden ti fied in the Ca na dian Hunter
wells (Calvert and Hay ward, 2009). In ad di tion, these rocks 
could pro vide struc tural traps re sult ing from the de vel op -
ment of compressional folds and drag folds (Hannigan et
al., 1994).

In this pa per we pres ent ve loc ity mod els ob tained from
three-di men sional (3-D) tomographic in ver sion of re -
fracted waves re corded on two of the Geoscience BC seis -
mic lines:

· east-trending line 2008-15, shot across Ter tiary de pos its 
com pris ing vol ca nic rocks of the Eocene Endako Group 
and Ootsa Lake Group

· roughly east-trending line 2008-11, shot mainly across
up per Ter tiary vol ca nic rocks of the Chil cotin Group but 
with Qua ter nary cover to the east and out crop ping Cre -
ta ceous vol ca nic rocks to the west (see Figure 2)

Overcoming Challenges in Imaging
Subvolcanic Structures

Be cause of the lay ered na ture of the vol ca nic se quences,
which in some lo ca tions are more than 1000 m thick
(Hannigan et al., 1994), one of the ma jor prob lems in the
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Fig ure 1. Lo ca tion of the Nechako Ba sin in south-cen tral Brit ish
Co lum bia and ap prox i mate po si tion of the study area in the east-
cen tral part of the ba sin.

http://www.geosciencebc.com/s/DataReleases.asp


Nechako Ba sin is im ag ing subvolcanic struc tures. Pre vi ous 
stud ies in vol ca nic en vi ron ments iden tify these main chal -
lenges in seismic imaging:

· Large im ped ance con trasts oc cur at the top and base of
in di vid ual vol ca nic se quences. At near-ver ti cal in ci -
dence, al most no en ergy can pen e trate the vol ca nic lay -
ers, whereas, at wide an gles, it is dif fi cult to re cover ve -
loc ity in for ma tion if the un der ly ing sed i men tary
se quences have a lower ve loc ity than that of the ba salt,
be cause no turn ing waves are cre ated in the low-ve loc -
ity units (Fliedner et al., 1998).

· Com plex in ter fer ence ef fects re sult from the al ter na tion
of vol ca nic and sed i men tary se quences, which dis tort or 
ob scure re flec tions from be low the vol ca nic units
(Lafond et al., 1999).

· Scat ter ing caused by the rug ged in ter faces of the ba salt
lay ers and lat eral het er o ge ne ity within the ba salt se -
quence can all cause the at ten u a tion of seis mic waves,
re sult ing in the poor con ti nu ity and low am pli tude of
pri mary re flec tions (Lafond et al., 1999).

The main ob jec tive of the Geoscience BC seis mic sur vey
was to im prove the cur rent geo log i cal knowl edge of the
area by im ag ing the data in the op ti mal way, based on the
na ture of the en vi ron ment (Calvert et al., 2009). The qual ity 
of pre vi ously re corded seis mic data in the area in di cates
that the pres ence of vol ca nic rocks in the near sur face may
con trib ute to the ab sence of re fracted ar riv als by caus ing
poor source-to-ground cou pling of vibroseis sources, and
also of con tin u ous re flec tions on the fi nal seis mic sec tions.
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Fig ure 2. Lo ca tion of Geoscience BC seis mic sur vey and sur face ge ol ogy, south-cen tral Brit ish Columbia; this pa per fo cuses on lines
2008-15 and 2008-11 (high lighted in blue).



There fore, the Geoscience BC seis mic sur vey was de -
signed to im prove the sig nal-to-noise ra tio through use of
the following criteria (Calvert and Hayward, 2009):

· lon ger off sets (max i mum 14390 m) to re cord deep
subvolcanic re flec tions and re frac tion ar riv als to re -
solve the thick ness of the sur face vol ca nic layer

· low-fre quency sweep ing (8–64 Hz) to im prove trans -
mis sion through the shal low vol ca nic layer, since en -
ergy pass ing through the ba salt is strongly at ten u ated at
fre quen cies above 30 Hz

· use of a large ar ray of vi bra tors (four) with long sweeps
(28 sec onds) to max i mize the source strength

Velocity Structure from Three-Dimensional
Refraction Tomography

The goal of seis mic to mog ra phy is to make geo log i cal de -
duc tions from in di rect and of ten noisy seis mic ob ser va -
tions. In the Nechako Ba sin, the vol ca nic rocks in the near
sur face im pede im ag ing of un der ly ing struc tures and con -
se quently in ter fere with es ti ma tion of hy dro car bon po ten -
tial, which is closely re lated to the shape of the struc tures.
Pre vi ous stud ies in ba saltic en vi ron ments sug gest that us -
ing traveltime to mog ra phy and long-off set seis mic data has 
the po ten tial to im prove the structural definition of sub-
basalt structures.

In the Nechako Ba sin, 2-D first-ar rival tomographic ve loc -
ity mod el ling has been used by Hay ward and Calvert
(2009) on the Ca na dian Hunter data to ex am ine shal low
struc tures sit u ated south of the Geoscience BC seis mic sur -
vey. How ever, use of 2-D re frac tion to mog ra phy is in ad e -
quate with the newly ac quired data be cause of crooked-line
ge om e try and strong ve loc ity vari a tions in the subsurface,
both of which have the po ten tial to pro duce sig nif i cant out-
of-plane ray bend ing and hence velocity artifacts in the
inversion.

The 3-D ve loc ity struc ture for the two crooked seis mic
lines an a lyzed (to tal of 39.5 km) was ob tained us ing the
First Ar rival Seis mic To mog ra phy pro gram (FAST), which
is based on the reg u lar ized tomographic method (Zelt and
Barton, 1998). The al go rithm in verts first-ar rival
traveltimes to find a geo log i cally rea son able ve loc ity
model with a min i mum amount of struc ture. The fi nal
model is con sid ered min i mum-ve loc ity struc ture if it is
very close to the start ing model (Zelt and Barton, 1998).
The for ward cal cu la tion of traveltimes, ray paths and
model up date uses a 3-D ve loc ity-model parameterization
with a uni form node spac ing, and the cal cu la tion is based
on the 3-D fi nite-dif fer ence so lu tion of Vidale (1990) to the
eikonal equa tion. The method was adapted by Hole and
Zelt (1995) to handle large velocity gradients or contrasts.

In ver sion of the traveltimes is a non lin ear prob lem be cause
the ray paths are ve loc ity de pend ent and un known (Zelt et

al., 2006). The nonlinearity is typ i cally re solved by re -
peated ap pli ca tion of linearized in ver sion and con straints
to the data through a pro cess called reg u lar iza tion (Zelt and
Barton, 1998). The in verse prob lem is solved so that the
data are fit ac cord ing to their as signed un cer tain ties while
solv ing for the model pa ram e ters that sat isfy two struc ture
con straints: lambda, which con trols the long-wave length
struc ture in the ini tial it er a tions and al lows short-wave -
length struc ture in later it er a tions (Zelt et al., 2006); and sz,
which is the ratio of vertical and horizontal smooth ing/flat -
ness.

Starting Velocity Models

In gen eral, the stra tig ra phy, ve loc ity and depth struc ture of
the Nechako Ba sin are not well known, prin ci pally due to
in suf fi cient and poor-qual ity seis mic data. Be cause there
was no prior in for ma tion con cern ing the ve loc ity struc ture
in the study area, we used sev eral one-di men sional start ing
mod els to eval u ate the dif fer ences be tween the ob served
times of first ar riv als (man u ally picked on both seis mic
lines) and first ar riv als estimated for each initial test model.

The to pog ra phy was in cor po rated into the start ing mod els
for both lines 2008-15 and 2008-11, with a fixed over ly ing
start ing ve loc ity of 1.5 km/s to re duce ar ti facts due to the
large ve loc ity con trast across the sur face in ter face. The pre -
ferred start ing mod els had sur face ve loc i ties of 3.3 km/s at
1400 m el e va tion for line 15, and 3.1 km/s at 1100 m el e va -
tion for line 11. The ve loc ity gra di ent for both seis mic lines
was 0.9 s-1. Ta ble 1 sum ma rizes the ini tial velocity models
for the two seismic lines.

The ver ti cal/hor i zon tal smooth ness con straint pa ram e ter sz
was cho sen to be 0.2, while the start ing value for lambda
was 100. Seven lambda val ues were tested for each non lin -
ear it er a tion, each value de creas ing by a fac tor of about
1.41.

Recovered Velocity Models

For line 2008-15, the model was de fined on a 0.05 km grid
ex tend ing from –1.5 to 14.9 km in the x di rec tion, –3.4 to
1.5 km in the y di rec tion, and –2.0 to 3.5 km in the z di rec tion.
The el e va tion along the line var ies from –1355 to –1117 m
above mean sea level, and the lo ca tion of the or i gin cor re -
sponds to the wes tern most shot of the line. Af ter seven it er -
a tions of the linearized in ver sion, the root-mean-square
(RMS) traveltime mis fit was 20 ms. Ve loc i ties mod elled
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Seismic 

line

Surface velocity 

(km/s)

Elevation of surface 

velocity (m)

Velocity 

gradient (s-1)

2008-15 3.3 1400 0.9

2008-11 3.1 1100 0.9

Table 1. Summary of the starting velocity models for the
tomographic inversion of lines 2008-15 and 2008-11 from the
Geoscience BC seismic survey, south-central British Columbia.



from the tomographic in ver sion are shown in Fig ure 3; near 
the sur face, the ve loc ity model is char ac ter ized by low ve -
loc i ties (ap prox i mately 2.6 km/s) in the west and east. Hor i -
zon tal ve loc ity slices (Fig ure 4) show that higher ve loc i ties
(ap prox i mately 3.5 km/s) are pres ent in the cen tral part of
the model within 900 m of the sur face. The de crease in ve -
loc ity at the ex trem i ties of the line does not co in cide with
the known sur face ge ol ogy, which in di cates only lower
Ter tiary vol ca nic rocks from the Endako and Ootsa Lake
groups, which are ex pected to have seis mic ve loc i ties in the 
3.5–4.0 km/s range. The ray cov er age along the seis mic line 
(Fig ure 5) shows rays pen e trat ing ap prox i mately 2 km be -
low the sur face, but over all the data are not well con strained 
be low 800 m from the sur face due to the drop in ray den sity.
The depth of ray pen e tra tion de pends on the max i mum
source and re ceiver off set and on the subsurface ge ol ogy,
with the seis mic waves prop a gat ing pref er en tially through
lay ers with a low ve loc ity gra di ent. Two ‘shadow’ ar eas
with no ray hits are iden ti fied along the line. One is be tween 
7 and 9.5 km, from –0.5 to 0.5 km depth, and cor re sponds to 
a change in the line di rec tion from east to south and back to
east. The other oc curs be tween 4 and 8.5 km for ap prox i -
mately 500 m from the sur face. A com par i son with the
mod elled ve loc i ties in di cates that ar eas with a high den sity
of rays tend to cor re spond to lo cal high-ve loc ity anomalies.

The 3-D ve loc ity model for line 2008-11 ex tends from –1.5 to
23.9 km in the x di rec tion, –8.5 to 1.5 km in the y di rec tion,
and –1.6 to 3.5 km in the z di rec tion. The lo ca tion of the or i -

gin cor re sponds to the wes tern most shot, and the el e va tion

along the line var ies from –1024 to –827 m. The ve loc ity

struc ture ob tained af ter seven it er a tions is shown in Fig -

ure 6, with an RMS traveltime re sid ual of 38 ms. East ern

and west ern por tions of the line have low ve loc ity val ues of

ap prox i mately 2.5 km/s, whereas the cen tral part has high

ve loc ity val ues of 3.5 km/s. This trend is ob served in the

hor i zon tal ve loc ity slices at 100 m in ter vals (Fig ure 7) only

at shal low depths, namely in the first 200 m in ter val. The

sur face ge ol ogy map in di cates that the mid dle part of the

line was shot across up per Ter tiary vol ca nic rocks from the

Chil cotin Group; the east ern part across Qua ter nary de pos -

its, usu ally com pris ing gla cial de pos its; and the west ern

part across Cre ta ceous clastic rocks, mainly sand stone. At

depths greater than 200 m, the trend re verses: the high est

ve loc i ties oc cur to the east and west, and the low est ve loc ity 

is in the cen tral part of the line. This trend is most ev i dent on 

the –0.4 km ve loc ity slice, which in di cates ve loc i ties in the

4.5–5.0 km/s range for the east ern and west parts, and in the

3.5–4.0 km/s range for the cen tral part. The ray-den sity

map (Fig ure 8) along the line shows rays pen e trat ing 3.5 km 

be low sur face but with a gen er ally non uni form and re duced 

cov er age. An ex tended area of zero ray den sity in the near

sur face be tween 11 and 18 km cor re sponds to a change in

the line ori en ta tion from east to south east. The ray cov er age 

along the line is an in di ca tion that the res o lu tion of the ve -

loc ity model along the line is vari able.
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Fig ure 3. Tomographic ve loc ity model for line 2008-15, char ac ter ized in gen eral by smooth struc tures.
Depths are mea sured rel a tive to mean sea level. The x-axis or i gin (0) cor re sponds to the wes tern most shot
of the line.
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Fig ure 4. Hor i zon tal slices of the ve loc ity model for line 2008-15 at depth in ter vals of 100 m, show ing mostly large-scale ve loc ity anom a lies. The top left slice is from the shal low est depth
and the bot tom right slice is from the deep est depth.
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Fig ure 5. Ray den sity along line 2008-15, show ing rays pen e trat ing 2.0 km be low the sur face. Highly fo -
cused ar eas of rays have been mapped into lo cal high-ve loc ity anom a lies in the re cov ered ve loc ity model.
Depths are mea sured rel a tive to mean sea level.

Fig ure 6. Tomographic ve loc ity model for line 2008-11, show ing a het er o ge neous shal low sec tion. Depths are mea sured rel a -
tive to mean sea level. The x-axis or i gin (0) cor re sponds to the wes tern most shot of the line.
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Fig ure 7. Hor i zon tal slices of the ve loc ity model for line 2008-11 at depth in ter vals of 100 m, show ing lo cal ized low-ve loc ity anom a lies at the east ern end of the line. The top left slice is
from the shal low est depth and the bot tom right slice is from the deep est depth.



Conclusions and Future Work

Pre lim i nary 3-D in ver sions of first ar riv als from two 2-D
crooked re flec tion seis mic lines re cov ered the long-wave -
length ve loc ity vari a tion. In ten sive test ing showed that the
start ing ve loc ity mod els for the in ver sion of the two lines
should dif fer be cause of lat eral vari a tions in the thick ness
and seis mic ve loc i ties of near-sur face vol ca nic rocks and
the un der ly ing rocks. The start ing ve loc ity mod els for both
lines cor re late well with re sults from tomographic mod el -
ling of the Ca na dian Hunter data (Hay ward and Calvert,
2009). In par tic u lar, line 2008-15, shot across Eocene
Endako and Ootsa Lake rocks, has a start ing ve loc ity value
of 3.3 km/s, con sis tent with the pre vi ously de ter mined ve -
loc ity range of 3.0–4.2 km/s; and line 2008-11, shot across
mostly Neo gene rocks from the Chil cotin Group, has a
start ing ve loc ity value of 3.1 km/s, sim i lar to the
determined typical range of 2.4–3.0 km/s for this interval.

Some cor re la tion of the near-sur face mod elled ve loc ity
with the known sur face ge ol ogy has been ob served for line
2008-11. Shal low hor i zon tal slices of the ve loc ity model
for this line show a cor re spon dence be tween the vol ca nic
cover and lo cal ized high-ve loc ity anom a lies of 3.5 km/s,
and be tween sed i men tary de pos its and low-ve loc ity anom -

a lies of 2.5 km/s. In con trast, no strong re la tion ship has
been ob served for line 2008-15, sug gest ing ei ther a change
in the layer thick ness of the Eocene Endako and Ootsa
groups, or that the rocks from the two groups may be
distinguished based on velocity.

Ap prais als of the ve loc ity mod els were ob tained us ing ray-
den sity maps. We found that, al though the 3-D method can -
not achieve the ray den sity and uni for mity of a 2-D ex per i -
ment, 2-D in ver sion of crooked-line data has the po ten tial
to pro duce ve loc ity and depth er rors due to out-of-plane ef -
fects that are not ad dressed by a 2-D tomographic in ver -
sion. For line 2008-15, the re cov ered ve loc ity model is
most re li able at depths of less than 0.8 km. In con trast, the
re cov ered ve loc i ties be neath line 2008-11 are less well con -
strained due to more complicated out-of-plane prop a ga -
tion.

Fu ture work in this area will fo cus on re fin ing the cur rent
ve loc ity mod els and de vel op ing de tailed ve loc ity mod els
that will con strain near-sur face rock types, par tic u larly be -
neath the vol ca nic cover, and per mit a more de tailed in ter -
pre ta tion of the seis mic-re flec tion data than is currently
possible.
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Fig ure 8. Ray den sity along line 2008-11, show ing rays pen e trat ing 3.5 km be low the sur face. The ray dis tri bu tion is gen er ally
very ir reg u lar, with al ter nat ing high- and low-den sity zones, and oc ca sion ally ab sent ray cov er age. Depths are mea sured rel a -
tive to mean sea level.
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