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T .. SYNOPSIS

" This dissertation deals with the interpretation of the crust

as a series of layers, each of uniform velocity but not mecessarily -

e
SR .

plane.

The ray paths within the structure are defined by Snell's

"law from the velocity ratios, By observing travel-times between  —_

——

“several explosions and several seismometers, and relating these
to the ray paths for critically-refracted waves, the structure can
~be interpreted as a characteristic ''time~term' to each interface

for each site and a propagation velocity for each layer.

Where the number of observations exceeds the number of
‘unknowns, a ""best-fitting'' solution is obtainable by least-squares
 techniques, and further feﬁnements permit correction for the

____effect of dipping structure and curved ray paths,

The network configuration is not restricted by the analysis

to formal patterns (e. g. str‘aight lineé), and figures of merit are

available for evaluation of the_dualit_y of fit, the contribution of

“each observation, and the effectiveness of the areal spread.

 Comparisons of the suitability of various possible configurafions

are made, and statisticalzexpressions for the uncertainties of the

~

solution are presented. L e
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iii

- Techniques are developed. for the preliminary assessment

of data and the.refinement_of_solutions by a progression of computer-

‘-aided ._Ajudgments, and illustrated by examples. A computer pro-

‘gramme has been developed in Atlas Autocode.

Practical aspects of field equipment are discussed, with
various considerations of signal quality in relation to background

noise,

The method is applied to data from four separate projects
in the British Isles and Scandinavia. The results indicate thé.t ‘the
| upper_portion of the crust in the British Isles departé (;onsideré:bly
from uniform layering, but an intermediate refractor (of velocity.
7.3 km/sec,) is éiearly observed in the south of the region; a -

‘ .lower -refractor isiobser.ved, although the velocity is xllot well

¥

‘determined, - In Scandinavia a 3-layér model gives a satisfactory

-approximation, with a well-defined basin structure.
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1" INTRODUCTION - - -

.- / ’ )
The objective in seismic studies of the Earth's crust is to

~ obtain a picture of the distribution of materials so that their
- -evolution may be understood, or so that exploitable natural

resources such as gas or oil may be located.

" . Basically the parametérs which can be measured are the

_propagation velocities for various types of wave-motion; gradients
and discontinuities in the velocity distribution may be-recognised

P

by certain characteristic features.

—
-

/ o -

/ -In refraction work, the directly-observed quantiti‘es.are

“not the velocities and depth of layers, but simply the shot-to-~
station distances and the times of arrival of various waves which
" an eXpérie_nced seismologist identifies on the seismogram as being

[

" associated with certain ray paths.

-~‘~"‘:‘&?\\\,
e SO

An essential concept in such work is the "marker horizon", -
.whi'chl will be referr-ed ;o here as s.imp.ly"'refrac:tor"t ,Typicallsr-
this is a boundary (more or less horizontal),' whe;e fhé velocity
‘ Vc_:h‘angAé's discontinuously from a lower value in the oVer‘-lying |

B ,.._:;--rnédidrﬁ ‘to a’ higher value in the under-lying medium.

The wave system ass;)ciated with éuch'a refraétor is a
8 lateral wave in the lower mediurﬂ and a head wave in the upper;
the ray pat}.l appropriate to the onset of Ieach wave-packet is tﬁat
deﬁngd ;t)y critical refraction into the lower medium, i.e. propa-

-gation along the boundary at the velocity of the lower medium.,
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Where other discontinuities or gradients of velocity occur above

N

the refractor under gonsideration, the ray path through these is

defined by refraction.in accordance with Snell's Law. (see, for

example, Nettleton, 1940).

If only a single well-defined plane refractor. existed, the
interéfetation would be. a relatively simple matter, but usually in
'pl;ac_:tice a number of non-plane refractqrs are involved, some
~distinct and some much less so (corresponding to’ dis‘continuiti:es
with only slight 'vel'ocity contrast or to gradual transition zones).
The tééks are then to re‘cognise the main .features of the structure,
:'to vide'ntify the wave arrivals associated with each refractor, and

" from these to map the surface of each refractor.

.The methods most.commonly used for analysis of such re-

' :fractiqn data rely on fitting a straight line to the graph of travel-

’ time #gainst distance, corresponding to the assumption of plane

L layering (not necessarily restricted to horizontal).

) 'For-a profile shot in only one direction (i. e. '"unreversed")

the slope of the line gives the reciprocal of appar‘ént velocity.

. ‘For a profile shot in both directions (i.e. "reversed'), two

—e ———

e —

- separate apparent velocities are.derlved, and these can be com-.

‘bined to give the true velocity and the dip of the refrador. = =

If horizontal layering is assumed, the intercept _o;n‘j:he' time
. /’/'—. T . ) T

-axis corresponds to twice the time taken for the wave to propagate

“‘between the refractor and the surface, and gives a measure of the
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TTTT =l 3
depth to the refractor, provided that the velocity distribution in
the m:ige_rial above the r'ef:actor‘can be estimated. “MT”“““*\

-

o

Similarly for a dipping layer, the time intercept relates to

the 'structure under the reference (zero-distance) point.

The folloawing problems arise in interpreting refraction

data, especially when attempting to combine the results of several

~.surveys over an extended area:-

The assumption of plane-layefing implicit in ndoét; methods

of interpretation is clearly not valid for extended areas, - Even if

T ’ ) ’

"'”tvhev—deeper refractors can be reasonably approximated by plane-

layering, the travel-times for such refractors will vary irreg-

ularly if the shallower_refractors depart from plane layering, so

that fitting of a straight line to the data is bound to be unsatis-

e e

While individual projects may be bé,sed on formal patterns

(such as a ''reversed profile" along a straight line), in\général

the geographical .distri'buti“oxi— of survey points will bée a somewhat - —
. /—” . '

random two-dimensional spread.  The method of analysis should

be capable of making controlled use of data from such a distribution,

A reliable indication is needed for the uncertainties, which

are _if’lﬂuenced both by the quality of observations and l;—y the suit-

.. ability of the pattern of shots and stations.

. The.jrefrac‘:tor velocity may vary to some degree across

s e e

the region. ' -



'; o e e . | . | 4 B

S . The "time-term!' method is a generalised form of solution

* which provides a very satisfactory way of dealing with departure

- from plane horizontal layering, and also with two-dimensional
D spreads,

o m——— .
. ——
-

The statistical treatment of the uncertainties in refraction

S _proﬁlés has been'thorOugl'.xl)'r discussed by Steinhart and Meyer

”(1961), but re&;q,ttably«th'e‘s'é’t'é?h—rfi_di;e—s are still ‘widely neglected. |
: 'Aqu the time-term method similar statistical techniques are

. ai{éilable, and in addition figures of merit may be derived for the

_ effectiveness of the spread of survey points and the contribution of ————
" - . o .

individual observations.

" Regional variations in refractor velocity remain an embarr-

N assmqnt, but no more so with the time-term method than with

.str_aigvht-line methods. In general for deeper structures the

variations are small enou‘gh to be manageable, whereas for

“ shallower structure (which is of interest mainly in séismic pros-

" pecting) the velocity variation may well be the most important

///:_fea"cﬁre ST the structure. Such conditions (provided that the survey

points-lie along a profile) may be effectively dealt with by the

" "Plus-Minus Method" (Hagedoorn, 1959).

e —— - -

A similar approach may be used in the time-term method,

[

for each case where suitable alignments of survey points are

available, to give local estimates of velocity after an average —~

velocity for the entire region has been derived in a first approx-

I S B
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‘imate solution, as discussed in Section (2. 6) (Willmore Herrin,

" and Meyer, 1963).
The‘key feature in the mapping of non-plane refractors in

e ''time-term'', being the time taken for the critically-refracted:

————

wave to propagate.between the refractor and a survey point on the:

surface. A more rigorous definition is given in Section (2. 2. 1).

The total travel-time from a shot to a station can then be

" ~partitioned into three sections: the shot time-term, the time in

- T e

the lower medium, and the station tirhe-term. In this form the
observational data are used to ‘build up a set of simultaneous equa-

tions, whose solution is then a matter of conventional mathematics.

. By sﬁi{ably specifying the time-term in relation to the geo-

: metry:_of the ray path, its value is made relatively insensitive to

)

. dip'of'the—refractor, and an iterative pr,o‘ceduré may be applied to

‘allow for the\effect of dip.

. " _.For each refractor, at each survey point, ' the time-term

has a unique value\which enters into the travel-time of all connec-

‘tions 'to that survey point via that refractor.

" The task of interpretation then takes the following form:

‘Several refractors have been recognised, and for 'each refractor a

. 'set of observations has been selected (each observation consisting

" ofa paLvir of values: the distance from shot to station, and the
'icori'esPonding travel-time). A model is to be calculated to

“account as closely as possible for the observed travel-times.



At this point it should be emphasized that the information

=
L

directly involved in the observation from such a refraction survey

: is not the depth but rather the time-term for each survey point (a

: pair"' of time-terms, plus a lower-medium travel-time, in each

“"‘obser\:ration). Fttﬁhg a model defined as time-terms ie qgite a
"E-"direct' bx;ccess, whereas fitting a model in term of depthsis artific-
ia}l}iy 4complicated. " After the model has been fitted as a setl.of

: _;tin‘ne:_;_te‘rms and refractcr velocities, the subsequent stage of

. cohverting' it into a set of depths is completely independent of the’
=T s T I ' -

fitting process. ' o e

ey

Each time-term can be translated as a ﬁgure for depth only

e

3 —-—— — B PR

_ if the veloc1ty dlstrlbutmn above “the refra.ctor at that pomt can be

A.':estirfllated_. A HoWever a shot point or station which yields only

6bser'v_ationsof a deeper refractor still makes effective contifibution

e e — .
- - —————

to the time-term network even in the absence of information re- " TT——_

__/_//

“iij‘gaxjding the shallower layers; the time-terms and velocity are de-

.“‘term.ined from the analysis without directly involving the thickness

. vor. _velo_city-distribution of the shallower layers.

The practical objection may well be: ;aised that "_time-

terms" do not constltute the positive answers which are sought, '

and that the proper end-point is the model in terms of depths and

veloclties.

e = 3 FR. SR ..

o T On the other hand the merit of the t1me term. concept 11es




'interpretation are those which come after the fitting of the time-
“terms; there may well be pecularities in the velocity distribution

‘of the material above the refractor, but these do not enter inta the '

—

fitting of the time-terms.

-

”'/, If more information subsequently becomes available on

- such a velocity distribution, it modifies only the translation of the

» time-terms into depths and need not involve a re-working of the

time-term solution.

" . An "observational equation' can be written for each connec- ;

\

ition}bet\w’een a shot and a station, in the form:
t.o.=_a- + b +58j, (1

i a—.t_ b+, | (‘:_.)
- where tij‘ is the observed travel time and Aij the distance, beﬁ;_

e

ween the it shot and the j station;--a,-and b, are thé time-terms
ST o — 1 J ‘ : :
~ "of the shot.and station-respectively; v is the refractor velocity.

:In this way a set of simultaneous equations can'be built up,

‘and a solution-is reqiired to give the unknown time-terms afaiﬁ‘d“"‘*&

- bj and the velocity v.

; Due to the inherent indeterminacy of the system (discﬁssed

in mor'é detail in Section (2. 7)), it is necessary to assign a value

‘arbitrarily to one of the time-terms.’

ol

:If there are m shots and n stations, with all shots observed

at all §tations,-thé total number of “equations would be m x n, while

———— DT



— 8
the r;umber of unknownsis m + n (a time-term. for each survey
. point except one, and a refractor velocity). In practical situations
| it is iisu'ally not ‘possible to'observe this .maxin'nun number of
con-nections, but in general there will be more equations than 'un-
— .k‘n'own's'.' Consequently it. becomes possible to calculate a '""best-
N | ﬁt;cing:'_'; ;olution by least-squares procedure.
R R S o
e — ) T T
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. .the trend of the structure.

2.1 ., Assumptions . ' -

: o 9

2 BASIC RELATIONSHIPS

,v‘/.

- - S —— .-
- -— -
R

.

- In order to interpret a set of refraction data, a number of

e e ————e et e -

baS1c assumptlons must-be made cc concermng “the structure:

i "7 One or more distinct refractors extend throughout the area

of ,_the survey,

— - - ) : \

i =" The wave system due to the refractor consists of a head

--wave in the medium above the refractor and a lateral wave in the

. "mediu_m below it. 'Con‘tinuously-refracted waves that penetrate

" ever more deeply as the shot-station separation increases can be

handled by an extended version- of the analysis.

Slope and curvature of the refractmg surface must be small

Co‘rre,ctions,may be applied to allow for the influence of slepe and

e e

curvature if necessary after a preliminary" solutlon has 1nd1cated

.. Over the entire area of the survey, the material immediately

under1y1ng each refractor-must-haveé no major honzontal vanatlons

- -of*ve‘l‘o‘city. After a first approximation on this basis, the solution

- may be refined to reveal regional trends of velocity. Lo

- Within the critically- refracted ray «cone under each survey

T——

p01nt,,veloc1ty varies only with depth (perpendlcular to- refractor)
- . ,”"/’7

e - . N -

——
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2.2 _ Definition of Time-term

., 2.2.1 Single-Refractor Case

-

) -""vfi"'The travel-time, t, for the head wave from a shot to a

. station at a distance ) is to be expressed in the form

o ) .. A
woT , t=a 4 bj + /-VZ (2)

where ai a,nd'bj are time-terms characteristic of the shot i and the

' stati'on,j respectively, and vé.' in the velocity in the lIower medium.

N

"b_ﬂIt is important to understand that this way of partitioning

* the travel-time does not correspond to tfeating the path simply in

A thé three separate Asection_s delineated by the ''offset points'' (the

| ""p-o_ints;at which the critically refracted ray passes through. the re-

- et e, ———

;."x.f;ra'ctor). ' ; S L

=

= The distance /) is not the distance between offset points but

"/ the full distance _between—su¥vey points. . -
./ 'The time-term represents the difference in"travel-times
bétvsfgé_éh the following two paths: : I

. ————

RS - -

. i)—the slant ath through the upper medium for the critic
AL P g PP im

ally-

" refracted wave between survey point and refractor (segment

o :.,i,‘:' AB in Figure (1)) R o .

e

ii) ~ a path liin -entirely in the lower medium, defined by the
. p ying Y - i Y

- projection of this slant path on to the refractor (segment A(_j
"_—_'in Figure (1)). . - ‘ . - .~ ) - ’,-. e e



It has _ngh,shown—(-Wi‘l‘lmdi‘e"and Bancroft, 1961) that'the ... _
- / ’ ) ’ ‘
case of non-plane layering is satisfactorily handled by referring
the measurements to perpendiculars from each survey point to the
refractor.
Let /\ = distance between the feet of the perpendicul.ar—s- d;()pped

- from the shot and the stiation to the refractor

h = depth to the refractor (measured along the perpendicular)

V1 = velocity in upper medium A_w e e R T
: ,"V',V2 = velocity in IOW£r.-mediufnw
N . - N N
. © =-angle between the perpendicular and the critically. - /
// ~ refracted ray path, i.e. © = sin  ( /V )

)
¢

Figure (1). Ray path for definition of time-term.

The time-term is given by: : =
A
T = &B _ AC
v, v,
. h
which reduces to the. forms: T = 5 cos © - (3)
1 | -



CoEERED S 12
. ’ . A—-.-_'"'f ) . - : - -
‘ : 1 2 : ~
R . or T=}—1—\/1-(_/) (4
o s L R v, ST
T  or T =2 /(Vz) U )
: : E .»*—‘.*- . v V . i
o . _or T.= /( o e R
e VoS- ,
- Of these four forms, the first one is strongly preferred
" because of the ease with which a physical significance may be
~attached, and this is of particular valuejn extensmn to multi-
—= " 'layered cases.
_ The time which would be requlred if the wave travelled h o ,
= d1rect1y along the perpendlcular BC between survey p01nt and re-
h e I
fractor is simply given P’y_‘(y_l_);_ It is then conven1e;rlt_tq_regard
*the factor (cos ©) in the expression for the time-te‘rm as a correction
" fo r]:he ‘slant path,
ForAwaves which are not critically refrécted at the first
) _refreetor but pass through to a deeper path, © is defined from-the C e
LS cos 6 R
geometry of the path, and the expressmn (v ) then glves
the tirme los_t in the upper 1a.yer. Lo
- T e T T T
o g
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.~ . 2.2.2 Multiple-refractor case __ _ ... . ”——“_;_»

—

-~ By the use of a suitable notation, the inherent simplicity of

T the expression for the time-term can be retained.

h
thickness of rt layer

Let - Z = .
h . :
v, = velocity of r‘t layer D e = e
- :e-m__ = angle of ray passing through r  layer to be 77
S 'critically refracted into nth layer. .
o ’t—..- B N Vr . B
‘ em= sin ( /v ) - e T
TR n_ -7 . .
e B~ > . -
T cos. O = /1 = Ty ) ' ol .
S / rn . vn _ S f_'f'_' ool .
LT ) “th . \th
.. Then the time-term to the n~ layer (i.e. to the (n - 1)
re'frai-c-;zf)i‘)’isagiven_by:»_

: Z_l Zz Z3 : o "_;A , o R
T = — cos © + cos © + — cos © - ~
“n-1 v in v 2n v 3n

: 1 - .2 . 3 o
zZ .
=S ceessecss T — cos © oy
— n-1 ‘(n-l)nﬂ.
“or s'i.r'nply-:A , ' r=n-1
S s zZ_ . :
- T = — cos © - ,
i n-1 r=1 A “rn (7)

- For the ray path through any given a;raﬁgemér}t of layers

é;tlﬁie jah—g—fe_s_/me;r'l are ‘d‘eﬁned from the.velocity ratios by"Snell"s Law,
and each term in the above sﬁmmatibn the;1 rvepresent:é the time lost
in the corresponding 1_aye1.', i. e. the difference between the‘ time

along the slant path and the tilme along the path project_ed_on‘to the

-
A

" deepest refractor.
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2.2.3 General case of a known velocity distribution
In the general case where the velocity distribution with

' depth in the material overlying the refractor is known, the time-

term is calculated in a similar manner.
‘Let: v = velocity at depth h. -
v = wvelocity of base refractor, at a depth H.

© = angle of ray at depth h for critical refraction into

~h

: | : -1, 'n .

base refractor, i.e..©, = s8in ~ ( -/ ) -

: , h v

. /‘ Then tifn-ve-term, T, to the base refractor is given by
S . Hcos Gh o e —
T = j'v_—" dl} o N LT *(8)

RS . ’ O . . - . o C : B

. or alternatively ____——

; " 'j;—:H—AW A — - —— . 8 .
LT 1y h, 2 T tee—el o
rs & - M P T T )

, i . vy .
O
e T B

: e -/"/_'/'fhese general expr'essions would also be applicable to
structures involving low-velocity material underlying material of
'hirghé_;_ velocity. However,in the present work the available data

’we-rﬂé;'—“insu.fﬁcient to warrant a deeper investigation of this aspect.

-
T
,
it ! —_— - -
. - . S T el T L SLITTT - . - -
>> o —
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2.3~ Inte'rpretation as Depth

v —

Section (2. 2) has dealt with the expressmns def1n1ng ‘the

=

time-terms when the layer thicknesses (together with the velocities)

; are known. e

The pract1ca1 requirement in 1nterpretat10n is.the reverse

of this:. given a model in the form of time-termsand refractor

e = e —— e .
- ——

g veloc1t3es,’to derive the structure in terms of layer thlcknesses

——

2.3.1 ‘ Single-refractor case

' For a single refractor the conversion is perfectly straight-

forwai-d._
From Equation (3):-

L iT , 1 - S
S 1 11 ces ‘612

/';,‘;:‘:” From Equation (7) the time-term™to the deeper refractor is
T T, = ‘z;']: os © + ——Zz cos ©
S s = v c: 13 v, 23

- (tlme lost-in-first layer) S
o T ' + (time lost in second layer)

.from which the thickness ZZ can be calculated once the ve.lu'e of _Z‘l'

—— —_—— =~ - . — e .

- is known. : T
N : T—

2. 3. 3" Multiple- refractor case

~ e i - ———

-~ The least confusing approach is to work from Equation (7),

e trea'éiﬁg' the time-term to each refractor as the sum of the times



lost in each of the layers above it.

The interpretation must start from the uppermost layer

and work downwards. The time-terms to the first refractor

yielci-"Values for the thickpess of the first layer directly.

-~ The thickness values in turn lead to values for the time lost
‘ i}n-t‘he"first‘lay‘er by waves critically refracted at the second re-

- =" f'raétdr_ ‘ The difference bet ween (time-term to the second re- .

* fractor) and the corresponding (time lost in the first layer) must

be (time lost in the second layer) for each survey point, giving the

" thickness of the second layer by use of a conversion factor__',:‘
: K vcis O » );/ o
. / j"r 23" .

Proceedlng to cr1t1ca1 refractmns at the th1rd refractor, the

=

time lost in each of the fifst two layers is calculated for the new'

- path angles from the thlcknesses already ‘derived, "and so on.

3oi

By usmg this- a.pproach the q quantltles 1nvolved at each. stage "

: have a simple physical significance which can be kept in mind

; througnout—/ In contrast the expressmn for the depth is qulte I

' ‘unwieldy if written out in full as a function of the time -terms and

velocities.. For example, the depth to the second refractor in-

vc;lees;
 — z -
_V

. "bt."-. 2 o '/V;’z
S R AN . — | % z
SR ',/1—\’3/\/3 # , 1_"1/‘)3 .

s ,—-‘/ ¥ L 3
e N ST



2 4 Available Information on Veloc1ty

In calculat1ng-the’tn1ckness s of layers from the values of the

[ time-terms, it is necessary to have an estimate of the mean

~ velocity for waves passing through each layer in a vertical direction.

e e — - . .. L

___—--The {r—elocity which emerges from the least-squares procedure

relates primarily to the head waves which propagate along the re-

- fractor in a near-horizontal direction, i.e. the velocity of the -

material immediately below the discontinuity.

If the structure involves either anisotropy or gradient of

e veloqity, then the least-squares estimate may not be sufficiently

- clbse_t’o the velocity for the near vertical path, and may require

to be Judlcmusly 1ncreased in the 11ght of the ev1dence. -

_. .. There is evidence that in some crustal materials anisotropy -

‘may cause ‘the vertlcal veloc1ty to -be as much as 10 % greater than

" the horizontal yelp_c_i’ty:(Richa'rds_,:Iitrecht 1966). If reflected
iaxf_riy_'als-.can be observed, they provide an estimate of the vertical

velocity.

-

For a layer in which th’ié:x}elocity increases with depth,—the

—

—

.refraction observation at longer ranges involire waves_following.a - - -

- - —_———

‘v shghtly curved path and penetratlng to some depth in the layer

_Such.wayes.-show an apparent velomty shghtly hlgher than those
waves which remain in the uppermost part of the layer, but _in
gene;al not so high as those near-vea'tical waves which' p-asxls com-~

. pletely through to the lower layer. » e



. | | : N N .
. . \‘> \ . . ) . T
.-2.5- Dipping Structures_and Curved Ray Paths (Figure (2))

o~

N
In applying the time-term solution, it is not known in ad-
"’ 'vance whether dip of the refractor will make a significant contrib-

v,"“'uti.on. Taking the distances between shots and stations, and the

observed travel times, a first approximation yields a set of time-
_ -“terms, a refractor velocity, and a set of residuals. The structure

may_vthen be plotted to provide estimates of the dip under each sur-

- v e}'r‘ point.

.
T

" For the second approximation close estimates of the relevant’ ,
distarices are givén by the disfanc;es between the feet of perpendicu- ’
”:’la'r’sfrom each survey point to the estimated refractor; to allow for

R th'eﬂgf:fect'of the difference in angle of emergence when substantial
»—/dlp ot'cgrs, the observed travel-times are each modified by an

ambunt calculated from the first estimates of time-terms 'a.n'd dip..

""" The correction to the distance is simply

‘ ":'..wh.e/l?e:,yljlfand'eé_ are the first estimates of depth and anng];e of inci-
dence in the lower medi.ﬁi';ln,ﬁ“;ehgﬁéc‘ci’vely, -

S -

" | The correction to the observed travel-times ié‘dbtai'ﬂed by

e it —

o . multiplying the first estimateoi time “term by. a fa ctor of theffmo rm

R o cos 61. ——— M__“__” _
R (1 - r sin®@ )—— — —m- o~ T
e ) 2 2 T T
'Z,/O'r T 2 - 1 . . -

l - r

. where r = ﬁelocity ratio, i’l/
’ . . vz




Ray path for dipping structures

6l
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"Z-: -~ . The second approximation using these modified distarices and

trsvel-times yields a set of residuals by which one may judge

- . ' whether it is significantly better than the first.

———— o

A similar treatment may be apphed in the case where a

-,

substantial gradient of velo'cityi in the lower medium causes curvat-

4 the v c':iti cal ~-'ref raction path-discussed -above.

Such a gradient of veloeity would also lead to a variation of

S e ———

. mean velocity w1th d1stance, and this may be taken into account in

'._,‘\

the course of the least-squares fitting, as mentioned in Section (3. 3).

- For the ant1cllna1 structures shown in Figure (2), the ray
path can be readlly defined by Snell's Law, and should correspond

~ to,aisigniﬁcant_ transmis sion of energy by the head wave, whereas

. for e_f:synclinal structure one might well expect the energy in the

head-gWaVe‘ to be negligible. However, in view of the fact that

sa,'rlsfactory observatlons have been obtained over synclinal structures,

e

- it must be argued that sufficient curvature or diffraction of the rays

..occurs in the lower medium.

An interesting example arises in the Jutland-Skagerrak

U

‘ ..Project. It had been noted that for shots at the southern end of the

: prof11e(1n the" Little Belt), Pn was not observed at distances beyond

- —_— - heS - e —————

200 km in Jutland whereas. recordlngs were obtained- at-stations in —

~——

i e .- e - . el P



| Norw‘éy' at 7d'is‘tan‘ces of 325 - 360 km,

- This 'a-noma_lous behaviour-has been attributed by,Hirsc.h-
‘l-eber efg ai- (1966) to attenuation of energy in the thick sedimént
‘cover of Jutland. It may, however, Be due to curvature of thé
o refractor. Figure (3) shows the geperél trend of the structur..e

./derived ffoﬁi the time-term solution. Shots fired at A were

—-———

observed at C but not at B, and it is suggested that the structare

e

.. beneath B is sufficiently synclinal to produce a slight shadow zone,

while beneath C the_fl;en.d—is?anﬁ‘cliﬁal'f giving a 'swl—ig“l;t enhancement

e - ’

- . e

 of the head wave enéergy. - '—.~—_~~ S—

‘Figure (3) Structural trend of the Jutland-Skagerrak profile. !

e
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2.6 “Local Velocity Estimation -

Given a suitablé pattern-of-survey points, it becomes

_pos sible to derive estimates of the local refractor velocity.

Willmore, Herrin and Meyer (1963) have discussed the

givenshot-- - -

—
—~—_
T~

case of a pair of stations ai)pfct)icimately in line with'a

(or similarly a pair of shots in line with a given station). . It is —

e - - e e L

: .asswd,that thé data form part of a sufficiently large set to g-ive

good statistical control over the time-terms.

. " To be more specific, this means that the effect of random

’

'Obsefvational errors should be small; it is also implied that a pre--

liminary determination using a constant refractor velocity over the

‘entire area will yield sufficiently reliable estimates of the time-

A

Vtégx.',mAs—Witho';ut being unduly disturbed by systematic regiona_l' variat- .

_— T

“ions in velocity. T
BRI —T '

P

' "l/Fo{s'/uch’a pair of stations the calculated .ti'me:tel-'ms" bj

—

are cémbined with the observed travel-times tij and known distances
el : o - 1 o
/\ . to-give an estimate of the local velocity v from the relation:

o (1, - By) - (¢, - By)
S AR AIZ.

TSS===—====-Since this appréach does involve the possibility that regional-
" velocity variations might be p'artia'LlAly masked by the errors yvhic'h
they 'would introduce into the time-terms, it is worth noting that a

. "’_", purer estimate of velocity is given from the configuration discussed

| by Jeffreys (1935), using four survey points: a pair of stations

e .



bracketed by a pair of shots as shown in Figure (4) (or similarly

~ for a pair of shots bracketed-by-a pair of stations). _
R " T T T e c——
T |

e T T : :
R -' Figure(4) Ray path for local velocity determination.... .
conversion factor from depth to time-term '

Let"l _:

SR (e.‘g. time-term at site O = "l Hl)

L vE = velocity of lower medium

_,Theﬁf‘iravei-'-time T, .. from O to P is given by:

orP

o = X 4 om (H|+H,)
“*w_\: v o 7 A 1 3

o A o . X - y . R

and 50! TOP' : TOQ — tn (H3 .H4A) L

i - - X-y _ T

and - Tpg - Tap 5 T - o (Hy - HY
T aditions T = T 4T o2x-y)

. . by addition: TOP TO.Q + TAQ‘ 'TAP = v

" from which v is determined directly without the nee.d for évaluating

‘an estimate of the time-terms.



The gnpcerta-i-ntyr’cmllll;::—al velocity estimates will be

¢ .greater than that of the overall velocity estimate because of the

rﬁuch shorter spread of distance and the smaller number 'of'

‘observation- involved, but where a number of independent estlmates T

o c—a'n be compiled for adjacent links of the network there is the

' . possibility of recognizing broad regional trends.

- If there ig strong evidence of regional velocity variation, the

time-term solution may be refined to take accounf of it, on similar

lmes to the method employed by Herrin and Tagga_;_(l962) in ep1- ,

centre,locatlon. The region may be subdivided on a gnd system,

and an api:ropriate velocity correction factor assigned to each element

- {jo'f:fﬁe_jg;;d. In draw1ng up the observatmnal equations, for each

' corihe‘ction, the v'elocity correction factor will be given> by the mean

of all the values along that path In this way the least—squares

e

process may still be used to good effect?‘f‘ A
B st . N
- - C T ~ e
P
—_ S N, .
- - /,//’/‘:_’—’T_J_H o T o - “T‘-x- ——————
B /"‘ . . " - .
. o
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" 2.7 The Inherent Indeterminacy

L em

o If should be.not_ed‘ that since each equation includes a pair
of tir;r;'é-térms, one for a shot and one for a ététior;, the relation
bet;we__e_n'shot time-lterms‘an‘d station time-terms is not determined
Euni_qﬂély from these equations. An arbitrary constant coulci be

added to all the shot time-terms and subtracted'from all the station

" time-terms.- without altering-the validity of the solutionj.' It is

L — T

.- "necessary to assign one'time-term arbitrarily in the first instance,

~‘and when the eqﬁations have been solved the relation between shot

and station time-terms can-be readjusted to minimise the apparent
. _.discbhtinuities of the structure or to concentrate them in the vicinity

- of known geological faults or anomalies... ‘ -

In the initial as si'éﬁfngﬁ; of. the time-term: ;n—y cor“n;v_e_ni?a_xit T

~—

criterion may be applied. ' In the literature a po.ssible»quur-Ce- of T

T ———

' confusion ocfétf;; in that‘s-lightly different approaches have been
employed in'the two basic papers which set out the time-term .

method.

"~ Willmore & Bancroft (1961) deal with the special case of a
filleci array (i. e. all shots observed at all stations), which can be

vhandl'éd'by desk calculator. Some reduction in the amount of

éaIvci'lgl'ati_on is possible by _specifying that the mean of

all shot time- . -
- —_

- term. should be zero. o
: . . // .

-fvv‘:“'/SEheidegge‘r & Willmore (1957) deal with the ﬁioi'é';géneral

e

case of an unfilled array (i.e. some connections missing), for which’
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. it is virtually essential to use a large computer. It is then conven-

. ient to set one time-term to zero, which can permit a reduction of
one in the dimensions of the matrix to be handled. However this

apparent economy does involve a slight sacrifice of statistical in-

. formation relating to the uncertainties of the solution, and it is pre-

‘,;'fe:able to retain the full dimensions of the matrices for this purpose..

. The correct procedure for avoiding the indeterminacy is to

arraﬁge that at least one survey point contributes observations both

' a8 apshot point and as a station. This will mean that the solution -

- . ,

'yield-s;\.ralues for the unadjusted time-terms, éi as a shot and bj SRR
. ’_""'as 'éﬂ;tatio‘n, giving directly the value of adjustment required to make

them identical. Ideally a number of survey points should contri-

e e R .o . \

"',3,' ;,but'e'-.ﬁir-l this way, so that a more accurate mean is availablve,'. to-

L /-';ggthé‘;:j,\_;ith an indication of the uncertainty.

| ?_I'he requirement as stated above may appear straightforward,

- ;i,_but in ‘practice with a limited number of shots and’,stations'_it is not

_ e e e e - —

.—always easy to-arrange that the necessary interchanges are covered

;V__by_{rxe}_l;iably identified observations. LT T e
Lo —."-_ - T‘__. - . ] . ) )
% . In this context, "reliable identification implies restrictio

i e : : ,
~tofirst arrivals, backed by a sufficient number of well recorded

. later arrivals to permit the observations to be assigned to the
. correct refractor. (Observations near the crossover distance should

not-be-included before a preliminary solution -has provided additional

- evidence for identification. )
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CT _ " There is obviously a great deal to be gained by carrying out

-

surveys in two stages, rather-along the lines suggested-by-Gardner .
. _ - e — -

(1939). The first stage should be chiefly a 'reconpgi_g_s_aqc?,to de- - —

- —_ - e —— e e s

. e .’/ o T e e L
~ termine: e -
./—V ’ N

. (i) the existence of well-defined refractors at the depth of

interest
'(ii) the refractor velocities

(iii) the crossover distances

‘Th"eﬁ.-sjecond stage can then be planned to prdvide connectiqné at the

most favourable distances, and by re-occupying some of the sites

'.__.frorn. the first stage, both sets of data may be inco‘rPSrEféﬁn the
. . - J— — . .

o fiﬁa1%$M/ - S

-+~ "The minimum conditions for interchange on any one re-

fractor may be re-stated as follows:

T If site 1 is to provide interchange, then when a shot is
| _»_firéd_ at 1, -a station '_2_‘ should observe it at a suitable distance;

L when a station is operated at 1, a shot at 3 qhouid be observed

i S

E—

o by both sftations. 1l and 2 at suitable distances.

3

L o ' : . : . Shotst *

1 2 | ' -Sfations:D
— g ‘

Figure (5). Arrangement of shots and stations for interchange.



,/'.-'Ifhi_s:yi'elds-three observationai equations:

R ‘ VAN
R R oy |
e "-; - co - . v X e
’ T T
= b T o
t31 = 1 ‘//+’/a3 + k)
- / : v
L - T AN T
Lty = b, + a + T32
32 2 3 /,

, _fand‘_‘sin.ce_a1 =b 1’ the values of the time-terms are uniquely de-

‘termined, provided that the value of v is already defined by other

observations.

\v%\;&ﬁ‘ét“&igvstage.a further consiaeration arises.: in order to
lreduce the possibility of errér due to inclusion of #n obs.e'rvation :
froml a different refractor, or to non-linearity of the tinie-diétance

,,vrelaticJ.nship, it is préferable that in the vital interchange obser-

SR .v,vatipns-the—dis.tance between shot and station should be roughly the

Sy

"~ same for each'.connection, leading to a patte_i-n of equilateral tri-

angles.

‘A It r‘night be argued that such a configuration does not give
| adequla.te control over the velocity dete.n.'nir‘xa‘tion (see Section (4. 4)),
 but there is no need to rely on the same basic groups of,sur;»rey :
' ."p‘ointAs rt'o_proyide control of both interchange and velocity determin-

- 7 ation.- -

\

\

'-;" In‘fact the recommendation towards roughly equivalenf
distances fox; each\connection is quite the reverse of the conaition
> for optimum velocity" determination, and a set of ob.se_rvations 8D
‘.'bspacé‘i{'would be quit.e useless 'withoﬁt the aid of othei:‘ lc.iata to define



the velocity. An ideal network layout would include both the

/’i“ﬁ"z‘fef&é?sg&t;réfile" configuration to determine velocity and the

- triangular configuration to determine interchange, and this fits

" in with the suggestion made earlier (page 27) that surveys should

be carried out in two stages. T LT

N - :
R i = e
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R . R i
T e - -
. . T BRI — - .
C T o
- R o1 : ' .
e L e TR . o
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2.8 Graphical Representation

- - — If a set of refraction data is plotted in the form of a graph " -

. of travel-time vs. distance, the distribution of points will be some-

7

thing similar to Figure (6). The general trend will be along a

I

"j_‘,’{;lo‘ﬁing line AB, but some scatter will be evident.

The assumption of a single plane layer corresponds to the

~ expectation that the_points_should lie"exactly on a straight line and

___ .. that the scatter is due only to random errors. Ac'cordingly a

: straight line AB is fitted by least squares, and the slope of the

~—where v 5 is the velocity-below-the _ _

' 1,
line gives an estimate,cgf__:»,/-'sr—2

refractor. ' < : : L o

b -

L — e

. . For thé further assumption of horizontal layering, the

E ;_,int'e.r{c;:ept—tinde, OA is regarded as characteristic of all the survey

- pointé; and is converted into a figure for depth, h, by the felation_:

- which -rriair be recognised as a statement that the iﬁtercept time is

-twice the time-term.

e e e T T

The possibility of dipping plane ' lé.yering brings a demand

y ’ // . . . g ) ) .
~ " for more thorough coverage; in conventional terms the profile

—
—

' Ar"nvﬁ’s‘tibe Mreversed" by shooting in both directions. The procedure

~ . isthen-to fit a separate least-squares line for each direction, giving

| an independent value of time intercept for each end of the profile,

' corr“e‘sponding to twice -the time-term in.each case,
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~: A useful insight into time-term interpretation is obtained by -
taking as the principal straight line not a line AB through the points

1

/

""'.bgt'/é.'line OC through the origin with a slope of "v_. ~ Returning to

2.
. the‘ﬂ()‘bservational equations in the form’

) _ A Y
: I T TR AL T Wiy« . .. -

T ivs. seen that for each observation the length of ordinate from the
- distance axis to the line OC corresponds to the term ( Y/v), and

o . 'the remainder of the ordinate between the plotted point and the line

o

S~ 0C c::o.xlre8ponds:to‘-the:.‘sum_,Qf_t_hg_t\fvo time-terms (a.i 4 bj).v

’ _»f..:{ If instead of plotti_n-g travel-time directly, the ''reduced"
""t-rav'ell‘-tinie (t - /v) is used, the di5pl_ay_ will be_as shown in  .__. ...
S

F1gure (7) S1nce ‘the ‘range of values of the reduced travel times

is- qulte small, it becomes posslble to use a greatly enlarged vertical

o scale so ‘that the scatter of data can be more clearly exammed and

~ e —— e s i -

- ’/’/‘—“' A ‘ ) ) TTTTTTY——
"-‘g,thif_s’i_s usually the motive for introducing such a form. '

N

. However the most useful aspect of the reduced travel-time
disP'lva'y is that, since the‘contributions of the distances Aij to the
| ' tra‘vgjl;'_'-.tirriesv have been largely removed, the differences which re-

r'nain'between the reduced travel-times can l_ﬁe attributed 'rh@inly _to'

’-"diffeffv'énées of time-terms (plus observatioﬁal errors).

-

I ¢ the exact value of the velocity were known, the reduced

travel-times-would-then faithfully represent observatio—x}ms of pairs

C—

“of time-terms, but it is not imperative that the exact '.va,lue be used,

, vsinc'e‘ the effect of an error of velocity will be simply_a tilting of

—

e — ———
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Figure (7 )

Specumen plot of reduced travel time vs. distance -
using exact velocity
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F:gure (8)" Spccnmen plot of reduced travel -time vs. dlstance
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_the picture, as shown in Figure (8). (Drawn for a 10 % error in

velocity as compared-with figure (7)).- ‘An approximate velocity
~_. . chosenon a basis of keeping the reduced travel-time within a
reasonable range will serve quite well to display the data for closer

examination. _— 7 o T —

—_—
~—

Bearing in mind that each reduced travel-time-is an approx-

. -—_— - — ——— s

imationto th'e"sfurr‘lv of the-time-termsof the shot and station involved,
- -then for any one station the reduced travel-times from a number of
o shovts'TWill show differences which represent principally the differences

in shot time-terms, since the same station time-term enters into

each’ (and corresp'ondingly for any shot observed at a number of stat-
7 tioné).f’f-

-

At this stage there is an indication only of the surh___o_f_a shot : - - -

. time-term and a station ,time‘:téffh,—.'with no way of teiling how the

Lol ’ ’—,T"’ /,/,. . i a _ — )
_time should be apportioned between them. 'This is the inherent

| , 'in/d/'e—t_e'rmin_acy.which is'discussed in detail in Section (2.7). © .

\Figure (9) shows a specimen set of data illustrating the way

" in which a subjective assessment of consistency may be obtained
from the reduced travel-time display. The dbservations were ob-
) \.%\“\“ta-inred:a,s_fihx_-s@_-aririvaljs from line 2 of the Irish Sea project, re-

- corded at station BD and PG, fornﬁng approximately a reversed: ;

. profile (Figure (10)).

o _-The data have been reduced to an arbitrary velocity of.
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. both stations. The pictures-from the two stations do not.match
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._" of positive slope (approximately along the SW-NE diagonal of the

e dia-gram). "This would suggest that the true refractor velocify is

lés's‘than 8.0, and subseciuént énalysis of fuller data sets does in

fact point to a velocity of 7. 3 km/sec.

- Allowing for this sloping trend, it is seen that the travel-

‘.J-"times to station PC are consistently about 3 sec. less than the
" travel-times to station BD,~-and-this is borne out by a corresponding

"difference in the station time-term in the fuller solution. -

" If the shape of the prdfile__through shots 8, 137‘-1‘77*1'4_, 15,
T . . .

—_—
¢

" and 16 is 'ex’amined_mo‘re_c_l_o‘sely_(»sjc*iAll_'keeping the sloping trend in

mlnd), a distinctly curved feature can be recognised in the data from

. — . T e—
P ———
e .

—

" ‘exactly, and this is the discrepancy which is represented by the

residuals of the time-term solutioh,- but for the six shots mentioned

the é-greement-is qﬁite close.
~--On turning attention to shot 11, ‘howeyer, a much clearer
discrepancy emerges. If a line through points 8 and 16 is takén

:é.s r;cgference for each station it is found that for station PCAthéioB-"

'sefva_tion of shot 11 is reasonabiy close to the Iine, whereas for

station BD_it is substantially-later..  Shot 12 also shows a sbimlilar

-tendency, but much less distiﬁctly.

This would imply that for shot 11 (and possibly for shot 12),
‘the two stations do Tiot observe waves from the same refractor as

‘first arrivals. It is quite likely (in the light of all the other

-
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available data) that the observations at distances less than 125 km

represent first arrivals from a shallower. refractor.

o of Figure(9)

100 km.

—

Arr"dngcment of shots and stations for dat

' Figure (10)

BD
Shots: -
Stations




2.9 Inspection of Data

In the case of least-squares fitting of a straight line, the
residuals give a dir‘éct indication of the discrepancsr for each ob-.
' servation, and an error in one observation would shov:;' up fairly
clearly. However, in the case of the timg-terni solutipn, fitting
‘a larger number of un:knowns,"an error in one observgtion tends
to reflect in the fesiduals at other connected sites 'in_the network,

,'.A"and' the residuals do not give such a clear indication as for th;e
| s‘-c.raight-line fit. |

- . . ’ ¢

-

It is therefore not ideal to commence the time-term solution
byl.'incrl'udix‘lg all péssible obsérvations and to attempt subsequently to
, wee';i_ '.o.ut‘ the anomalous observations in the light of the residuals.

"v_‘T‘h'i_s _is especially true with weakly-conneéted hetworl;s, where

. /'erron;c_aous observations could distort the pattern of residuals severely..

It is more satisfactory to commence with a smaller central

N set 6f"fair1y consistent observations, and to add the remaining data

in’sméll batches(checkin‘g"for any sudden deterioration in the quality
of the solution at each stage). In selecting such a central set, the

‘aim should be to concentrate on those survey points which are most

strongly interconnected: Before performing the time-term solution,

it is desirable to have some form of preliminary inspection to per-

" mit the recognition of possibly anomalous observations, and

especially to check against the possibility that some observations

may have been assigned to the wrong refractor.
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]£n the ideal case of a structure with plane horizontal layering
such an inspection‘could- readily be performed by plotting the frayel—
times or reduced t.ravel—times agai'nst' distance, whgh the points
should lie on a straight line for each refractor (or' a curved line

"if a velocity gradient were involved).

In the practical case of non-plane structures, the picture is

by no means so simple, as the spread in the travel-limes will often

" be influenced as much by the differences in time-terms as by the

- refractor involved when near a crossover point,

Willmore (1963) introduced the'concepf of "marker wave

"lead'" as an aid in identification near the crossover point, but in

the form given it would only be reliable for large strongly-connected.

data sets, since it involved iJ.Sihg the suspect data in a first solution -

. to provide the figures on which they were to.be judged.- Translated

into physical ‘t'_e1"ms, the use of the '"marker wave lead'' criterion
-suggests that the wave following the deeper path is not recognised
as a first arrival unless its predicted arrival time is earlier than

that for the shallower path by a finite "marker-wave lead". (The

value may depend on various factors, e. g. the dominant frequencies -

" of the two arrivals, the frequ,ency fespbnse of the recording equif;-

" ment, and the signal-to-noise ratio; in the example under discussion

"_fhe-value inferred was 0. 13 seconds.)

—_— - e

// . . ‘ . ' _
_From an examination of the plot of reduced travel-times

—

vs. distance, it should be possible to recognise the lines corresponding
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" to the important refractors; and to define the crossover distances.

-
—

—

. For the preliminary interpretation the only observation used
/’_ -

-should be those first-arrivals which are well away from the vicinity
of a crossover point. This yields estimates of time-terms, from

which the expected arrival time can be calculated for each refractor

-at each of the suspect connections. A comparison of the expected

arrival times, with the aid of the ""marker-wave lead' criterion,

should then clear up the doubtful identifications. .

The procedure outlined 0ptimistically in the preceding para-
'grap.h takes for granted an abundan;e of data. In pa;rticular,-Ait
imélieS*that -«each survey point involy*ed in thé doubtful rangés of
c'>bs:ervativon (i. e. near crossove_:rv distances) is also covered by at
least two other connections for each refractor, giving unambiguous'
first arrivals. These conditions are difficulf to achieve in.pra'cticé
with a limited number of stations, esPec;iaHy if the structure turns
out to be more complex than first indicated (as in the case of the
irish'Sea Project).

\\
A\

\

A}

In the discussion of graphical representation, Section (2. 8),
‘a'method has been suggested for making a somewhat subjective
assessment of the trend of time-terms from those observations at

reliable ranges and using this to check the more doubtful observations.

If sufficiently large and well-connected sets of data are

k available-to warrant it, the method can be applied. in a more
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~ formal way by the computer, or at least it can form the basis for

—

a series of computer-aided judgements.

— S—uch an approach might proceed along the following lines:
Starting from a r.eliable distance range, successi've time-texjrfi
‘solutions are perfofmed, gradually embracing a wider spread of
distaﬁce; At each step the standard deviation of one time observation

is compared with that from the previous step. A sudden worsening
T e . .

e

of this figure would signify the inclusion of unsatisfactory observations,

and a sudden change in velocity should also be regarded with suspicion.

- The newly-added' observations may reveal their inconsi'étency
by having larger residuals, but this is not necessérily so; if they

have upset’ the velocity estimate, the largest residuals 'may then in-

stead attach to some of the original satisfactory observations.

"As an illustration, the specimen data which have been examined
by the graphical technique in Section (2. 8) have also been computer-
processed as short sets selected in various ways (data sets 2066 to

2072 'inclusive), and the solutions are listed in Appendix B.

Data \se,t 2069 .sta;'ts with 8 obse.rvaAtions, from which sets
'20704 2071, :;nd 2072 are built up to 12, 14, and 16 bbservagioné
respectively. The calcﬁ.lated velocity decreasgs slightly‘at each
';tage, but without an abrupf step. Howéver, the standard deviation .
‘of' one time observation increaseé by 50 % in set 20'7.'(;2 with the in-

clusion of shot 11, which would appear to be unsatisfactory.



42
i This is the effect one would e.xpect to sLee if the shortest-
'_i'ange observation of shot 11 (1048) km) does not relate to the same
_refrav.ctvor as the remaining observations. Note that thé d§ubffu1
_ pair of observations do not produce the largest residuals, and
also that they do make a large contribution to the velocity de-

' termination (the column headed 'DIJX2', see Section (4. 4) for

discussion).
Since it is rather difficult to compare the statistical features

of solutions involving different small numbers of observations, it

- ’

' is instructive to take three.sets_each using the same number of ob-

_ servations (12) from 6 adjacent shots (data sets 2066, 2067, and

2068). o L

- The velocity for set 2066 is lower than for the other two, imt _'
‘this can hardly be regarded as significant in thé light Qf.the standard

deviavti'on of Velocityf, However, a 'compariaon of t.he three values |
- for s;aﬁdafd de'viz;ltion of one time ob,servatioﬂ égaix} points to set

2066 as less satisfactory than the others. ‘ e
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3. SOLUTION OF THE OBSERVATIONAL EQUATIONS

3.1 Introduction

The foregoing sections have shown how the relationship
between observed travel-times t;i ahd distances Aij can be

j

written as a system of simultaneous equations of the form:

t. = a, + b, + Yy
ij i J .

(where a

i and bj represent time-terms for shots and stations re-

spectively, and v represents the refractor velocity).

The next step is a purely arithmetical process: to assign
values to tﬁe individual time-terms and to the velocity, in such a

way as to give the '"best possibie fit",

The criterion normally adopted is that the sum of the squares
of the residuals should be minimised. The residualf 6ij is deﬁn.ed.

as the difference between the observed and calculated travel-times:

N
,é,ij = tij - 1_]/V - a, - bj

Matrix algebra provid.es a convenient notation for defining
the necessary manipulatidhs of arrays of numbers in performing

the solution.

‘Scheidegger and Willmore (1957) have suggested a system

for the solution of the observational equatioh, based‘ion the
. "Cracovian'' method of Banachiewicz.  This may be advantageous

when _the calculations afe to. be carried out on a hand ‘machine.



However, with the availability of digital computers it is now per-
"haps more important to adhere to the widely--accepteq notation of
orthodox matrix algebr;., for which most computer installations
have libraries of sub-routine;.
The observationaI‘ equations:
| t,,. = a, + b, + A;ij
ij i S ’ /v -

4 :
can be represented in matrix notation as: .=

[t] = [p][x] + [A]llv B CoL (1)
[t] aﬁa [A] are coiurhn ma;trices of Aimensions 1 x k, containing
.the observational data, where k is the number of
observations.
[x] E is a column matrix of dimensions 1'x {m + n), con-
tain_i‘ng the ﬁme-tegms, one for each ,s‘ur?ey point,
whgré m and n a.r'e'the nun_lbera of shots and stations

respectively.

[p]_ S isa recténgula.r matrix of dimensions (m + n) x k,
: ~.containing the coefﬁcients" of the time-terms in the
EAUE » observational equations. Each row of the matrix
: corresponds to one obs ervational équa_tion, iyith‘the
coefficient unityfor the 'particu'lar. shot and station in-

-volved and zero for the remaining shots and stations.

ST

44
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3.2 Inclusive Treatment for Velocity

' . ‘ 1 . :
The most direct approach is to treat /v as an ordinary

. unknown like each of the (m + n) time-terms.

In this case the column matrix [A] is made the (m + n + 1)‘Ch

" column of the rectangular matrix [p]

1/v is made the (m + n + 1)th entry:in the column matrix
[x], v}hich £akés dimensions 1 x (m + n + 1), |
. There are then a total of k equations to be solv;ad for' a
total'pf (m + n + | 1) @nowns;/ the equations aré represented as:
C(e)[x) = [e) . 1)
- The operation of assigniﬁg the arbitrary value of zero to
the last time-term (as di;?ﬁsééd in Section (2.7) on the inherent
" indeterminacy) may be perfoi'med by striking out the appropriate
.. column of the mé‘l_ti_l-'i!:![p_] " thefe-b&r reduc;i'ng ‘t}lle dimeh'sib—n'bf—the
v: matrix to be" h;tndlegl—.~ However, ,to. do'- so would invqlve the sa;ri-
ficelof some information which latér is relevant to the un;ertaintie.s

of the solution, and a more tidy approach is to add one more

e T

"observational equation' stating simply:

b = o
n .

The condition of minimising the sum of squares of residuals

. ig defined by a set of (m + n + 1) normal equations, obtained by
multiplying across By the transpose of the matrix [p], which will

" be denoted by [pt]:‘

FHeM0 - (L
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- The solution to this set of equations is given by multiplying across by

the inverse of [p']. [p]-
" or, w:riting [pt].'[p] = [4] | a3 - (14)
and defining the inverse matrix [a71] such that: .

| [q'l].[q] =1 (unit matrix) (15)
= then: | | |

(<] = [0 T0e] L0

. ‘This represents a listing of the solutions for the m + n

o time-terms and the velocity, as direct numerical values:

.
R i e

a, =
a_z = | |
: /‘;:/"’—"”"/”~~ T .
_"‘.'/J,am =
b, .=
Py T
S b o= T -
.o m
' '.-',} 1 _
v -
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3.3 --Separate Treatment for Velocity

There are, however, various advantages to be gained from a
somewhat different approach to the solution, reserving the velocity
for separate treatment. In particular, it gives an insight into the
way in which the velocity determination is inﬂuenced by ‘the di-

lstribut_ion of shots and stations.

" The observational equations are rearrange'fl‘as‘:v
\ a, + b = t -"Aij/ -
or in matrix notation |

2 e G B U e
- where,as at the start of the preceding section: | |
[p].  isa rect_anwlgr'ma&ix of dimensions (m + n) x k .

[x] . is a column matrix of dimension 1 x (m + n)

[.t ]and [A] are column matrices of dimension 1 x k

In the s:ame way as before,' the least-squares sbltifioxi is
givlenl,.by: A ' . |

S T f -1yt 1
) - M - I BE
"‘V_';.‘rThisv represents a listing of the solutions for the m +n

- time-terms, and in each case the right-hand side contains two

" terms, one having the coefficient unity and one having the coefficient -
I g

o
v’ . . .v‘

When the time-terms in this form are substitutgd in the

observational equations, residuals are obtained:

A e ———
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_ ) N.. } S
f5. = t,, 1J/V a, .bj . (20)

“These may each be regrouped as two terms, having coefficients

1.
i d —:
unity an v

&, = -c. - d..(=) _ - (21)

The condition of minimising the sum of squares of these
. residuals is given by:

o ..d, ‘ e e —
1= : C11 ij L (22)
v z 2 . To.L

dij - T -

___The value of ; so obtained may now be substituted in the
. expressions derived above for the time-terms, to give numerical

" values, and likewise for the residuals.

If there is some doubt as to whether or not the value of
velocity derived from the least-squares procedure is the most
suitable on other grounds, alternative values may be substituted

in order to observe the effect on the values of time-terms and

e

. residuals. A

—

/In_/sgne data where the overall spread of the survey network

—

'is unsuitable for determination of velocity, it may be more satis-
' factory to use a value of velocity obtained from an indepehdent
source.

A further advantage of the separate treatment for velocity

that-the solution majr readily be extended to'cover cases where
the velocity is not constant but is a function of distance.



The case of a linear increase in velocity with distance has

been discussed in detail by Smith et al (1966), in an analysis of the .

data from the Lake Su'perioi- projécf;. However, the fesul;s were
inconclusive, in that the_computed value for the rate of increase of

velocity was of the same order as the uncertainty.’

e
. P
—
— i
e e T
. o i e e e . C et e -
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3.4 jiWeighting of Data

The technique which has been outlined so far has assumed

that all daté are to be given equal wéight—. .In 'practic.e. it may be
-—~useful to weight the 'data'. according fo some criterion of reliability
(e. g. timing accuracy or legibility of onset). A 'éimilar require-

_ ment arises when certain connections have been observed more

- than once.

50

 The procedure is quite straightforward: each observational

equation is multiplied across by its assigned weight, or in the case

of multiple observations the appropriate observational equations are

added together. ‘

The effect 18 that the relevant elements of the [ p |matrix
' are changed from unity to the assigned weight or the number of

‘multiple observations, with correspondihg changes in the [t Jand

o [A] Tiﬁatrice\s.- -
e N
. SN -
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3.5 Singly-connected survey points

Any survey point which is tied into the main 'network_by5

- only a single connection (whether repeated or not) makes no con-

tribution to the least-squares fitting, since the residual for that

e

‘connection can always bé made zero by assigning a suitable value

to the time-term.

When a set of data has been selected for analysis, the pro-

‘cedure is to set aside any singly-connected observations until the

| least-squares fitting has defined the velocity and the time-terms

" for the main set. The s'inél;:c‘onnected observaﬁéns a:\re- then used

to calculate the time-terms for the corresPdnding survey points.
. P e - L - - . “.*;—‘-"—— ——

e

i -
ey
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4. UNCERTAINTIES AND FIGURES OF MERIT

4, 1° “‘Introduction

“_.Conventional refraction methc}ds have (‘ie've10ped around

various basic configurationsof shot and station layout which have-

+ - .. inherently strong control over the velocity determination.
- .-One of the great advantages of time-term analysis is that

' fuli u,a_e:_can be made of a distributed network of survey points', with-

’ v'~,‘out,insistence on formal patterns such as Iines or arcs.

This is not to 'say‘ that formal patterns should be abandoned;

- . r.

. in fact the results rﬂ;y ‘be more con\}”eniently presented if the survey

T = pbints are laid out as a series of lines rather than distributed

- randomly. ‘Furthermore it becomes possible to build up a series of

v 'I‘ocal velocity estimates from such lines. (See Section (2..6))..

~" It becomes of great importance when using data-from.a .

) distributed network to have a means of assessing the contribution of
" each connection and the effectiveness of the overall spread.
o - Established techniques of statistical analysis enable estimates
to be made of the uncertainties in the values of parameters which

b ~have-been fitted by least-squares.

- . It cannot be too strongly emphasized that such estimates,

based on the spread of the residuals, represent only the minimum

e

.*., uncertainties, on_the ’as";umption that the errors are genuinely

rarﬁbm.’ “The presence of systematic errors may lead to erroneous
parameter values without producing an appropriate indication in the

E unc,ert;iin_ty_ estimates. -
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An exahmple of this is discussed in Section (6. 4. 2), where a
iar’eliminary analysis neglecting the effects of dip yields an apparently
satisfactory velocity determination. However, the.structuré involves
- a basin-shaped feature, which fends to make thé calculated value of
,velocity rather low; a second approximation w-ith"c‘_orr'ections for dip

:produces a new value of velocity diff'ering from the first by an amount .

much greater than the estimated uncertainty.

.>The'standar,d error of v is obtained from th_e standard error

. of \lr by the relation: |

R ) C , | ) N
oo (v) = (v) o () o (23)
. T R

e



54

' 4.2 - Confidence Limits

- For the éimple case of a random variable normally distributed

-

' 2 I

_with variance 0° , it can be shown that there is a 95 % probability
_that any observation taken at random from such a population will not
differ from the mean by more than + 1.96 0=, In other words, 95

times out of 100 the difference between the mean and such a ;andomly

e —
—

chosen observa}ion—will'be no more than approximately twice the

_—

standard error of the mean.

'In this way it is possible to arrive at estimates of '"Confidence
Limits' for the value of each of the parameters fitted by least-squares
technique. -If the true value of the variance O  were known in each

case, then ''95 % confidence limits'' ‘could be stated as .i 1.960,

In practice tﬁe variance of the errors (thIe differences between
the_lcig_e and observed values of the obser'ved quant.itiee) is not known
directiy, but a reasonable estimate is obtained on the basis of tﬁ_e
‘.vari.ance‘ of theeresiduals (the differences between the: calculated and

-qbserved values of the observed quantities).

Defining the "number of degrees of freedom' as the number

of observational equations' minus the number of unknowns, then when
the number of degrees of freedom is very large the variance of errors
of the data population as a-whole can be reliably estimated on the

‘basis of the fesiduals of the data sample under investigation.

When the number.of degrees of freedom is small, however,

.the limited dafa\ gives a less reliable estimate of the variance of the

N\

]
\

C—-—
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-errors. Allowance is made for this in deriving the confidence limits
by replacing the factor 1.96 ‘by a factor 't' (known as "Student's t'")

which' depends on the number of degrees of freedom and is greater

" than 1. 96,

Tables of Student's t for various degrees of freedom and

' "levels. of probability are to be found in most textbooks on statistics.

" As an indication of the trend, some representative values are listed
below fér the 95 % confidence level:
‘deg. off. 40 20 10 6 4 3 2 1
t - 1.98 2.09 2.23 2.45 2.78 3.18 4.30 '12.70
‘,;_k.vIn general where the number of degrees of freedom exceeds
"10, there is little benefit in referring to a table of Student's t, and a
- round, figure of 2 is sufficiently accurate. Most of the data sets in the .

present‘iﬁvéstigation fall in this category when the variance of the

data is assumed to be uniform at all survey points, but small numbers

. of degrees of freedom do arise in the course of treating the data from

‘each ‘survey point a_g_'haying&:om'e‘fro}h“a different statistical popu-

JE UV

~ lation.’ » e

e = - . v vem—
- e e



4.3 Statistical expressions for straight-line solution

Suitable forms of the expressions for the fitting by least-
‘ squél;éé of a conventional straight-line solution to a set of travel-

t1me data have been detailed by Steinhart and Meyer (1961)

- ————. . ——

For a set of N obsérvations '(ti’ xi)fto be approximated by

the line:

/’
LT T =t 4+ ANX
o ‘

N C e - ————

i RS

:the least squares estimates of the parameters t and A are glven by

Exi Exiti - St, 3 x,2 S
t o= S — - e —e(24)- -

- ”/1}. o ( 2 X i )2 - N E xiz T e
:: = xiti
e 2Z2xt, - —== o
L T D

- Estimates of the standard error of t0 and A are obtained

| 2 2
" from the variances (St) and (S, ) o -

B S P (26)
/> o 4 . (S )2 ) X -
2 t '
8y ) = (27)
R Cosx? - (3x)°

2 .
_.The numerator in (St) is the sum of squares of residuals,

and the denqminator’is the number of degrees of freédom, i. e.

- -~ .

(number of observations) minus-(number of unknowns)._



. 2 . A - . - T
The denomina’tor'i_g_(SX’_) -is a quantity related to the _.

—

effectiveness of the shot/statilon pattern in controlling the de-
termination of velocity. This can be more readily appreciated

by re-arranging it as follows:

2
P
ks N R T .
2 x,
- : i
where x = mean x, =
wher " N

. Note that in these expressions for the straight-line solution,

.SA r_elit/e,s/Fo-th'e standard error of the apparent vglocity, and

" ‘account is not taken of the basic indeterminacy of an unreversed

:proﬁlel.'\;A'n_ extension of the analysis to the case of dipping layers

obse-rved‘by reversed profiles .is given by Steinhart and Mefrer, (1961). |
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4,4 Statistical expressions for time-term solution

‘It is instructive to compare the expressions quoted above for

- the straight-line solution with the cqorresponding ones for the time-

term method (Scheidegger and Will_more, 'A1957'; Willmore and

Bancroft, 1961). . -
o, - s si_.z ) - .
o5t = ——L= _ (28)

=My =T T

e —

" The numerator of O"z(t) is again the sum of squares of
residulals, and the denominator haé the general form of (number of
é@gr@eé of freedom). Theliirst tgrm, mn, ‘is.apprgprliat@ only in

. thé c'asﬂe when all éta;cioné observe all shots; in pracficé there are
ﬁshally some connections mi:ssing,. and the nanber of obs.er"vgvt,ic?rjs
is dgn'o‘tjed by K. (less'than mn). ""I‘he' expréssion for d'z(t) then

becomes:
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4.5 Uncertainty of velocity

In Equation (29), the denominator of the right-hand side has

' the same significance as the corresponding term in the straight-line
“solution (Equation (27)), namely, the efféctiveness_of the survey

‘network-in controlling the determination of velocity.

For the case when .all i shots are observed at all n stations,

- e

each te;m/d;in the summation has the form: ' '

-

: 1 1 1 , S :
- = > WAYEE- D IWANIRE - DI WAN (31
__dij',A Aij m5 Aij T = MY T ( )
or -d,, = (distance from shoti to. station _])

- (mean distance for all stations which observed shot i)

- '(mean distance for all shots observed by station j)

¢

+ (mean distance for all observations)

F.‘or the case when some connectidps are missing.theexpressibn
forvdij'. i‘s Iess simple and involves the inverse matrig, but it rétai'ns
the éarﬁe—basic.structure: a combination of the shot-station distance
AlJv;;ﬂhwelghted means fo? the three ?gmaining'te;#ls.

If the Astations are all close together, thé fil;st two terms will
.almost"can.cel each other, and so will the last two. Similarly if the
shots ére,éll- close together, the first ap& fhird t,erms.will almost
cancel and so will the second and fourth. = This shows that for proper
cbntrpl'of velocity it is essential to have an adeqﬁate -;p;ead of both

shots and stations.

' S \
L \

. \ \

N
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In the extreme.case of a single shot obseryved at'a number of

T SEea

R

stations (oF a~single station observing a number of shots) it becomes
impossible to distinguish between the effects of velocity and regioﬁal
trend of time-terms (in other words; dip of the refractor). This
L . . . 2 1 '
indeterminacy is duly recognized by the fact that 6 ~ () becomes

infinite-as the.''spread effectiveness 'term 2 dij becomes zero.

The velocity derived from such dafa' is the appa;’ent velocity,
and differs from the true vélocity in the refractor if the magnitude of
the time-terms is correlated with distance from the source. Even

“‘when the stations are well distributed in azimuth and dist’énce with
‘respect to the source, there is tfle possibihlity_tha..t a dome or baAsiAn
i th@: mé-_rkgr layer gguld give rise to a correlation bewé@n the time-

terms and diss:a'nce'. In such cases the trend of time-terms is ab-
sorbed into the apparent vechity; and the fesiduals show only the
‘experimental errors and the departures of individual time-terms

- from the mean trend.. This mean trend corresponds to approximating

the geﬁeral form of the refractor by a cone rather than a plane.

This extreme case of a single shot observed at a number of
stations does arisg from time to time (e.g. in the disposal of a
,duml; of surplusl explosive ). It is important that the inherent weak-
._ﬁess of such a- S};stem be recognisedl, together with a means of
alleviafing the weakness: several~ of the 4statioxl13 should observe an

_édditiﬂnal’shot at some distance from the first. This treatment can



_be applied even to cases where the main shot has already been fired

and the recording stations closed down; provided several of the- -

- —

sites can be re-occupied at a later date for one or more additional
shots, the effectiveness of the spread can be built up. For similar
reasons it is important that when surveys are being extended to

: .neighbourixlmg areas, some previously-used sites should be re-

occupied.
T T T o
e = .\\‘,‘
. _____..’—”»—"-7‘?———— - T e

/— - )

- N I
P
— . —— ///
. : }
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4.6 . Comparison of various network configurations

o
. o
- o

If the/numgé/r‘of- observations of gi\'ren‘quality is very large,

the—variance O~ 2 (t) tends to a constant value. Then from the
) . ' : 1
expression for the variance of v’
22,1 o Z(t) ' ’ |
o () ' (32)

s a2
1]

o}

e

it is seen that the effectiveness of each observation in reducing the
uncertainty in 3 can be assessed by its contribution to 2 dij « This -

provides the type of ﬁguxje.of merit which is needed for measuring

the effectiveness of the spatial distribution of the suryey network.

'© "7 The technique is quite rigorous, and shows clearly the weak-

neés of various unsultable conf:igurations..

: 2
-‘The quantity zdij

effectiveness of different data sets, or the quantity dijz may be used

may be used for comparison of the

for comparison of the contributions of individual observations within
A.a'da,ta set. If one obsérvatioﬁ is discarded from a"d;ata set, the
‘contributions of the remaining;observatiAons are liable to be consider-
-ably reifarraﬁgéd.
Some 'rathez\' surprising results emerge fforp the appliéation

_of the .criterion, which is best illustrateti by a few examples. In
eachr case the same c'('?mments - would apply equally 1.:0: a transposition
.‘of their}.etwork, with each station replaced by a shot, ahd each shot

by a stva_tion.
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It should be noted that even if the standard deviation of one

time observation, O~ (t), were satisfactorily small, the uncertainty
of each time-term is a function also of the standard error of velocity,
. ‘ - o
6~ (¥ ), and in consequence the time-terms are not adequately de-

" termined if o~ (%) is large.

.Exémple l: Figure (lla). A line of shots, With a station at'each
end on the e:\ctension bf the line. This is the traditional '""reversed-
profiléf’ COnf\i\guration," and gives ideal control .of‘,velocity.. | .'The dij
"terms have éubétantial values, leading to a low value for ¢~ (-%,—-)
~. Connections to the s}.}ots nearest the centre of the lipe make the.
‘smallest c‘ontributiox'l'to 2 dijz and consequently to tbe &elocity
.detérmination. while those nearest the ends make the greatest con-

tribution.

- Exampie 2: Figure (11b). Because of the smallness of the contri-

,' bution from shots near the centre in the previousi example, itis
_,."tempting to suggé st 4that 'the most effective way to deploy a giv:en
.-numAbe'?/of shots Ais to COncentx;at'e ~them at the ends of the shot line.'
'Dimep’sions D, and D wbuld in this case be the shortest di‘stance'

1 2

which will give first arrivals from the refractor df.interest, and
_dimep’gi_ons El.g and E2 the longest distance (limited by either
signal strength or the appearance of an earlier arrival from another -

refractor). However, the distributed line, Figure (lla), represents

‘a much more sound arrangement, since in general the maximum and
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minimum distances are not reliably known in advance; furthermore the

" distributed line provides a more satisfactory check for the existence

-of suitable refractors.

Example 3: Figure (llc). One station broadside to a line of shots,
and one station at the end of the line. The dij tern‘us', while smaller
than‘for. the previous two examp'les,.. are acceptably largé, and ade- -
quate control of veldcity determination is obtained. The effective-

ness of the pattern, as indicated by the value of Zdijz,- -ig~approxi-

inatély_one-quarteipf,tha‘t’fég ’example 1. : ‘
"/’/ C ) . o ¢
ExémEIe 4: Figure (11d). A single station at one end of a line of
n ' “ -. . . ) 1 ’ .
-shots.--. Each dij term becomes zero and 0~ (3 ) becomes infinite.

‘No control oyer velocity. An interpretation is possible only if the

'layerihg‘ is assumed to be both plane and horizontal.

: %fExamE'}eLS:-».Figure A(llé‘). : Two stations at the"sa@e end of a line
- ofshots (with all sites lying aloﬁg,ia étraight line. ). Eaéh,dij téfm -
- becomes zero. (Thé four terms in the dij Iexpressi.on no longer
: canqel in pairs as they would for a single-station afrapgement like
t,_he_ previous e;'cample, but the sum of the terms is _zero).v Again
O"‘(;l;) becomes.inﬁnite.
It is interesting to observe that this conﬁgu‘ratio'n‘co.uld be
utilised only if the la.yerihg' could be assumed pla.ne (thbughnot "
,n‘elcessarily_ horizontal); | otherwise it is no more effective than

Example 4, regardless of the station separation.
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”Exafngle 6: Figure (11f). A pair of stations broadside to a line
of shots. Once more each dij term becomes zero, and O (-‘7) in-

finite. No control over velocity.

 Example 7: Figure (llg). A single station in the centre of a line
of shots. No control over velocity, but the data could be salvaged by

‘an assumption of plane-layering as with Example 5.

\

\,
\

It is difficult to define in one brief phrase ‘the characteristic
which should 5e emphasiz'ed' for best control over velocity. It can
~ be seen that the minirinum .network involves two shots and two stations.
What is needed is tha..t the range interval between the two shots as
observed from the first station should be as different as ﬁossiﬁle |

from the range interval as observed from the second station.

“For example, if shot A is further than shot B from 'station C,
,then: sitation D should be situated so tha;t ‘shot B is _ﬂrther from it
z::fhan sh_ot A, Aliternativély in terms of azimuths: the azimutiq of
>'the.fir/s;_t station with respect to thé line AB should be nearly 0° and

‘that.of-the second station nearly 180°.

s _For a pair of shots and a pair of_statio'ns.it; is easy-to

"Vis'ual'i"ze this approach leading to the reversed profile conﬁguration,‘

2

but for :an, extended network it is more difficult,r and theh the '= di‘

criterion comes into its own.

e ot —. N
" ~— e



4.7 Uncertainties of time-terms

4.7.1  Uniform data quality

'On the assumption that the distances are accurat'ely known
‘and that the errors are therefore concentrated in the time obser-
vations, the expression for 6~ (t), Equation (30), leads to an

estimate of "standard deviation of one time observation'',

The derivation of estimates of standard error for each
time-term involves the appl‘icafion of appropriate weights_for each

"sur'\'rez point. This /vyeightiﬁg”fgx{ction should take account not only

—

.of the number of direct connections for each survey point but also

et

of the number of indirect connections between that point and the-

:lremaindér of the network.

_..A convenient feature of matrix algebra is that the required

_ weighﬁng function becomes available in the course of the calculation,

=S =

as the“elements of the leading diagonal of the iriveij.se matrix'[q-l),

67

_assuming that the data from all survey points are.of uniform quality .

~(i. e. uniform variance).

Estimates of standard error for the individual time-terms
- are obtained by multiplying the general standard deviation &~ (t) by

o . .=1
the square-root of the appropriate term [qii ] .

" The relative values of standard errors derived.in this way’
- =1
depend only on the corresponding [qii ] , reflecting the amount of
" data contributed by that survey point and the manner in which it is

" linked with the remainder of the data. The overall fit of the.solution
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is reflected by o~ (t), which enters into each standard error, and there

is no direct indication of the relative quality of data for different
\ : .

5\
A\

survey points.'

4.7.2 Non-uniform data quality

Since in practice the data from some survey points will be
of much higher quality than those from others, there may be some
justification for an alternative statistical approach which treats the

data from each survey point as coming from a different statistical

pqu'ulation (Berry and West, 1966).

' ‘;I‘his takes no account of the 1.'nan¥1er in which the data are
‘interconnected, But it offers advantages in dealing with survejr.poinfs :
'of widely differing quaiity (e. g, stations with high local noise level or |
L podr timing accuracy). At the very least it provides g'basis fo;‘ com-

parison of data quality between different sur\iey points.‘

- The standard deviation of data , c'i—-', for a survey point t

- is given by

2
(& )2 ' % Rst st ‘ ‘ ,
Y = : - (33)

(% }/st) "1.

hsing,the—no‘tation: _

2 = summation over all survey points
st residual for connection between survey points s and t
' }/ = 1 when connection between-s and tis-observed N
st e S : .

= 01 . " o "M 1 ot observed
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’orusimply: ( &'{’ ) = (sum of sqﬁared residuals for all connections

- 7 to survey p01nt t) + ((number of connections T

to survey point t) - 1).
' . For a survey point t connected by N observations of variance
C 2 . . ) . ' .‘
(0: )-, the standard érror of time-term, o will be given by:

| & s '
o~ = t ) e

VN
__r— | (34)
: st -

[ : ’

T As a means of comparmg the quahty of fit for various

solutions, Berry and West used an expression _corre5pond1ng to

Equation (30):

' 2 _ sum of squared re51duals for all observations
S REE number of degrees of freedom

- - -~

4,7.3 Influence of veloc1ty uncerta.1nty on time- terms

‘The normal procedure for least-squares fitting of aline of

the form: o ‘ - R S )
/' - ’ o
to a set of N observations, (ti,i xi), leads to estimates of the standard

‘error of slope, SA , and the standard error of intercept, 'St' ‘

The time-term method, as a generalisation of the-.abo',ve,-, - _—

leads tb;corresponding estimates of the standard error of slope, -

o~ (-‘1?), and the standard error of ﬁmefterm; (o ('C- t. ).
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. In attempting to derive from this information an estimate of

e ———

.the uncertainty of each time-term, it is important to bear in mind

- theinflience of the velocity uncertainty. If the Velbéity'were known, -

the'uﬁcertainty of the time-term would be derived directly from the

. . . "‘"‘\
standard error of time-term, but on the other hand when the velocity

is poorly determined the uncertainty of time-terms is dominated by the

‘effect of the velocity uncértainty.

- '_For the straight-line solution, the contribution of the\\_relocity
iuice'rtainty to the uncertainty of intercept will depend on X, (the
| ~ mean di_'stance) and S7\ , (the standard error of slope).’ S

s, = X. 8, o | - (35)

. —The combined uncertainty is given by:-

o= (s)°

ot

(s 2 (36)

to * (S't)

For the time-term analysis, -the relevant mean distance is
the mean-for all connections involving the survey point under consider-

-ation, i.e.:

= .= " 7 7" for a station —(37) - -
p3 C T e
i lij _ —
oo - '
- _ 0, - |
" or N = LW " for a shot ©(38) -
L 2 ' :
)
Where'. }/1 = 1 when connection b_e'tween i and j is observed.

= 0 " oo " is notobserved "

et —
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'The contribution of the velocity uncertainty to the time-term
unéertéinty is giveri by:
: ’ ] - X _ | - :
(1) = A.o=(¥) (39
and the combined uncertainty by:
- 2 2 N
(o*o(t. t.)) = (o(t.t.)) + (o'(t))-- —"(40)
4.7.4 Uncertaintir/in interchange
.~ On account of the inherent indeterminacy, discussed in
Section (2. 7), it is necessary initially to assign an arbitrary value
to one time-term and subsequently to adjust the calculated time-terms ’

by adding a constant term to each of the shot time-terms and sub-

‘tracting it from each of the station tirne-terms, . choosihg the value

=S

which gives th-efmost: satisfactory co_ntinﬁity between shot and station

time-terms.

AIdea._lly the network should contain a number of survey points

which serve as shot points for some connections and as stations for

‘others. Each such point provides an estimate of the adjustment

term required, and by combining a number of these separate estimates
a more accurate overall figure is obtained, together with an indication-

of the uncertainty of the adjustment term.

Where only one interchange point is available, the uncertainty

of the adjustrnent term is not known, In practice an even less

satisfactory situation often arises where true interchange does not

\

exist, V'and\thé\‘*-,adjustment term has to be decided by subjective
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assessment of time-terms for several adjacent (rather than coincident)

survey points.

" The uncertainty of the interchange process is usually dominated
by the uncertainties of the-time-terms for the interchange stations. An
'~ assessment of the build-up of uncertainties may often prove to be a very

‘sobering exercise.

- e ff”"-.ln“g‘éneral the time-terms after adjustment should not be
- significantly negative, but if this appears to be a limiting condition the

reliability of the interchange observations requires careful scrutiny.

- . - .

A negative time-term could be the result of an error in shot time (or

station time), or in the case of a survey point for which the connections

are poorly d‘istributed‘ in azimuth it could be the result of a pbsitionai ’

error or a local velocity anomaly. - : .
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4.8 Uncertainty of dépth

i

is a ‘model in terms of depths,‘this is the aspect of the solution which

stands in greatest need of realistic-estimates of uncertainty. i
—— ——— // . t. .

'Although suitable analytical techniques-have been available in

‘the literature for a number of yearé (e. g. Steinhart and Meyer, 1961),

the practice of publishihg results with no indication of the uncertainties ™ ———

" is still all too common. In some cases the reason for the oversight
~ is simple enough: even a conservative estimate of uncertainties may

be-suffiéient to show that the ''results' are not statistically significant.

iThe depth calculation involves a combination of derived
quantities (each with its own uncertainty) so that in the final answer
the .buiid-up of uncerfaintiés may be intolerable, even when the

separate steps of the analysis yielded acceptably small unée‘I'tainties.

.-~ 77 In general the uncertainties in refractor velocities are
relativély. small (less than 5%), and the principal sourcesof uncertainty

~ in depth are the uncertainties in tjme-terms, In the estimation of

depth uncertainties it is usually therefore permissible to neglect the

velocity uncertainty in comparison with the time-term uncertainty.

-

As a basis for discussion;--the expressions r.elaitirﬁl_g_d_eﬁptkl_h_h

:\‘s\uitable ]

_to time-term and velocities are summarized below with

o pe — 2 T

e — s e e o
S = — =

notation.” i —



Consider a model with three refractors, i. e. four layers having
: S . ‘ .
velocities v \v » V,, and Vi Let the layer thicknesses be Z

1’27 73 1
Z_, and Z_ respectively, and the time-terms be T ,, T, and T
2 . 3 R ) 1 ‘ 2 . 73
_respectively.
Using a double-suffix notation:
- . . th
'trs = time lost in the r layer by the wave
‘ . : th .
critically refracted in the 8 layer.
: o th
ers = angle of ray in the r layer for the wave

' h
critically refracted in the st layer.

The time-depth conversion involves a number of terms of

the fo;%fn o5 0 " which can be regarded as ''slanted velocities'.

- For-convenience these are denoted as follows:-

-

: le‘ = A
cos. 12 - N
v1 ) _ V2 - c
cos 613 cos 923 :
- Co 14 . co 24 | co 34 0
Cthem: 7 e e -
e = Ty R ST
- z, = A.Tl/,_,, i el (41) -

74
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Wi

-

23 2 13 2 1
L« _ A.C | .
2, = Cutyy = CT, - FET, o (42)
A .
T L
. ¢ . < AC
‘24 T By 0 T ET BE ©1 o
tyy = Ty - by, =t T i
R S o S A— ——AC, e
SR eE Ty, 5T, - G - BE) T, R
CZL = Fut, e e - T T
- 34" ,
e ) CF AF ACF e
A = FT; - T, - 5 BE ) T1 1 (43)
i P AGC. . o
Btz S - ST+ aT, (44)
. - (s _ AC _ AF ACF
LBt 2y b Zy = (A - T - T t ) T,
.+ CF ' |
+ (C - £ )T2_+ F.T, (45)
/””—/Now let the uncertainties of the tlme-terms be 61 62, énd

8 re_épectively. - Note that it is important to distinguish the sign

of each term in the uncertalnty expre351ons, since the uncertainties

are not always cumulative. For example, an ‘error which tends to



-
R = ———
-
— . 7 6
~—

—_

_._decre’ase the estimate of the thickness of the second layer (the pro-

_portion depending on the velocity ratios).

The uncertainties in the thicknesses of the three .lay'ers will

:'-the'n be:

W(zye . t(as) )

Cwe HEO wewy

(AL, 4<f s(-<£ ) ¢
5(2 )/ (( A ) ) 2CFE) EER) 4y
. _and’ the corresponding uncertainties in the depths to the three N

r efractors _;will be:

)

.‘5(2:")* *.5) o . v_"'ff~(49)

v_t;_.%;\d’(z,zz) | 1((4- "")a‘) o t(c:s,)f o “’(50)

s(z,m ) - H-5-5 -4 gee’ J) (- ”)5) ‘(F“) (51);



5. PROGESSIVE REFINEMENTS OF SOLUTIONS i

5.1 Introduction

The selection and rejection of obs ervations is a matter which-

must be approached with great care, since there is a temptation to - -

concentrate on those observations which support one's prejudices and
gl N

. to suppress those which offer contradictions.

" There is no simple set of formal rules which can be

: v-'gu‘arariteed to produce ideal solutions, esbpecially fqr'small data sets.
Instead the approach is of necessity highly subjective, involving a

4

- progression of computer-aided judgements.

"To illustrate the subtle differences upon which jgﬁgements T

- 7 final ._sollg.;ion's/obtained but also -a selection of the earlier solutions

‘are based, Appendix B »c__o_gtains/dét'ailled listings of not only the various

—

'whiCh led to them.
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5.2 | Structural Model and Phase Identification

The first question to be asked is whether or not sufficient '
~ evidence is available to define the. structural model and to permit .

'rel_iable' identification of phases. If some ambiguity exists, then it

e . e —

may be advisable to try alternative identifications and to compare

_the quaiity of fit for the different solutions.

—— -

—

. . - —/ ) » : M
If first-arrivals from two different refractors have been

wrongly grouped into a single set, then it might be e}ipected that

‘this should show up as a trend of residuals with distance (with the

Observeditrav el-times bei-né later than predic.ted in the rlj.rAliddle of
thé range and earlier at the extremes of the range). However, if
tﬁe sp‘rjead o.fsurvey pbints is unfavourable, it vma.y well happén that
such trends are al:\;sorbed as a bias in the values of time-termé for

“a few ‘stations which have contributed the observations at the extremes

of the distance range.

- A similar trend would arise if the structure involves a

irelbcit;} gradient, so that for distant observations the waves follow

e =

. a deeper path at a greater mean velocity than for the s_hbrt- range

‘observations.

When there is a-sx{qpicion of such a trend, it may be possible

to subdivide the data into two sets, for longer and shorter distances,

to test whethér,signiﬁcantly different estimates of velocity are

-

produced. v - e

e o . . e
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A possible source of systematic. error is that the drstant
observations are liable to be-read late, because of the progressive
‘dimirrution of the energy of the refracted wave with distarxce. The

i trend of residuals with distance due to this effect will be the opposite |

'of that due to velocity gradient or mixed refractors. .

As an example, it is instructive to compare the solutions
‘ifqr tlata sets 2039 and 2050. | The former represents all the available
_olbser.vations attributable to Pg for the Irish Sea project, arld it is

' .far frorn satisfactory. The typical uncertainty of a time-term

‘(+ 1 0 sec.) is shghtly greater than the typical value of a time- term.
(say O 8-0.9 sec. after adJustment to match shots 91 and 92 ‘with

_ station 3).

~ An examination of the distribution of residuals by distance ' ‘

| an‘d‘ size reveals that the three largest values occur at the longer

SRR PR —

dlstances, and the apphcatlon of an arbltrary distance 11m1t of 200 km

- would eliminate them. 3 . ' -

© The remaining—ob‘s‘e’r?ffa't—ions having been re-processed as

data set 2050, a more satisfactory solut1on is obtalned . The re-,

-siduals and uncertainties are much reduced, and the distribution of

residuals with distance is rather more uniform. : TT——

g

The control of the velocity distribution has unfortunately
been weakened (since the long-range connections are those which
would make the greatest‘contribution), and yet in spite of this the

' ﬁuncertainty of velocity is reduced (because of the greater reduction _ef

the residuals).
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A check 6n the quality of the original seismograms for the
connections over 200 km-confirms thatthe signal-to-noise ratio is
indeed poor, and it is therefore quite possible that thg arrivals have been.
read lﬁte. If :chis were the case,' then the truncated ‘data set would be

expected to yield a higher estimate of velocity, but since-instead it . .

~—

yields a lower estimate there are some grounds for postulatin\g a -

velo c1_tj/ gradient., —

. "This idea is supported by the fact that even the truncated

- data set 2050 still shows some signs of a similar trend of residuals

4

with distance: the observations beyond 168 km give predominantly

‘negative residuals.
- Unfortunately these observations are so scanty and of such

poor quality that an attempt to -perfo‘rm a more _aophistirv..c_:ite_:ﬂd__:_sg_l_utionT.~ -

_would hardly be justified. _ - — " ‘ S
o

T

.~ As an example of an unsatisfactory distribﬁtion éttribut_a;ble

) tb the qlbmbinat‘ion of d;té frdin two different refractors, data _sAet
2075 isl gomposed of first-arrival observations of the Irish'Seavand

| Seaguil shots .at distances beyond 125 to 130 km. ~ The lower. ‘limit

. X;q_i;di\s‘t:a‘nce had been chosen, after careful examination of all first-

— e

arrival data, as representing’the cross-over distance ,betweehvarri_vals
from an upper refractor (with a velocity around 6..1 km/sec. ) and
those _from some deeper refractor (for which the velocity should be

_detelrrnfinevd by the large data set).

R



81

_ . The velocity calculated, 7. 73 krri/sec. » is suspiciously low

—————— i,

to be Pn, but the veloc1ty uncertalnty is reassurlng at first sight.

However, the disti'ibution of residuals shows undem'able

trends with dlstance,,the—ldrger nega?:l—ve residuals bemg concentrated

at the extremities of the distance range while the positive re siduals

-occur mainly at intermediate distances.

_ - -In the light of tﬁie, it is clearly unrealistic to attribute all
. t}'le. observations to a single refractor of reasonably uniform velocity
extendi‘ng over the entire region. Once such a fundamental assumption -
of the ti:rne-term approach has been violated, t;he solution cannct be

' trusted‘. in any respect: the uncertairity;' derived for the velocity is

quite spurious, and the incorrect estimate of yelocity leads to a dis-

‘torted set of values for time-terms.

. This trend of residuals could be due to avvelocity gradient,

"”bxmore likely explanation is that the observations relate to two
different refractors. Data sets 2040 and 2048 comprise basically

the same observations, subdivided geographicauy by region into

southern and northern groups respectively, and these give two quite

.

different velocities, 7.27 and 8.09 km/sec., with much smaller re-

s1duals and a more uniform dlstrlbutlon with distance.

. ————

The distribution of residuals with distance for daja\s'et 2048 _

is not, however, a very reliable basis on ‘which to judg?fﬁé"sﬁitability S ——
,/ . o . ‘
of the crustal model, since only two stations are involved and the

areal 8pree.d of survey points is far from ideal; a trend with distance

could easily be absorbed as a bias in the time-terms.
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‘5.3 Velocity determination

--Having made rea‘sonable attempts to confirm that the data
b'elong to a single refractor of more or less constant velocity,‘ itis
still not possible to proceed to a detailed examination of the residuals
until the vel_oc,ity determination has been scrutinised and appréved;

. any factor which produces an erroneous estimate of velocity will

~severely distort the pattern of residuals.

" The nature of the least-squares fitting proce'ss'fo’r velocity

places the greatest weight on observations with the widest spread

- ~“of distances, and unfortunately this criterion leads one to gather up

a motley assortment of second arrivals and weak onsets.

It is necessary to check whether each of these heavily

weighted connections is of a quality to justify the reliance placed on .

it, and the tabulation of dzij (DILJX2) in the solution provides a con-

venient guide to the relative weighting. . ——

—

It might even be desirable in some cases to introduce an . ——

additiona;} weighting"falbtdr?o take account of the reliability of each

e

observation, but in general it is sufficient to exclude'.any dubious
observation from the initial solutions and include them subsequently

~on the;condition that they do not disturb the character of the solution.

.. There is one category of dubious observation even more
-unwelcome than second-arrivals and weak onsets: those in the

vicinity of the cross-over distance. When two brdadly'similar phases

e i

arrive almost simultaneously they can easily interfere in such a

R e

e

-

—
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way that both of the true onsets are lost and the first readable

arrival is much too late for either.
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5.4 Residuals
When the most reasonable structural model has been chosen,
and a féirly reliable estimate of velocity obtained, attention can be

turned to the individual residuals.

Apart from some influence of velocity error (which is expected
'to be small), the residuals for the connections to any given survey point
réflect the extent of the disagreément between the separate estimates

of the time-term for that point, derived from the corresponding obser-

vational equations. The sum of all such residuals for-any-given point

P - . ) . . ’

~is zero. -

. Because of the way each observational equation contains two

time-terms, an error in any one observation spreads into the two.

e—

firﬁé-terms concerned and then (to a smaller de'gl;ee-) into the time-terms
of ea¢h point connected with the- firsf Wq, and so on. Céhséquently in
the prbcess of p'rogrés sive reﬁnemeﬁt it is ad.visable to move céutiously
A‘and to make oniy a fe.w. changes ip the: data set bétwéen éuccessive runs .

of the solution. ) ’ -

" At this stage it may be appropriate to reconsider one of the
major assumptions undérlying the use of least-squares methods,

namely._ that-the distribution of-errors is approximately normal.

- One can easily envisage ways in which systematic trends

could disturb the distribution; in addition to the deterioration in

signal-to-noise ratio with in'crea_s.ing“distance already mentioned,

" there is generally a tendency to read late rather than early, leading

——
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to a slightly skew distribution. If this tendency applied equs.lly to
. all observations it would result in 'a uniform efror in all the time-
terms a_nﬁ would not be reflected in the residuals, but it 'applies

mainly to the weaker onsets and will vary from one observer to

- e

another.

A rough indication of the error distribution may be ob’cained
from the distribution of the rgsiduals: (One would like to know the
discrepancies betwegn the observed travel-times and the true fravel-
times, whe re'as‘-the residuals repx;esellt the discrepancies between the

observed travel-times and the best available estimates of the true .-

—
~—

travel times, ). | .' -

- —The distribution of residuals offers a guide to the uniformity
of the data quality. An approximately normal distribution svugg'ests
that tiler'e is little prospect of dramatic irﬁprdvgment by the rejection
- of a few observations, while a very irreguiar di'stribufion suggests
the presence of grosé érrors which one may b'g ab%e to recognize and

eliminate.

If the residuals indicate an approximately n_orr_xial__di.stribution,‘
this provides a quantita’Ltiye,basis’for :—iccepting or rejecting observations.
‘_ A residual,tw’igé/a: gréaf as the standard deviation of one observation
wqul‘a be expected to occur once in 20 6bservations, whereas a.residual
three times the 'standard deviéfion would be expected to occur only‘once
ip 1000 observations and one would hope to obtain a better solution by

rejecting it.
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. The tabulation of "standard deviation of data" for each survey
poinf is a convenient poinfer to the obse}'vations requiring‘closer'
examination. Starting \;Jith the survey point 'W'ho_s-e data shows the
largest :standard deyiation,,—the-dis_"t;ibx_ltioh,. of residuals is weighed

up for each point in turn.

When a point is connected by as few as three or-four-ob-
""//‘ B ’ '

Y ee—
—-

servations it is ilarr_d‘lyi n@»eaap_iggful to speak of a "normal'" distribution

of residuals, but even then it is possible to distinguish characteristics

~of an unsatisfactory distribution: if one residual has a rather large

value, and the remainder are of the opposite sign and smaller value -
(and similar to each other in value) then the first one should be re-

garded with some suspicion.

.. The fact that a particular observation.dbes not fit well into
the solution is hardly sufficient grounds for suppressing it. ' In some
cases it may represent the last voice raised in protest against an

erroneous but rather plausible solution.

______— When the original seismograms are available, it is advantageous

i -

to check them again for signal quality at this stage. It. .rnay turn out
that from a group §f contradictory observations, some of the onsets
are so poorly defined that they cannot-stand up to a challenée. On the
other nand it may turn out that the one observation which had been. ear-.

marked for rejection is in fact the only one clear enough to be trusted.

The observations which should be retained in-the solution at

all costs are strong arrivals away from the cross-over points, while

L e

e
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no such scruples need apply to emergent onsets, confused second-

" arrivals, and weak long-range observations.

The objective should be not so much to minimise the residuals
| "by the suppression of all inconvenient observations, but rather to in-
A..cludé‘the maximum possible number of observations without unduly

"increasing the residuals and the standard deviation of one observation.

The ultimate test of the consistency of any one observﬁtion
: w1th fhe ﬁlain body of data rests on the comparison of the édiﬁtions

- with and without the observation in question. If the alddit'ion,_of new
"A..{obsAe}IA'w./.ati.ons makes little change in the standard deviations ‘-it :can. :

L Abe» aécepte@ that they are consistent with the main data.
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6,1  General Planning

“The usual preference is to have shots fired in water rather

~ than on land, because of the more efficient coupling of explosive

1energy, with the observing stations on land for operating convenience

~shot point for some observations and as a station for others.

. - It hydrophone stations cannot be used, the best compromise

":an_d be;cause of the more favourable background noise levels.

For interchange purposes, to enable the relation between

_shof time-terms and station time-terms to be unambiguduely de-

. termined, itis required that at least one site should serve as a

The most satisfactory -way of _achieving this (provided that

—

e

) the mgnal -to-noise ratio is acceptable) is to operate a hydrophone

B ) _Statioﬁ: on a site which has been used as a shot-point '(or. tofire a

: shot on a site prevmusly occup1ed by a hydrophone station).

. e
e

is to arrange a station on land and a shot in water as close together

as possible. Such a compromise i8 by no means ideal, since the

boundaries between areas of land and water are liable to coincide-

with structural irregularities.

- In choosing sites for field stations, a careful balance must’

‘be str'ulck between many factors. A very thorough discussmn of the

problems has been given by Carder (1963) , although pernaps more

T

" relevant to permanent teleseismic observations than to temporary

field -stations.

e b o — ot e e s e
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By far the most ir'npo;tant-consideration is the availability

—_— —
T

"~ of bgdé ro_ck,at-‘a;’conven'ient depth; the site.s should be an adequate

'.diét’a'nce/from local sources of noise in the seismic frequency-b?.nd,
e g. trees, streams, roads, railways; access by vehicle m‘a)Ar be
necessary for unloading equipment, testing, or changing battefieé;

communication by telephone may be of value if there is a gemiine

. need to relay information about the shot programme.

| It is. common practice' to carry out refraétibn work with
. short‘;—run recording equipment, relying on 'di;‘ect'-communiéafion
betwee.n s'hot-f.iring and ;.'ecording teams or on a pre-arranged .ﬁring
) :zschgdu:le, This imposes severe limitations on the fl;ogramme, and
'-it_:is;‘far“mdre‘ 's‘atisfa(:tory to have cbntinuously—recordihg sta;tions
.with independent timing facil»ities, opefating throughou; the days

when shots are being fired.

Since ship time is more expensivé than explosive, and also
“since a spread .of both shots and stations is essential to vélocity
deter_rﬁination, the most efficient method of utilisation is for the
ship to proceed along a line firing shots at intervalg. The location
of the -.vshofcs z\i\eed not be s;pecifiec} prec_ivsely ‘in advan'ce, and the time
of firing is c'omple\tely at the discretion .of the slhdt-ﬁring team. The:
' oniy c.émmunicatio_nv ne;eésary to the recording tearﬁ is notification o£

“the completion (or major postponement) of the shot 'I‘Jrogran.'xme.‘

.



6.2 Field equipment

been discussed in detail in an earlier publication (Parks, 1966).
The principal features relevant to the use of such equipment for

refraction surveys are outlined below,

Recording on magnetic tape allows considerable flexibility
~in choosing suitable pass-‘bands and sensitivity on playback, and
.high timing accuracy is possible by using a fast paper speed on the

.output pen-recorder.

: Each recording unit incorporates a crystal-controlled time

- service, producing time marks at 1-second intervals with coding to

-identify the hour, the minute,-and the day. Broadcast time signals

are also recorded on the tape to provide calibration of the internal
timing. -
The equipment is weather-proofed so that it may-be-installed

—

in the open without additional protection.. The main recor{iiﬁg unit

for each station is intendeéd fo be sited where it can be reached by a

vehicle of the Land-Rover type for servicing,

" The seismometers and associated electronics are not de-

.. pendent on vehicle acces s, and may be sited af a distance from the

. recording unit. For distances up to a few hundred metres, cable
. links may be employed, or for longer distances (up to 100 km) radio

links are available, although limited to linerbf-sight prdpagatio'n'.

_ _The systemn design requirements for field equipment have -

T . .,..-._4.;.,_-”. - e ) 90
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 Power is supplied by ordinary lead-acid accumulato.r_é_which
//’_" T ’

U

-are readily obtainable throughout the world. Mains power may be

utilised, where available, to save labour in re-charginx‘l‘g batteries,
but normally a refraction survey involves only a few day's operation
T T —

'and there is no justification for limiting the choice of site for the

sake of obtaining mains power.

'The equipment is designed for continuous operation, requiring

~ attention only at intervals of two days for changing tapés and batteries.

— e — —
p— -
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. 6.3  Background Noise
Seismic background noise may be divided into two main classes
‘ _":'of origin: natural (mainly microseismic) and man-made (mainly

. vehicular traffic).

6.3.1 "Spectral content

Seismologists accustomed to teleseismic observation tend to
"_"_be un‘duly. pes simistic about the level of natural background noise at
coastal stations (or, worse still, island stations), and it is important

to recognize the difference in requirements for local explosion studies.

Arrivals from events at teleseismic distances are mainly at -
- frequencies of 1 Hz. or lower, and in this range the noise is mainly
due to microseisms which-one-would expect to be more serious near.

" exposed coasts.

. }'At distances of the order of several hundred-kilometres, on. - —
: I : ) . ) R

-

','the'oth'er haria,___the_f__r_equpgp_ies involved are mainly above 4 Hz., a

- "band where microseismic effects are scarcely significant. Conse-

quently, sites which are too noisy for teleseismic observation may
. .. T e ———

—

e

“well be perfectly satisfactory for local explosion studies. This
“was found to be the case when recordings were made of nuclear

explosions in the Pacific (D.S. Carder, personalvcom'rnunicat.ién) .

- ‘Man-made background noise ‘unfortuna.tevly ‘occ_urs mainly in
the frequency band which is of great’est' interest in explosion.studies,

approéc'imately 2 to 10 Hz.

—
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Comparative spectrai analyses of background noise for four

——

temporary stations are shown in Figure (12), for the morning of

' ‘Z-Zn'dASéptember 1965. Details of the world weather situation for
. that time have not been investigated, but the background noise on

- that day-was quite typical of the preceding month, and showed no

significant short-term changes (i.e. over an interval of 4 hours).

| 4 The two features which stanii'ouf are (a) that the noiSe'Ievel
" 1n thé._“t‘)and 2 to 8-Hz. is considerably less than at lower frequencies,
" and (b) that the differences in noise (of presumably 4micros'eisr'ni’c |
origiri) at individual statiohs show sc;ame correlation with the pr_o;cixhity

to bodies of water which could contribute microseism ‘activity.

-There are grounds for believing that the dominant frequency

T .
" of microseisms is related to the extent of the body of water in which .

“'they' are developed. . : . v | v
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Station BD, which is nearest to the Atlantic Ocean, shows

most activity in the band 0.2 to 1:0 Hz., which is typical of oceanic

.microseisms.

Station MA, on a headland in the Irish Sea, shows a greater acti-

S

e

" to cross-talk.

“vity around 2 Hz., which is more typical of a small shallow sea.

Stations FG and PC, more remote from both the Atlantic

Ocean and the Irish Sea, are both quieter in the microseismic range.

e e

- To keep the matter in proper perspective, it should be noted

‘that the rangedn level between the quietest and noisiest of these four

‘sites was only a factor of 2 at most.

—

No explanation is available for the broad peak’ around 5 Hz.

in the spectrum for station BD, but the sharp increase above 9 - 10 Hz. -

for all stations may be partly attributable to instrument noise,' especially



/’

"6.3.2 Variation with time of day

—
—_

A further consideration on background noise level is the
et
possibility of variation with time of day if a significant proportion

of the noise is man-made.

At Eskdalemuir and the temporary stationsused in 1965,

there was no significant difference between day-time and night-time

\'_’:leve-l-s .~ However at the 1966 temporary station NM in East Anglia,

the noise level was found to rise to an intolerable level during the -
day, butto remain quite acceptable during the.nig}it, as shown in
Figure (13). For comparison, the typical level at one of the 1965

- stations is indicated.

.

This possibility of a ''night window''‘has considerable bearing
on the question of the most-useful charge size, since the extra trouble
involved in preparétion of a large shot usually restricts such operations

to day-time.

For example, at a station such as NM a signal-to-noise im-
provement of the order of 10times is obtainable by firing at night.

" If reliance were placed instead on increasing the charge size by a

\

o . y _ ‘
factor of 10, the signal-to-noise improvement would be only of the

order of 3 times. \_
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6. 3.3 Threshold of Detection

If an assessment of background noise is to be of value, some

 estimate of expected signal strength is required.

Some of the early published work on amplitudes has been con-
"cerned with the maximum a'mplitude or the total energy of a phase, but

‘in the’ present application the significant quantity is the strength of the

_ - -

onset, since it is this earliest discernable arrival which yields the

travel-time relevant to refraction measurements.

The advent of underground nuclear test explosiOns has within
': the last 'féw years given a fr-esh impetus to the study of the scaling
laws for amplitude, and at t};e same time has provided material for
7 study, in the form of accurately ob‘svervevd events yielding a hi_gh

signal-to-noise ratio so that reliable measurements could be made

for the first one or two half-cycles of the onset.

The calculation of afnplitude is a complex process involving °
‘a great many factors, and has been dealt with at length by Werth,

Herbst, and Springer (1962), Springer (1966A), and Springer (1966B).

e

" The problem may be considered in three parts: the sodrpe, the

propagation, and the receiver.:

At the source-there is an extremely wide variation in the
__-. degree of coupling for underground shots, depending on the material
in which the shots are fired and the arrangement of the charge (e. g.

in a cavity or in a drill-hole, tamped by dry earth or 'by"mudf “etc. ).

—
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Underwater .shots have a much higher coupling efficiency

. /-———"’—’—< .

-and could be expected to give more repeatable figures for amplitude.

Simple enefgy considerations would lead one to expect a

relationship of the form: . _77_ 7 e

. 0.5
: a = KW
where o a = pax;ticle velocity
W _=_ charge weight —————
K = a constant T

but in the case of ﬁh’d—érgfound shots this relationship is not found
to hold, due to the complex mechanisms of deformation and of .

" energy radiation.

Evidence presented by Gaskell (1956) and O'Brien (1957B)

‘suggests that if the relationship is written in the form

ﬁa'_ = KWn

the valde of n should be around 1, 0 (for underground shots) rather )

o P

e

T

than 0..5. -

Data from a substantial number of underground nuclear

tests investigated by Springer (1966B) strongly support a value
"n = .0.8. He was particularly interested in the coupling efficiency,
and showed that this could vary by as much as a factor of 30 between

granite on the one hand and low-porosity alluvium on the other.

Certain materials chosen for especially low coupling (e. g. pumice,

diatomite, and ashfall) could even be a factor of 5 lower than alluvium.
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The st-udies mentioned so far have all dealt with unde_rground
.' ‘shots, and although a considerable quantity of data must by now have,
1 . been accumulated from.underwa’céfshots, comparatiirély little has |

“been published on the mattexr. __

Bath and Tryggvasoh (1962) suggested values:
n-.. = 0,75 for Pl’ andn = 1.0 for PZ’ from underwater shots.
A T _ ‘ .
. A more detailed study by Burkhardt (1963) led to values:

0.9, for underground shots

n =
n . =--0.7 for underwater shots.less than 10  g.
” n = 0.5 for underwater shots.greater than 10 g.

, The propavgation is dominated by the effect of geometrical

spreading of the energy in three-dimensional space, making the amplitude

© inversely propor_:tipnal to the square of the distance (O'Brien, 1957A), -
There will also be an exponental term due to attenuation, butfor the
propagation paths relevant to crustal studies the effect of attenuation

is sme_ill comparéd to that of spreading.

___———At"thé receiver end there are uncertainties of coupling efficiency

e

similar to those at the source., Some materials such as alluvium may

actually increase the amplitudé, due to resonance effects (Carder, 1963)

but in general the seismometer will"have been sited on hard bed-rock

and the coupling efficiency will be high and predictable.

From the number of explosions already recorded around the

British Isles, it is possible to make an approécimate check:on’- the

e —

/ o
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the scaling relationships between amplitude, charge -size,A and distance,

-

Most of the recordings were not of sufficiently high-signal-to- .

noise ratio to permit critical measurement of the first half-cycle of - - — ‘

the onset, and a'more embi-rical approach was adopted.

It was considered that the maximum lateness which could be
.. tolerated (if the observations were to remain acceptable for time-

term analysis) was of the order of 0.25 s‘e;c_. ‘Records were taken

" from the most quiet station available (EKA), so that the true onset
time could be reliably recognized. An estimate was made of the

‘maximum signal amplitude during the first 0. 25 sec. after the onset.

i

It Was then assumed that the maximum permissible noise level for
detection bﬁhezoﬁs’;fz was half of this signal level.
~ An advantage of using EKA records was that the signals from
. ‘a number of seismometers could be compared and averaged, so that

a meaningful estimate was possible even when the signal-to-noise ratio

on each seismometer was around unity.

-~:~-\w_A_t£_e_r£t‘_i‘on was concentrated on Pn arrivals at distances beyond.
160 km, since the signal-to-noise ratio at shorter distances is usually
adequate. . The line of Noordzee shots conveniently covers distances

between 160 and 350 km from EKA. -

The observed signal strength depends on source conditions
which varied from shot to shot, and if this variation were systematic
it could sériously affect the validity of the interpretation. ‘Conse-

quently it comes as a pleasant surprise to find reasonable agreement



102

- Figure (14) shows the variation of threshold level with
distance, before normalizing for charge weight, Comparison of
between amplitude and square-root of charge weight, and comparison
of the small shots around 170 and 260 km supports proportionality

betweép amplitude and inverse square of distance.

" AFigure (15) shows the variation of threshold level with dista;ice!
after normalizing for charge weight on this basis, and Figure (16) -
the variation with charge weight, after normalizing £6;' distance. In

‘each case the straight line represents the relation -

LTS = (1,74 x 10°), (w)©2, (&2
where'a = threshold level, millimicrons/sec. '
W = charge size, kg

distance, km,

[« B
1}

‘The agreement is as close as one could hope" to achieve with

~

these data. - R
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If some more reliable data were available, a less crude

‘methcd of fitting would obvicusly be desirable, and least-squares

technique could be applied to amplitude data as readily as to travel-

time data (Willmore, Herrin, and Meyer 1963). This approach has
recently been used in the estimation of magnitude of underground

'fexplosions (Douglas, 1966), with a mathematical treatment closely

‘similar to that discussed in Section (3).

6,3.4 4Second and later arrivals

It is customary in refraction surveys to make use of not only

i . L

PR

‘the first arrivals but also any later arrivals which give reasonably
clear onsets, provided that the travel-times are in accord with the

pOétulated crustal de?lf T

- " The practice is not to be recommended, especially for stations

using only a-single instrument, because of the extreme complexity and

‘

irregularity of the signal following the first arrival.”“The excuse -

usually put forward for using later arrivals is that this makeé a greater —

-amount of data available, —B{;t in many cases the additional data do more
harm than good, as a realistic estimate of the uncertainties may

- reveall

There is also the danger of choosing oniy those later arrivals

which lend support to some pre-conceived thedry, while ignoring

- others which might be unfavourable to it. Some form of significance

test is called for; in a few cases one may be satisfied that practically

e

A all'tl'ie available observations have been utilised without ambiguity, but
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if a significant number of observations have been set aside, orif
RS

, alte'rnative'ident’i'fi/catioxis are equally plausible, then a more sophisticated

test may be necessary.

Willmore (1949) has suggested a statistical method for testing

———

the significance of a line drawn through such a selected group of points,
by comparing the number of points lying within a defined distance of the
line with the number which might be expected if the points were rand-

~omly distributéd.

6.3.5 - S-ignél-generated‘noise

As research continues into the nature of the seismic signal

following the first arrival, it becomes increasingly clear that more

T . e . ‘ e
-~ elaborate arrangements of seismometers are desirable for recognition

of the later arrivals,

Much of the important development in this field is due to the

U.K.A.E. A, group at Blacknest. Even without advanced processing

techniques, a comparison of records from a number of adjacent

-

seismometers of a spaced array. (typically 1 - 2 km apart) readily

reveals the inadequacy of a single seismometer for later arrivals,

Often a single rg_cgrd;shows -an-arrival with all the characteristics

—

of a genuine phase, when from the records of the neighbouring seis-

! ‘mometers it is clearly not coherent.

The large spaced arrays were developed specifically for pro-

ces.sing by "velocity-filtering", which enables a fuller investigation

to be-made of the azimuth and apparent velocity of the energy. arriving

1
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at the array atfany given instant.

Unpublished work by the Blacknest grouﬁ (H.1.S. Thirlaway,
personal communication) has shown that much of the complexity in
the ''coda" foilowing the first P onset is due to mode conversion éf
the P-wave energy at structural .irregularitieé in the vicinity of the
sfatio_n., The term ''signal-generated noise" is used to describe the
‘ effelct‘. .

B AnOthe“r investigation by the same groupl(E.A. Key,. pérsonal
communica.tién) has dealt‘.with a comparison of records obtained at a - |
“ temporary station (NM) in East Anglia and at the per.manent array

station (EKA) in southern Scotland, During field operations in
‘connlection with the Dutch Noordzee project (see map, Figure (26)),
in October 1966, gtat-ion NM recorded (on a 3-component. short-period

set) an event in Novaya Zemlayé,, which was also recorded at EKA.

The records from the two stations show striking differences.
,.\ivhi_c:.h are attribufed_to thé geologicai featurés of the sites - EKA
- on hard,bed-rock, NM on low-avelo'city sedimentary layers. The EKA
ifec,of;i' is 'simple“in chare.xcter,. witl;x a short distinct initial P pulse |
folloiwweé‘ by a low amplitude coda, whereas at NM, due to the multiple
-1ay€;iég and éubs’»equeAnt reverberations and mode cogversions,: the
éner"gy ir; ’;he initial pﬁlse is spread into an exténded coda, with =
. 'a.\t'tenuat;ion of the peak an‘1plitude° The PcP phase, | however, arriving
.'ay,lmo'st.f'vertically, is much less affected by thé local structure, and

' - the character of the record is quite similar at both stations. . .

¢
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Correlation of the 3-component records for NM indicates
'}{hat the particle motion corresponds to true P motion for only 0.4

. '._:secbonds after the first onset, before becoming confused.

' 6.3,6 Optimum depth of firing
_ The material in this section is due entirely to A. M. B_ar_mroft

/‘(p_ersonal communication). It is included here an account of its

———t—

‘relevance to the planning of refraction surveys, since it deserves

. to be more widely studied.,

 Bancroft investiﬁgggﬁle relation between depth of firing

and ’fdétec tion probability' for a total of 77 shots ‘in the Lake

. Superior project recorded at 11 U.S.A. stations.. Dividing the

efined th;

-shots into-groups by'depth intervals of 15 fathoms, he d

"detectian probability'’ as the ratio of the number of successful ob-

' . servations to the number of possible connections in each group.

.;The, results, as shown in Figure (17), indicate a surprisingly

: pronounced peak in the vicinity of 80‘fathoms. A change of 30

fathoms (either increase or decrease) in depth is apparently sufficient

to halve the detection probability.

Before these deductions could be confidently appliéd to surveys

I -

[

in other areas, it would be necessary to look into the conditions of the
experiment in more detail, Two questions which immediately spring -

-to mind are: e
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(i) What was the total water depth in relation to depth.

of firing?
(ii) What were the factors influencing the choice of
of depth for firing? Perhaps the shot-firing party
used a formula based on charge size and weather
conditions!
T T
L - T
e o oo
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7. APPLICATION OF THE TIME-TERM METHOD

7.1 U.K.A.E.A, Experiments
Several programmes of test lexplosion‘s have been carried
'out.by UKAEA around the British Isles, and all the relevant data

“have been generausly made available to Edinburgh for further study.

‘The material falls broadly into two cat'egofies: before and
after tl;xe co@iésioning of the perm.anent array station at Eskdale-'
mulr, The early material (mainly_ direct f'ecordings on papef
' ché.rt) is generally characterized by the low timing accuracy, and
‘is not éf great value for estimation of crustal thickness. The Iatelf ~
: .'_mater-iél, known as the Seagull II pxloject, using magﬂetié tape recor-
‘ding, is of much higher quality.as regards both timing and signal-to-

noise ';;atio , and is very suitable for the present type of study.

. At this stage it is appropriate to point out a major difference. e -
o i et A ‘

~in emphasis bet’\_aiye'g:p theé“UKAEA work and the present investigations.

‘The 'pui'pose of the UKAEA programme was to obtain infoﬁrniation on

amplitudes and signal-to-noise ratios for events of known _(_epelfgy. at
’ B - \\_

various &istances, and on ;ecording conditions at various station sites;
the laterseries was planned to provide calibration material for the
Eskdalemuir array, in the form of known events at selected distances

and azimuths.-

For investigation of the crust as a layered structure where

.. velocities and thicknesses are to be estimated, there are two specific

requirements additional to those for amplitude studies: timing
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’ aécuracy and a suitable distribution of shots and stations,

e “The later UKAEA material has been used as the basis of a

_paper on crustal structure (Agger & Cafpenter, 1‘96'4) which extracts

" the ‘ma‘ximum ;mount of' information from the travel-time data but is
sever:ely limited by the shortcomings of the dis.‘tribution ofAshc‘xts and

' s'tation-s. Howevgr, apart from these inherent limitations, the data
and the deﬁuctions drawn from them are quite compatible w1th the A

' subsequent work in the Irish Sea area.-

~ Some of the shots were recorded at a second station, Rookhope, '

P

- with a borehole seismometer, but unfortunately the line'._']'oining the two
. stations is approximately broadside to the majority of the shots, and-

. therefore extremely poor control is obtained over the velocity. The

arrangement of survey points is shown in Figure (1'8).V If it had been
possible to include a third station in Wales or Ireland to observe the

shots in the h:ish Sea from the reverse direction, much more reliable

~——

determinations of velocity would have been possible, = ~-_ -

m——

o 'Becaus’g’qf' the scarcity of observations at shorter distances, _
‘little could be deduced about the shallow layers, and a P-wave velocity

cof 4.7 km/sec. was assigned '"'somewhat subjectively on available

geological and geophysicé,l evidence''.
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Stations :

i Shots : O '

Figure (18) Arrangement of shots and stations

for SEAGULL I Project
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In view of the co-operation received from the UKAEA group,

ISa:Lrticularly in making their data and calculations available, " it may

seem rather curlish to criticise the validity of their published results. .

However, since.the-soutiiern part of their network overlaps

‘the area of the Irish Sea project;a comi)arison of results can hardly

. be avoided, and immediately the question of confidence limits arises.

“‘;,;«Although Agger and Cal:penter (1964) | paid dx;e \:Ar—éspectmta T
‘ -”th'e use of 95 % confidence limits in relation to the stra;ight.-li'ne |
. interpretation, they were less than'thorough in dealing with the
N time—térm inte:rpret,ation, and the basic data sets which they used .‘
"~ have 'f};ere.fore been re-processed as sets 2056}and,2063 for Pn and

Pg respectively, and the solutions are listed in Appendix B_.”" -

‘ H;,'-The figures which they quoted for confidence"lirnits on the

velocifies ‘would appear to be too low, by a factor of 3.

The time-terms and uncertainties are summarized in Section

'(B4), and the weakness of the solution is painfully evident.

Even the operation of assigning the arbitfary constant
(Section (2.7)) lapsesé into indeterminacy. It may appéar to be

_satisfactory to invoke the condition that the time-terms aré every-

-

where positive, and to use this to define the arbitra.ry_c,onstan‘t;_p

from the Pg time-terms of station EKA and shot 13 West By‘writing:

. 77T 072 2 p 20,62

. —

but when -the uncertainties are included, the condition can be seen
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to be of scant value in determining the value of /3 .

(0.72.% 1,02) > p > (0.62

H ——

PR
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The uncertainties quoted are those _which te.ke account of the
.\"elo‘cit)_r_ uncertainty, As an indication of the cantribution of the -
-’v'eloci.ty uncertainty, the summary of Pg time-te‘rr'ns also lists the
‘values'which would be obtained by increasing the velocity by only 13 %
(half'ef its confidence lin_nit) and rea.djusting to give EKA the small
: positive vallue.faveur{ec.i by Agger and.Ca_rpente‘r.. This: interpretation

could hardly be said to be less consistent with the data, yet it repre-

sents quite a change in the thickness of the upper layer. . _

At this stage one might well consider using other geophysical
,;,and—‘g»e»ologic'al' evidence to estimate the thickness of the upper layer,

" and indeed such a procedﬁre is more likely to produce 'a reliable
answer! : ' ‘ : )

— -

The uncertainties in the Pn tlme terms are so large that 1t

ie unrealistic to draw a detailed profile of depths. The apparently

interesting feature of '"a large Pn time-term for shot 1 ‘West'' can

hardly be regarded as slgmﬁcant, shot 1 differs from the mean of the

two nelghbounng p01nts (shots 2 and 18) by only 0.77 sec.,. wh11e the

_ uncertainty of each time-term is + 0.52 sec. (even without con-

'

- gidering the velocity uncer}:aintﬁy';,r, which increases the uncertainty

for shot 1 to + 1.64 sec. ).



- 117

O

* 7.2 . The Irish Sea Project™

-

—

' 7.2.1 Geifieral Plan

1

-.In 1965 an explosion project for investigation of crustal

" structure was undertaken jointly by the Universities of Edin’burgh
and Birmingham.

The Birmingham group had previously conducted short-range

T T Tgeéismic surveys in the area, and they proposed to extend the scale
of operations to Pg and Pn ranges. The original intention was that
- the Birmingham sonobuoy equipment would be used for two stations

in the middle of the shot network to observe at short range, while

- ~the ‘Edinburgh field equipment would be used for land-based stations

For a limited Ope.r'ation,A the configuration of shot and station’
networks must be carefully chosen in the lighf pf any available in- |
formation on the structure of the crust (the number of major layers,
and the approximate crossover distances). In thié case the only re-
lev.antiprevio_us work was that of the UKAEA gréup'(Agger and Car-'

penter 1964)\: a thfeé-layer model was suggested, w1th velocities
) \
of aéﬁroximai\:ely 4.7 km/sex., 6.1 kin/sec. (ideptifi-ed as Pg) and
8.0 km/sec. (identified allls Pn). Their upper 1,-ayer veloéity was not
"  ;abserved directly, tl'}e figure of 4, 7 km/sec. being only a sui:jective
‘estimate. Howevex:, the other two laye,r.s were covered by a satis-

factory ruimber of observations, the 6.1 largely as second arrivals

and the 8, 0 as firstv arrivals; with a cross-over distance around 120 km,
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' On the basis of the Esdalemuir records it was expected that
obsérvations of Pn could be obtained up to 250 km from a standard

depth-charge (300 lbs).,

To meet the requirements of-interchange, shoté were to be
'fired .on the sites to be occupied by the éonobuo_y: stations, As Fhere-
"_;vas a iaossibility. that the signal-t;')-noise ratio might not be su.fﬁcient ‘
'to permit Pn to Be 6bserVed af' first-arrival disfances on these
»bstatio'r.l‘s, one of “thg land-based stations was Lsited on a he'adland and
B ,"'cwo sho"cs were fired in the sea as close as pracltic'able to tfxe site,
"_"To> céfgplete fhe .interch;nge there w;are also to be seve.;ral shofs at
suff1c1ent distance to give Pn as a first arrival;
- "-Unfortunately, dwing to force of circumstance the plans had
-.‘ljto "t.)'é_t.:ur‘tailed at _rather"short notice, with the result..~ that. the daté. -
E "'-_are n’iu;h} less complete.fﬁan oné would wish, The shpts plan;xed
/fox'" the three most horther‘ly“loc-atiqns:had to b‘e omittéd in response
: l-:to ‘abn official objection on t_h.e p.ossibility of interference with fishing

grounds, Consequently there were no shots at di_s_ta,r_lu_e,sm'g, yond the

e
e

- - cross-over distance from the interchange station.

Tom e

‘Due to rearrangement of the shooting dates, it was not possible

for the sonobuoy stations to be-used,- so that ﬁrst-arriva—l-Pg-.obser-

. —

‘vations were obtained at only one station.

The arrangement of shots and stations is shown in Figure (19).
It is now clear that operation of an additional station on the outskirts

. .of Dublin would have been of exceptional value in completing the short-

—
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’ fang'e-coverage, but at the time this was not possible due to lack

- of equipment.

-2, .

Arrangement of shots and stations for IRISH SEA project

" Figure (19)

Stations:
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7.2.2 Field Arrangements
Two independent systems were employed for timing the shot

_instants, to guard against the possibility of break-down.

A high-speed photographic chart re,corderﬁon the ship recorded
the output from a seismometer plé.ced on deck, together with time-marks
from a crystal-controlled time encoder which was checked against BBC

time-signals.

The second system used the ship's radio transmitter to relay

. the output from the Precision Depth Recorder. ' This radio signal was

¢

\

 ‘received by the nearest land-based station (MA), . and recorded on tape
A y A : _

- with independent time-marks from a second time encoder. .

Although the recording stations were operated continuously
 and did not need to rely on communication with the shot-firing party,
the s'l'xl‘ip's transmitter was used to make advance anno,uhcements of

the time of each shot. In fact the only essential message was the -

confirmation of completion of the shof—ﬁring programme.

- All chargeswere fired on the sea bottom, sincev the available
* water depths were considerably less than the value of 80 fathoms
suggested by A. M. Bancroft (personal communication) as most

] favourable for detection at longer ranges. (see Section (6.3.6)).

’ - The depth-charge firing mechanism was set to give its maxi-
: ‘murr}"'tvime‘delay (approximately 90sec.) to permit the ship to reach

;’a ‘saf"e"d_/is'tance before detonation.
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Both timing systems observed the instant when the water wave

——a
T e e

reached the ship; a correction for the travel-time from charge to
'ship -was applied by measuring the time interval between dropping '
“the charge and detecting the water-wave, and'combining this with

“estimates of the ship's speed and the water-wave velocity.

; 7. 2.,.43 'Covrre‘lation of 3-cofnponent' records
“ Each of the temporaryA stations wa..s. equipped with a 3-com-
ponent set, and originally 'it was planned that correlation techniques _
would be used for studyi‘ng the particle motion as an aid to the idenfi-
o fication of later arrivals (and especially in distinguishing between P

~and S waves).

Unforfunately-the special unit d‘eveloped for the purpose Was
: n.ot. cc‘)“r‘nplete\d‘ in time .tolbe‘used extenéively. However, with a |
p_rototypg : veréion it was possible to prvocessvtl:le'l recordé frém
statioﬁ MA for the "shots in line 1, as these wer.e all at approkimately

’ 5O
the same azimuth, 225,

Figure (20) shows travel-times vs. distance for all first
~arrivals at distances up to 130 km, with later arfivals for line 1
"picke‘d',by 3-component: correlation, ,. The sigriiﬁca‘nce. of the various
Lax"r_ivg}l's showing P-wave characteristics would require further study,
'jub‘ut -thej c_orrelatipn technique proves to be of great value'in distinguishing

: thé first S-wave onset from amongst late P-wave motion,
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Figure (20) Travel times for distances <130 km.
for IRISH SEA project '
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7.2.4 Discussion of results _ . -

A preliminary inspection of the first-arrival data by the :
graphi:cal technique discussed in Section (2. 8) indicated a cross-over
point in the vicinity of 125 km, and it was expected that the two re-

fractors involved would correspond to those of velocities 6.1 and

;8. 0 km/sec. found by Agger and Carpenter (1964).

The surprising feature is that for the four southern stations,

- BD, FG, MA, and PC, the first arrivals beyond this cross-over point

(and second arrivals at shorter distances) do not show the expected

Pn velocity around 8 km/sec. The travel-times have considerable -

c—

scatter if treated by a straight-line solution, ibut a time-term treat- -

ment gives a mich more satisfactory fit; the velocity indicated is

7.3, and the uncertainties are so small that there can be little doubt

. that a well-defined refractor of this velocity occurs throughout the area.

. For the two northern stations, EKA and RH, 'on the other_hand,v

the Irish Sea shots give reasonable agreement with a velocity around

'8 km/sec. as do the long-range observation's from the Seagull project.

- :'Unfoxi"tunately, the Irish Sea shots are all pracnt_‘icgtl_'l_yﬁbroad-- S

- gide to the line joining EKA and RH, ’giving extremely poor control

o
o .

over veloci‘t’y‘/,/andcohéequently these shots add very little information
qn/I-:’n velocity to that already derived from the Seagull data. Data

‘set 2048-combines all the available observations which appear to re-

- .late to Pn from both EKA and RH.
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o The observations from the four southern stations relating to
- the 7>. 3 velocity are covered in data setsA 2040; 2043, and 2044,

Shots.IO, 11 and 12 g'ave weak arrivals at a11_ stations (attributed to
anj unfavourable combination of shé,iiow Watgr and thick sediments),

'so these were omitted from the first run, data-'set 2040. - Obser_-

e =

_ vé.tions of shot 12 were then/added to make data set 2043, giving a

. solution cgns-istéﬁt with 2040 and therefore accepted as satisfactory.
The inclusion of shot 11 to make data set 2044 showed a distinct
- 'deterioration and was rejected, while the obsérvationsv of shot 10

- were soinconsistent that they could be rejected immediately.

" It is considered that these results represent an intermediate

tor, of velocity 7,28 km/sec. .. extending under the southern

- part of the region (i. e. undef the Irish Sea shqts #nd stations BD,

. FG, .MA, a.n.d PC) bgt not continuing as f'ar. .nqrth ;.s ’s»tat.:ion EKA and
RH "B_eneath this a refractor of velocity 8, 09 krn.‘/sec. is a-ppéa.rently
" conﬁ_nﬁous throughout the entire region. No first - a;rrival. obs_ef—

~ vations at the four southern stations have been identifie& as relating
to this refractor, but if_ the tiﬁefterms of ’thes'e statio;xé are simila_r
to those of the southern sh.ots (typically 3.4 - 3.5 sec. ) then this

deepest refractor could be expected to show only as 'second arrivals

‘.atzthe'ranges of observation (up to230 km).

" If the intermediate refractor were continuous also under the
northern stations, one would expect it to show as a second arrival at
- - . .\ B . ) 4
" the longer\..range at EKA. A number of the records do show a second

arri\}ai which could be so identified, but i_n view of the general .

-~ .
3, . .
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. ‘unreliability of later arrivals it is felt that no great weight could be '

‘attached to this evidence. . Velocity-filtering would not provide a
>great improvement in this particular case, as the array dimensions

were originally chosen to suit longer ranges of observation.

-

——

. The first arrivals between 50 and 125 km, and second arrivals

beyond 125 km, have been processed as data set 2039‘,“gi{ring a

velocity of 6,30 km/sec. but rather podr quality of fit. _The ex-

.\-.

o

clusion of observations beyond an arbitrary limit of 200 km gives a
velocity of 6,14 km/sec, with some improvement in the fit, bx.xt itis

still far from satisfa’ctor‘y.‘

- This poor quality of fit is in part due to the ina.déquate signal-
to~-noise ratio of the records obtained. However, itis intéresting to

_note that the scatter of the time-terms about a local mean is sub-

stan'tialiy less than the estimated uncertainty, It may be that much

'~ of the .difficﬁlty arises from the use of a relatively simple model in an

N

e —-

"a'r'e;a where the structure is known to be complicated (W, Bullerwell,

.personal communication), It is probable that the uppermost 10 km

of the crust in the British Isles involves a high degree of velocity
‘variation both horizontally and vertically, and that severe faﬁlting '

and folding violate the basic assumption of a more or less uniform, |

refractor, continudous.under the area.

~—

Distances less than 50 km were covered by'observafig;ns from __

only a single station, MA, 80 that a full time-term analysis was not ~ ~—

e

possible for them. However, a velocitylof. 5.4 km/sec, fits reason-

ably.well, and station-MA was known to be sited directiy on rock of
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thfs velocity., This would seem to imply the presence of a r.efractor
~of 5.4 'km/sec. ,overlain by sediments of lower velocity giviﬁg time-
:'teI:.nAris corresponding to the 'réduced travel-times shown in Figure (21);
station MA is taken to have zero time-term, and apparently shot 8 also

“has zero time-term, i.e. the 5,4 km/sec. material is exposed.

. _‘ The time-terms along the three lines of shots are shown in
" Figures (22), (23), and (24). Of the three refractors, only the inter-
-, mediate one is reasonably well determined, and although a basin-

- 'shaped. trend can be recognized in the middle of line 2 it is not possible’

———c—

-to say with confidence whether a basin structure exists in the ‘upper and

4

lower refractors. - The geographical distribution of time-terms for the

_intermediate refractg’i‘s,_shown—in"Figﬁre (25).

7 In view wo'f*i;he uncertainties it is not considered that detailed =

', - profiles of depth along each line are worth presenting. - By taking

. i'egional__averages, th_e“fbllow—i-ng
Depth Velocity
| L | + - Sy
-Upper refractor: .' " 5,3 « 0,9km = 6,14 - 0,11 kin/sec.
Intermediate refractor: = 25.0 t 0.9 km  7.28 ¥ .0,05 km/sec.
 Lower refractor: =~ . 30.7 - 2.4 km 8. 09 T 35 km/sec.

values are estimated as typ—i'c'ajl:\ T
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1.3 ‘The Nordzee project

.v During the summer of 1965, a refraction ‘survey was con-

ducted by the Vening Meinesz Institute of Utrecht, on a profile of

~ approximately 180 km length off Flamborough Head (Figure (26)).

The '"velocity-depth' method of shooting was employed, where _

the shooting and listening ships are progressively moved away from a

common reference point, The advantage claimed is that it requires

. “only half as many observations as a conventional reversed profile; at

the price of obtaining no information on dip of the strata, it should

- ——— .

it ¢’

provide a detailed picture of the distribution of velocity with depth,

..'directly under the reference point, The great weakness is that it

relies on plane-layering under-tlie reference point,méh_t—i—gi;res no in-

dicaﬁon of the uncertainties—{except by producing implausible velocities!)

If the assumption of plane—iayering,hofds true, the interpretation

should stand by itself without reliance on observations from other

- -—\-‘

‘ ét_ations. For the upper layers the ‘1965 data yielded apparently

reasonable velocity values, but for the M-discontinuity the data is

less satisfactory; insistence on plane-layering would lead to a‘veloci’ty

- in excess of 9 km/sec,, and on the other hand if curvature is permitted

the amount of curvature required to modify the velocity estiinété to

a more acceptable value is suspiciously high. In such cages-additiohal

.observations from other stations become of great value. The Eskdale-

muir a_,r,rayﬂrecorde'd‘ all the shots of 300 1bs or larger, and although

there is not an adequate data set to determine the Pn velocity reliably

e e el L .



Line of Dutch shots:  =-===== stations: [
Shots giving. Pn at EKA& RH: © : :
Singly connected shots: fe)

. Figure (26)  Arrangement of shots and stations

relating to the NOORDZEE project
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it indicates that the depth to the M-discontinuity is reasonably uni-
.form under the profile; to be more exact, it indicates that the Pn

- time-terms are either constant or changing smoothly with distance

along the line.

Some of the larger shots were observed at two of the temporary
‘ statmns in Wales, at Foel Gasyth and Pamscastle, but the signal-to-

noise ratio was rather poor and it is probable that the first readable

motion on the records does not represent the true onset, .

It may be_that the‘breakdown of the veloc1ty -depth method in
" the case of the—M_-di_géb'fxfi'ﬁ_ﬁit‘}?‘i's"’simply due to scarcity of obser-

vations. As seen from Eskdalemuir, the cross-over distance for

.>first arrivals of Pg and Pn 1sm the region of 170 km in the North — —

- Sea (in contrast to 120 km for the northern Irish Sea). The ma}dmu.rfl

1

* range of observation in the velocity-depth data is only of this order,
and in'general the recognition of onsets near any cross-over point is

somewhat unreliable as the two arrivals tend to interfere.

During October 1966 a further programme of explosioﬁ's was
carried out by the Utrecht group over part of the sarhé.line,' wifh ;hé
| objéctive of recording reflections from the M-discontinuity. As this
;.—»_offered?a"‘pbésibil_i:ty_o-f 'obta-ixii.ng much-needed data to determine the |
" Pn - velocity, a tem'porary station was installed near Needham

Market, in East Anglia, and it was hope&'that the bore-hole seismo-

meter at Rookhope would also be operated. -

o ———
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Sinc; Esl;dalemuir and Rookhope had both previously o.bserved.
- Pn for:shots from the west, even -a single shot from the east observed
‘,qat both stations would ha;ve st‘rengt-hened the velocity determination
| enofm(;ﬁsly. On the other hand for the Eskdalemuir/Needham Market -
’gpair,; since no recordings had previously l;een made from the:latter :
'siter'it would have been necessary to observe at leé,st two shots (some -

distance apart) at both stations to give any velocity control.

"In the end the exercise proved almost completely fruitless. °
" The Rookhope station was unserviceable throughout the three weeks of |
“the sho‘ts, "due to a: mechanical_br_’e‘ak‘d\own.v The Needham Market site

had an unacceptably high level of background noise during the daytime

“ when the shots were being fired (as discussed in more detail in Section

—

|  (6.3.2)). During the night-time the noise level dropped to a satis-

. fécto.ry' value, but by the time sufficient >da>ta had been collected to

‘ prb,vé this point it was too late to arrange permission from the Dutch

D e e . B . ’ TTT——
cauthoritiés for shooting at night.

.‘_"From the 1965 recordings at Eskdalemuir it.: was possible to
'_ estirﬁéte the maximum tolerable noise threshold for récognitiqn of the
onset, -at various distances and charge sizes, and from the 1966 recor-
| dings at Needham Market it was poséible to confirm the order of |
magn@tude by comparing the peaks of those s-ignals which were'y.isible

with similar ones from the Eskdalemuir recordi,ngs.-

S At present the most that can be done with the EKA travel-time

i observations is to apply the velocity of 8.09 km/sec. obtained from the -
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Seagull and Irish Sea shots (obsérve& at EKA and RH), with a time-
term of 3,04 sec. fof EKA. This fndicates a fairly uniform til;ne-
‘ 'térm value of '3. 7 .ov‘e.r the whole Noordzee line, compafed with 3. 3-
3.-4 sec. for the Irish Sea.. In due course when estimates c;f the
. velocity distribution in the overlying materiai are available from the’
Dut-ch g_foup, it may be possible to give‘a' reasonable e'st':irx;x_ate of the

crustal thickness along the profile.
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7.4 The Jutland-Skagerrak project

7.4.1 General plan and-published inférpre;cat'ion

~

During 1962, 1964, and 1965, a crustal refraction project
has been carried out jointly by groups from Norway, Denmark and

Germany, involving a long line of stations in Denmark with shots in — -—_

the sea at each end and stations in Norway, as shown in Figure (27).

- The principal source of difficulty in interpreting the refraction
data is the presenpe.of substantial thickness.eg of.low-veloc.it}.r Ima.telrial
under some of the survey points and not under others. This gives ;ise_
to considerable scatter if all the observations are cémbined tol fc;rm a
- single plot of travel-time vs. distance.for fitting by -étxjaight liﬁés |
(cofreéponding to an assumption of plane layering across the entire

—areaof the survey).

'An interpretation in terms of straight-liné fitting has been

given by Hirschleber, Hjelme, and Sellevoll (1966). Init: the above

difficulty was recognized, and a method put forward to deal with it,

taking the data shot by shot or station by station and assuming parallel

o

travel-time curves.

This approach, if pursued further, would indeed Tead to the

J

technique already’d_ev_el'oped—asf‘-t-he“'Time.—term Method''s; -but in its

e

elefnentar’y form it did not enable full use to be made of the data, and

. the resulting crustal model was unneces sarily.sketchy,

s
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Figure(27) Arrangement of shots and stations
for JUTLAND -.SKAGERRAK project
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The data turn out to be ideally suited to treatment by the time-

term method, and the various .observations which had been difficult to

O

‘relate together do combine very satisfactorily, as indicated by low-

values for uncertainty of velocity and time-terms.

Hirschleber et'al (1966) treated the observations relating to
the shallower structure in two groups identified as ""Pg and'Pb''.

However, since the observations attributed to Pg comprise two short

unreversed profiles (from which the true velocity cannot be determined),

it was considered that there were not sufﬁvcien't grounds for subdividing - ‘

unless some other evidence of inconsistency

N4

the data.into two groups

" emerged during processing.
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" 7.4.2. Time-term interpretation

_For the preliminary time-term analysis discussed here the —
structure was assumed to consist of an''upper refractor’ (data sets

2053 and 2054), and a 'lower refractor''(data sets 2034 and 2055)

corresponding to the M-discontinuity.

The observations at station 49 for the lower refractor were
at too short a distance to give critical refraction, and these were '

interpreted as wide-angle reflections to give an estimate of depth.

The striking feature which emerges is a major basin-shaped

J— :
. structure, as shown by the time-terms for the upper and lower re-

-fractors in Figure (28).

The first question to'be considered is whether this basin
exists- only in the upper refractor with a flat lower refractor, or
whether the latter has also some curvature. Even if thé material

~overlying the upper refractor were assumed to consisf entirely of

very low-velocity material (say 1.8 km/sec.) this would not account

for the-variation in Pn time=terms’ sufficiently to make the lower ~—

S

refractor flat, It therefore seems more reasonable to apply an
average velocity around 3.3 km/sec., and to calculate depths to

a non-flat lower refractor; the results are shown in Figure (29).



Time-term,_secs.-

. (o] .

N

- O

lower refractor
after dip correction

+

———————

lower refractor
\ before dip correction
\

. ) ! + ! -
r F.d /’ ."‘.-4._‘ oo ~ . (/'\\ N i , 'I@ ‘+‘+g+ - + T - < +
S e [t ! ’
J + - > |
' *.’ ‘ ~. . I_l \,_,/ ~ N f
J ! ~ \cl . {
/fl ' + ! !
I- . ~! f .
Y2 ‘-\-\.
‘/" A
o . ‘\-
/,;\r, - ; e upper refractor
¢ ¢) ’ . ; . ~.
\ o ) ¢ LR R R TR R ‘.-.-.4_
~ K ; . !
' ; 1. .
! ' f # “r
g 1 t ' L |
0 100 | 200 :"300 400

Figure (28) -

!

[

Distance, km. from 1964 Shot 2.

Time-terms along JUTLAND - SKAGERRAK profile

|

bl



.142
"This first approximation presents two unexpected features:
the Pn velocity of 7.8 krnjsec. is much lower than that usually
.acc'ep.tec? for Northern Europe, and the crustal thickness at the
Nor&egian end is suspiciously small; other workers have suggested

a crustal thickness of the order of 34-35 km as typical of Fennoscandia

- (Tryggvason, 1961; Sellevoll and Penttila, 1964; Penttila, 1965).

“At this stage it must be‘ recalled that the basic time-term
ﬁméthod ‘starts with the assumption that dip of the refractor.is neéligibie.
| "The presence of‘a major. syniclinal structure would tend to..pr.oc.iuce an .
uhg-ier-estimate ofv\‘}eloci}y_',mé—ﬁd?:}{'ié in turr; would lead to low values ¢
. of time-terms for those sta‘;io'ns which are linked by only long-range

connections. : - e —— L
» -

g

- The data present-an-interesting opportunity of applying the |

. _technique of correcting for dipping structure, as outlined in Section

e

——

. On the basis of a set of preliminary time-terms, depths to
the loyer refractor along the proﬁig were calcula.teld? and a smooth
curve érawn to provide estimates of dip for each survey point, as
B 4sl'_1<)‘wn iﬁ Figure (30). |
o ‘Corrections to the 'travel-t'i;n'e and distance for each cc;nneqtion
' of data .set 2034, were calculated, to make the revis‘éd,data sef; :2055.

(For the velocity ratios involved, thetimecorrections were ;m'fact
- %ne'gl'igible_co'r;xparéaHt:) the ciistanceAcorrections). Thi.s'-yields a more
éredible figure for Pn veiocity, and the revised time-terms and depths

are shown on Figures (28) and (29) respectively.
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The structure for the southern part of the profile (the 1964

e

shots and Jutland stations with the exceptions of the most northerly)

is not significantly altered, but the northern part now shows a fairly

o . o s . . oot
. ‘uniform dip of about 4 northwards, with signs of some irregularity

at the.nsrthern coast of Jutland.

" The revised picture should be regarded with caution at this
stage. The structure indicated for the northern part is quite different
from that which formed the basis of the dip corrections, implying that

‘a further iteration is necessary.

-“The irregularity associated with the most northerly Jutland-
stati.ons' may be the result of errors in phase identificatioﬁ; this

portion of the profile poses a number of difficulties in interpretation

e

e

‘for both the original straight-line solution and the time-term solution,

Although the revised Pn velocity is more satisfactory than the
earlier figure, the suggestion of a discontinuity in the lower refractor
at the-north coast of Jutland is rather implausible. One would expect

‘a feature of this extent to be also eyident from gravity data.

The whole question’ of phase identification would benefit from -

a fresh assessment now that some approximation to the structure is

available. Thé‘p/réliminary time-term runs relied hevavily on the

identifications assigned by Hirschleber et al (1966) with some minor

alterations (apart from the merging of their "Pg'' and'Pb" groups).
It should now be advantageous to review the identifications in the

light of the qross-o've'r distances suggested by the preliminary

model.
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Additional data have recently been made available on the
1964 sh_ots from observations with seismic reflection equipment on. .
‘a site at a short distance to the south. These should provide a basis

for reversed-profile investigation of the refractor identified as 6. 1 km/

e

‘sec. by the previous authors. It was also mentioned that observations
‘were made by two groups from Hanover on a line from the 1964 shots -

toward the Danish-German border,. and if the data from these is

combined with the work already discussed the velocity distribution

should be much. better understood.

-~

In the translation of time-terms into depth, a uniform velocity
of 3.3 km/sec. has been used for the material overlying\th’e ﬁpper

refractor at all survey points.” For the final interprét'a't’i’on,*-it‘*“

. -

©  should be possible to estimate the velocity distribution for each
‘survey point separately in the light of local geological and geo-

physical evidence.

BsSS
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8, REVIEW OF CRUSTAL STRUCTURE

8.1 The Crust as a layered structure

The central assumption of the time-term methodis the

—

existence of continuous refracting horizons in the crust., Dipping
/'/ ! ’

structure and variations of velocity (either in horizontal or vertical
directions) need present.no serious difficulty, provided that the

. survey network is adequate both in number of sites and in distribution.

' It is appropriate to reconsider the validity of this assumption

. in the light of the various refraction studies which have been dis-
—le ~ .

=S ST e

cussed.

e

The Jutland-Skagerrak interpretation is on the whole very
»satisféctory, as indicated by the statistical estimates of uncAer.t‘ainty,
:and it would seem that the simplified 3-layer model which has been

used is a reasonable approximation.

There are indications. that a 4-layer model (or perhaps a
3-layer model with a vertical velocity gradient) would be an improve-
ment, and the additional data now available should enable this solution

to be further refined. -

' The British Isles interpretation, on the other hand, leaves a
.great deal to be desired. .In particular the uncertainty in the time-
.\l - " . : | ‘ | -

terms to the upper refractor is of the same order as the average

value of the time—terms,- 0.6 sec,

It is, perhaps, significant that the scatter of the calculated

values of time-term about a local mean is substantially less than
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the statistical estimate of uncertainty, and this could well be the

result of horizontal variations of velocity. The analysis is rather

sensitive to such variations on account of the relatively ‘lﬁong range

of observation, _around 140 km; a change of only 3% in velocity is

,‘/

sufficient to change the travel time by over 0.6 sec.

" On comnisidering the possible composition of the '"upper
refractor', it is clear that there is a wide range of materials which
may occur above and below it, and that the composition is liable to

differ widely from one part of the region to another, if the surface

——— =
et moe—

geology is any guidé.
If a discontinuity is definable at all (and in some cases there
may not be an abrupt transition of velocity), the most reasonable
" division would seem to lie in sedimentary and low-grade rﬁetamorphic
' rocks for_the‘ overlying material, and high-grade metarhorphic and
‘igneous rocks for the underlying material.
" Evidence both from refraction profiles and from direct

velocity measurements suggests that the range of variation in

“velocity can be of the order of 15 - 20% (Day et al, 1956; Griffiths,

| King, and Wilson, 1961; Blundell, King, and Wilson, 1964).

Further evidence is provided in the recently published Tectonic

Map of Great Britain and Northern Ireland (Instit'ute of Geological

Sciences(1966)) which shows sections of the upper 6 km of the crust,
Even in areas where the structural interpretation ié'partly conjectural,

such sections do provide a useful indication of the degree of complexity



to be expected. (Figures (31) and (32)). -

L .

Having recognized the possibility of velocity variation in the

upper refractor, one might questidn whether the 'intermediate re-

fractor" could be explained as regional variation of Pn veloci‘ty.

The intermediate velocity of 7.3 krn/ée'c_. is dérived from
observations at only the southern stations, aﬁd the velocit&r of 8.1
from observations at .only the nolrthern statiions, If regional

. varia_tion is to account for this it would need to be in e;ccéss of 5%

per 100 k.  Such variations have been observed in the western
PR ; - ‘

' -United States (Ryall, 1962; Herrin and Taggart, 1962), but it is

| considered unlikely that the deep crustal structure in the British

Isles is equally complicated. =

T 7 Some additional support for the existence of an intermediate

) 'refractqr is given by Key, Marshall, and McDowall (1964), -who

—

- studied the EKA array records of two local earthqu_ak'e“s“(distanceé :

190 km and 500 km). Their phase identiﬁcdtions includeAbc\gth P

e ————— e e e e

and ’S/’alrrivals’attfi"f{u't‘ed to an intermediate refractor.

.
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8.2 - The North Sea link

During the 1965 Norwegian shot programme, several of the
' large shots at Grimstad, off the south coast, were recorded not only ‘
at the Danish and Norwegian stations but also at the EKA array

station, at disténces of -around 790 km.

" Since the Pn-time-terms for the shots and station are now

. .. known from'the local time-term networks, it becomes possibie to

" obtain a good estimate of the Pu velocity under the North Sea., This_
leads to a value of 8,23 + 0,07 km/sec., which is in reasonable
. agreément with the values obtained for the British Isles and Scandinavia ’

separately.

" —— —

. _:' These shots formed part of a reversed profile of length

1400 km, from which another accurate determination of Pn velocity .

“should be available in due course for comparison.

/
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8.3 Future Activity

The various explosion projects conducted around the
British Isles have so far failed to give a satisfactorily close estimate

of Pn velocity, because of the poor distribution of survey points.

~The most direct way to improve this situation would be to

fire several shots on the eastern ext_ension of a line from EKA to

RH, at a suitable distance to give Pn as reliable first g_xj_rﬁiv_aflé at

both EKA and RH (which have already recorded Pn from ‘a westerly

direction). e . T s e e

- : NG

By extending the scope to a profile in the North Sea, a
station in East Anglia shoﬁld provide observations to reverse the
profile. This was the intention in establishir;g station NM for the
1966 Noordzee s'hots‘;' on that occasion it was unsuccessful because -
of thé_-—high level of backgrouna noise during the dé.y, b1-1t thAe.eire is

- every reason to believe that a similar programme with shots fired

RO

-at night would be successful.

e — T 7

e

T A ggther’ﬁo/s“sibility would be to install a temporary station
near Wate_rford (a site which has already beeﬁ-used in refractioh
. -wprk and ié to be used again in the future), and to fire a freéh series
of_‘;shots along the Western Line of the Seagull project to 4fo;r,m a
rev'_erséd profile. This should provide additional insight into the

nature of the intermediate refractor.

T e
TR

As regards the upper refractor in the British Isles, 'the

chief problem appears to be scarcity of observations. If station MA
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| b'were' reoccupied and a fresh station established near Dublin vjvhile.
E shots were repeated on the sites of the 1965 Irish Sga shots, this
““would be of great benefit, If it were also possible to use sAonobuoy

* stations in the middle of each line as originally envisaged, a much

stronger set of data would be obtained.

"Since the upper part of the crust is admittedly very non-

. uniform, there would be considerable advantage in concentrating
"attention on a simple profile with closely-spaced survey points,

: There is also songgthing—to?be“s‘;ii'd"fé'r ﬁtaking: the line of a profile

which has already been published as-of tectonic interest, namely

. the Welsh profile of the Tectonic Map (Institute of Geological Sciences

(1966)). This passes close to station PC and to the Harlech dome —___

area where considerable research has already been carried out by

the University of Birmingham,

'_ In d;lq course it might prove possible to revérs'e the pfoﬁle
-~ from shots in the Bristoi Channel and English Channel.- (Npte that
the time-term method accommodates survey points lying sdfrie‘
dis’tar.m'e off the profile without difficulty). Quafry bIas_tsimigh‘t:ala;
be utilised if o‘f adequate size..

~ ——

""" From the information gathered on threshold levels so far
it appears that 300 1b depth charges are scarcely adequate for ranges.

‘greater than 200 km. If faced with a choice between a few large

shots and a greater number of standard depth- charges, then while

the former might be of value in obtaining a better determination of

o
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comprehensive pi_g:_t_q._}'_g;qf the upper crust which could be obtained

TS e

~ from the latter.

In_ the Jutland-Skage;‘rak area, the Skagerrak section is not
sa ’we.ll covered as the Jutland section. It should be of great value
<to ﬁrg additional series of shots to 'fill in the gaps, re-occﬁpying

: somé ‘of the st.ationé previously use~d. This would also providé an
, opport-unity of ari‘anging suitablg intgrcﬁange -cdmnAecti(‘ms, e.g.

shots on the site of the hydrophone station 49 and close to station

- 44,
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:9.' . REVIEW OF LITERATURE

’/l:::‘"f When one looks into the historical development of the '"time-

~term'' concept, the predominant impression is of continuous neglect

- perhaps largely a consequence of 1nadequacy of 1nformat1on ex-

change,

o

On the one hand, as early as 1935 the basic features of the

-

. technique for dealing with departures from plane-layering-over—-_.. _

- .

extended areas had already been outlined, Oh the other harid, as S

- recently as 1964 leadlng experts on refraction survey1ng have—gone

T

so far as to state:'"'The time-term approach almost eompletely A
- » "sacr_if‘i_oes the opportunity available in detailed reversed profilesto

observe the prOpagation of waves and to relate these waves to crustal

e — = —_ e

propertles" (Pakiser and Steinhart, 1964),

\ .

- However, even at the time when the above statement was

.pubhshed there was beginning to take shape a str1k1ng demonstration

U

of the power of the time-term technique, which was to persuade

—

—

Ste1nhart to revige: hlS att1tude. A Very extensive joint'_refraction
/

/
pro_]ect had been undertaken during 1963 in the Lake Superior reglon,

1nvolv1ng a total of 78 shots and 55 stations (Stemhart 1964) ' In

: due course the bitter fact emerged that "detailed reversed profiles"'
were not 'adeguate to cope with the complexities of the structure; -
eventlially there were published two papers which eucceeded in

Xluﬁerpre‘tmg the data by the aid of the time-term method and Stein-

hart was one of the joint authors, LSm1th Steinhart and Aldrlch 1966),

(Berry and West, 1966) ,




; '.’;',Most of the development of the time-term.idea has taken

;_,pla,de—:i_-r;- the-field of seismic explorationof fairly shallow structures,

- while studies of earthquakes and deeper crustal structure have tended

to accept the limitation of plané-la};ering, even though it is unnecessary

(and often manifestly"iriappropria:t-e);; P o i

NS e

-The foundations of the time-term method were laid down in

an early deécx‘iption of seismic refraction techniques by Edge & Laby -

(1931) as part of the official report of the Imperial Geophy\sicakl“‘

Experimental Survey. . Considering the scarcity of relevant published -

" material at that time, this work represented a very substantial advance. Y

' The technique of "fan" shooting (nowadays referred to as "arc"

' shooting), was employed for-recognition of departures from plane-

:layering in tracing the course of deep leads in the bed_—r_ockisurface.-

7 "_To obtain unambiguous estimates of depth to a non-pi'a__ine re-

- fractor, the "method of differences' was introduced, involvihg

o o_b‘,ser.y'atio‘ns of the travel-times between three points-in @ stFaight

D lin'e'? / . //

- . . ‘ P

_Figufe' (33). Ray paths considered in the '"'method of differ;en'c.es“.
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The three paths for which the travel time must be observed
are ALMB, BNPC, XI_—.I;C, " Then the time for the wave to travel
between point B and the refractor is given by

Tvs * Ty Tmn = Taims * Tanec ~ Tarec (5%

—

- To simplify the calculation, it was first assumed that the ratio — '

between. the velocities above and below the refractor was so great that

" the path.in the upp’ér medium could be taken as appr.oximatel'y vertical,
could be neglected; further T, would

MN MB

__'be taken equal tb TBN‘ Provided the velocity in the upper medium is

- — -

knowp,\_ the depth under point B is 9bta1n§d directly fron} TMB (or TBN)-.

T By continuing the process with a fourth point, the depth under

‘ 'poin't C may‘be determined, and similarly for further pojgga,ﬂw,_ D e

A ~ _-..An estimate of-.-thé’{r’e—l‘ocity in the 1~ow'erv medium ma'y"be ob-

T : : _ .__Distance NP

R “ - Tanpc - Ten~Tpc

.-~ Once this is known, an estimate may be made for the term

,TMN'v"which’ had been neglected, and a correction applied.

There was, however; no real need for t;he-.éssumption of vertical

=

paths in the upper medium (which has been invoked by varioﬁs other
‘ workers subsequently), as the arithmetic remains simple even with °
;inclinéd ray paths, The quantity which has since been def_ined' as the

~ "time-term' is equivalent to

f . N
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T

+
MB . ©

1
2

(T Tan

or T +

———
- . — e

i.e. half the left-hand side of equation (52).

- —— - - — -
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A_AlBy 1940 there were two papers which together contained in

' essence most of the features which make up the time-term method

'AIVaS'n'owf;—)resented: (Bullard et al, 1940), (Gardner, 1939). . .

" Bullard and his co-workers were concerned with relatively
-shallow structure (at depths less than 500 metres), and they found that

'in:geﬁelral the assumption of plane layering was satisfactory for the

shoft spreads employed; in fact the strata were so nearly horizontal

._ the maximum dip being 3. 90 , that unreversed profiles were adequate
1 P g . p qua

: ‘, for the majbrity of the work.
: - -’/-’\/__.____,. [P o s e . -~

As a consequence, there was not felt to be a great need for

,v'.ext'ension of the main analysis to non-plane structu.r-é.?-' This was, -

——

N P - ) ’ ) D
_~availdble and did in fact apply it to a type of ''sedimentary correction'’,

to slay'the least, unfortunate, since they had a suitable technique

'. ~..as outlined below.

- They recognised the value of pértitioning the total travel
time into a time-term at each end and a main-layer travel time in
the middle.  Since they were dealing in this case with a up'pgi'jlaye'r'

- velocity considerably less than that of the loWer--laye'r, they were ' -

“able to assume that the path in the upper layer would be v‘ertical,

- without introducing significant error. -

If it had been necessary to allow for velocity ratios nearer
unity, ‘the authors had already derived an expression for the time

spent in passing through any layer, in-the form:.
> A
—_— _ h v
- - 2




' . 16l -
" The sedimentary corrections were determined by firing a

“small charge at each end site of a line of N geophones in turn and

.. obsetving the travel-time to each of the other (N - 1) sites,  :This

yielded 2(N - 1) observa_fcign_a_l__equationé of the form:

~t.. = a, + b, + . 1‘]/v -~
i) i i - )

) ) following the notation of section {2.2)). - - e -
g
. . ’—/ . . ) .

—

oo It was sta‘tedfthat“”if‘ah—approﬁfnate value of v is known '
_“from more distant shots these 2(N - 1) equations determine the 2N

‘constants'' (the a. and bJ)' "It is surprising that they should have ~——__,

‘overlooked the fact that'v would be very well determined ﬁ‘om the

same equations without the need for more distant shots.

- . i
E ; L !
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The idea of surveying extended areas by a combination of

: arc and profile shootmg, which had been suggested by Jones (1934),

- was more fully developed by Gardner (1939).

' The latter recognised the usefulness of a triangular con-

f1gurat10n of profiles in resolvmg the inherent 1ndeterm1nacy between.

' shot and station time-terms (see Section (2.7)) to obtain absolute values
g for the time-terms, while on the other hand an arc configuration
| . .yields more directly an indication of the relative values of the _time.-

' ‘-,—vterrns.", By comblmng the two systems in an. overlapping pattern,

.—.....-...-.*.__

absolute values could be derived for the time-terms of all survey

" _points;

<,—/// o N )
Gardner also advocated that investigations should proceed in

two d1st1nct stages: preliminary shooting to determine -whether or .

' not su1tab1e refractors are present and to obtain some necessary

“\
" 1nf0*"‘nat1on on veIOC1t1es and cross-over dlstances, followed by =

‘ _ detailed mapping operations with a network of survey points chosen

Cin the light of this information,

" Gardner's pr0posals became severely complicated as a con-
sequence of his inordinate preoocupation with "offset points'' rather
than. survey points. (The'bifset point’ is the point where the critically-

‘refracted ray path passes through the ‘refractor).

" He suggeﬁsted that in planning a network of inter-connected

e e e el

’/"x/p—roﬁles (or arcs), one should arrange for the common points of the

.-

‘net to be offset points on the refractor instead of shot points or
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' stations on the surface (i.e. the survey points should be so positioned

. . T T——
° that-tiTé same offset points would apply for several observations fro

different azimuths). He regarded this as a worthwhile refinement,

" but on closer examination the weight of argument would seem to be

- against it.

The offset points could be held fixed only if 'the struchrq in-

the vicinity were already known,’

 In practical terms, for a substantial field operation it would

. be highly inconvenient to occupy all the sites involved for fixed offset
-./y-jj:’f:‘f" » ‘

' .points, or to move the survey points for each observation.

With small-scale seismic prospecting it is usually a relatively
_easy matter to adhere-to a'forf;ai-g'_e_orvne'.ti'i'ijat'tern“dff survey points,

—.  butwith'large-scale crustal studies this may often prove to be im-

-possible.

P

. Both for fixed. surire;r points and fixed offset points, there

there is an implicit assumption of horizontal uniformity; i. €. velocity o

'varying-only'w’i-f-hﬂdepth (perpendicular to the refractor) within the

—_—

~critically-refracted ray cone. In the case of a fixed survey point
the 'apex of this cone is uppermost, at the survey point, whereas

for a fixed offset point the apex is downwards, at the offset point,

Since, .in general, materials near the surface tend to be more varied

than those at depth, the assurnptidn of horizontal uniformity will be

"A‘_..,‘-_'rp_qge-:iralid.fpr fixed survey points than for fixed offset points.

- N . ' > T
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In the contributionsof both Gardner (1939) and Bullard et al
(1940), the refractor velocity was considered to be adequately de-
_ fined by straight-line fitting of the travel-time data (i.e. an
assumption of plane-layering), although Jeffreys (1935)had already
. shown how the velocity could be determined quite directly from- the °
 data w}ﬁle permitting the structure to depart from plane-layering.
T S
= - /’;___,____,'_-7—#.'—":““’ - - - e ——— -
| e e
/,.//’ I .-
e
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o : .-;i‘he r;nost significant advance in the time-term method 'ca;me
w1th the extension to a general network of survey points‘, yi'elding ‘
" a nur%ﬂ:ief of ob‘servational equations greater than the vnumbgr of
:unknow-nsand employing a least-squares tecﬁniqﬁe to derive a "best-

fitting'' solution. (Scheidegger and Willmore, 1957; Willmore and

‘Bancroft, 1961).

) . .In this treatment the refractor veldcity was assumed to be

“ - constant (i. e. uniform horizontally across the entire area; and

V,A"\‘maffecte"d—by the range of observation).

. For structures where the veiocity_ increavses uniformly with
depth the ray paths are arcs of circles, and the travel-time vs,

'distance relation is a curve rather than a straight line (Willmore,

, . .Hales, "and Gane, 1952).

"The modification of the time-term method to fit such a curve

. -has been dealt with by Smith, Steinhart, and Aldrich (2966), who
s : \ ;

""appli_ed it to the data of the Lake ‘Superibr pfoject. | ‘_HoweAver-',. their
“:Lfesul.ts vind;cated that the effect was not étatistiéaily signiﬁ‘ca‘nt.for
) N . - '
4':the'i.r data.
- Whereas the ieast-squa’res solution for the timé—termsinyolves
-'va smaller number of unknowns than the total number of obseffétions
" (giving improved accuracy, together with ,statistic‘al infofmation on
-'.>t'he un.’cvertainties), an alternative approach makes use of all the ob-

'~"-si_arvations directly'to give detailed measureménts of the local velocity

: 'Lin the,i refractor between pairs of survey points, in addition to values

' ,‘.’for’-thé"’individual time-terms (Hagedoorn, 1959§ Hawkins, 1961).
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" The "l:il_us—-Min"ds" method of Hagedoorn is essentially a re-
. - /' ' : .
. finement of the "method of differences" originally put forward by

~Edge and Laby (1931). - The most important advance was the re-
- cognition of the inherent simplicity of derivation for both the time-
terms and the local velocity-in the special case of a reversed profile

" for which the end-to-end travel-time is observed.

s By p1ctur1ng the wave path in terms of wavefronts rather
than rays, Hagedoorn's approach is of value in giving an appreciation

of the propagation mechanism and the volume of material involved in

. transporting the energy which constitutes the onset.

In the application of time-term technique to practical field
Surveys, a leading part has been taken by the Dominion Observatory,

Ottawa (Willmore and Scheidegger, 1956; Milne and White, 1960;

Willmore, 1963; Willmore, 1965.). However, the value of the technique
a has not been widely recognized, and to date no complete project has

" been planned and executed to meet its specific requirements.

The 1965 Irish Sea project was planned in such a way, but-
it is at presépt incomplete because of the écarcity of observations
\ . ’ . .

“at short ranges.
N

- The most complete demonstrations of time-term analysis

'have come from the Lake Superior project (Berry and West, 1966;

~ Smith, Steinhart and Aldrich, 1966). Although certain features

- such as distribution of survey points and provision for interchange

‘obse_ryations fall short of the .ideal,z this is compensated to some
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;extent by the unusually large amount of data.

. In Scandinavia there is now the prospect that data from a
. number of separate experiments can be combined to give a com-

- prehensive time-term survey of the area.
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and further rofinoments porait corrcection for the offeet of dipping
gtructure and curvaed ray pathc.

Jac notwork configuration ic not rectricted by the analysic to
forral pa%terns (eefie strairsht lines), and figuros of noarit are
available for evaluation of the quality of fit, the contribution of
sach obscrvation, and the effectivensss of the areal gpread,.
Comparisons of the suitability of variocus pecsible cenfigurations
arc made, and statistical cxzpressicn. for the uncertaintics of the
solution arc presanted.

Technigues aro daveloped for the prelininary ascessnont of data
and the refinemont of colutions by a progrescion of camputoer-aided

judgenents, and illustrated by examples. A conputor progrosmo haes
been developed in Atla: Autocode,

Practical aspects of field equipment are discussed, with
various considerations of signal guality in relation to background
noisc., ‘
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The method is epplied to data from four separate
projects in the British Isles and Scandinavia. The
results indicate that the upper portion of the crust in
the 8ritish Isles departs considerably from unifornm layering,
but an intermediate refractor (of velocity 7.3 km/sec) is
cleerly observed in the south of the region; a lower
refractor is observed, although the velocity is not well
determined. In Scandinavia a 3-layer model gives a

satisfactory approximation, with a well-definec basin
structure,
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